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THE SOLUBILITYOF THEPHOSPHATESOFCALCIUMIN

AQUEOUSSOLUTIONSOF SULFUHDIOXIDE

DY W. M. MEBANE, J. T. DOBBIN8 AND F. K. CAMERON

Introduction

It has bccn knownfor manyyears that phosphaterocksuspendedin

water is mademoresolubleby absorptionof sulfurdioxide,and that the

resultingsolutioncontainsthe baseand acid in a ratio differingfromthe

ratiointhesuspendedsolid. Anumberofattemptshavebeenmadeto utilize

thesefacts in tlle preparationof acidor "super"phosphates;particularly,
for the fertilizerindustry. The largerpart of the plant investmentin the

fertilizerindustryis in the leadchambersofthe acidplants,andthe costof

oxidizingsulfurdioxideis a dominatingfactorin determiningthe priceof

phosphaticfertilizer». With a lowerfixedchargeagainsta smallerplant
investmentand a lowermanufacturingchargeby eliminatingthe oxidation

ofsulfurdioxide,a cheaperfertilizerwouldbepossible. Moreover,it should

be possibleto treat the raw rock"as mined"and eliminatethe expensive

washingprocessdeemednecessaryin the presentpractice,wherebyfifty

percentormoreofthephosphorusgoesto the tailingspond.

Again,in the vicinityofsomeofourWesternsmeltersarereadilyaccessi-

bledepositsofphosphorites.Thesulfurdioxideemittedin thesmeltingopera-
tions is a liability. Thegeographicalpositionof these westernphosphates
lessensmuchtheir presenteconomicimportance.Both sulfurdioxideand

phosphoriteswouldbecomeimportantassctsifasatisfactorymethodofdirect

treatmentof oneby the other can be devised. There is no prospectthat

any significantfractionof the sulfurdioxidecan ever bc convertedeco-

not-nicallyinto sulfurieacidunlessa changein metallurgicalpracticeswill

afforda muchricherstackgas.
Tirellilclaimsto havemadea superphosphatein the laboratory,but re-

gards the methodas inapplicableto commercialpractice. Sestini*tried

mixingchlorinewithsulfurdioxide,but againthe processfailedpractically.
The threc-componentsystemCaO-PâOi-HsOwasstudiedby Cameron

andcoworkers,the resultswitha summaryofthoseôfpreviousworkersbeing

broughttogetherin a departmentalbulletin'

CameronandBell4foundthat at 25C. thereis a rangeofhighconcentra-

tionsof phosphoricacidat whichthe stablesolidphasein contactwiththe

solutionsis themono-calciumphosphate,thesolubilityof thesalt decreasing
with increasingconcentrationof the acid. Thcreisa secondrangeof lower

'(.'hem.AI».,1,1601(1907);Hass.Min.26,101-03;118-20.
Ind.Chim.,12,49-53;J. Soc("hem.Incl.,31,293(1912).

1C.S.DcpartmcntofAgriculture,liureauofiSoils,HulletinNo.41(1907).
J.Ara.Chem.Soc.,27,1512(1905).
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concentrationsoftheacidin contactwithdi-calciumphosphateas thestable
solidphase. Finallythere is a rangeof yet lowerconcentrationsof phos-
phoricacid,incontactwitha seriesofsolidsolutions,onelimitingsolidsolu-
tion beingcalciumhydroxide,the other beingdi-calciumphosphate. No
rangeofconcentrationexistsat whichthe hypotheticaltricalciumphosphate
is the stablesolidphase,nor is there anyevidencefor the existenceof the
tetra-caleiumphosphatedescribedby Wileyand Kruglandby Otto.4

Bassett*confirmedthe workof Cameronand Bell,but, objectingto the
conceptof a sériesofsolidsolutions,postulatesthe probableexistenceof
"oxy"and"hydroxy"apatitesincontactwithliquidsolutionsoflowcontent
of phosphoricacid.

Lorah,Tartar,and Wood4claimto have precipitatedtri-calciumphos- c
phate (Ca,(PO4)t,by addingammoniumhydroxideto a solutionof mono-
calciumphosphate,at sucha rate that the supernatantliquid remainscon-
tinuouslyveryslightlyalkaline(presumablyto phenolphthalein). From
their ownworkaswellas that of Bassett,5Kolthoff,»Jolibois,'Jolibuisand
Maze-Sencier,'andHayashiand Matsui,»they concludedthis precipitate
selectivelyadsorbscalciumhydroxidefromthe supernatantsolution. They
think thèseadsorptioncomplexesbecome,or are accompaniedby theforma-
tionof, solidsolutions;but, that the limitingmemberon the alkalineend
is the hydroxy-apatiteofBassett.

Cameronand McCaughey10obtainedchlor-apatiteand chlor-spodiosite
by dissolvingcalciumphosphatesin calciumchloride,fluor-apatiteby dis-
solvingcalciumfluoridein moltendi-sodiumphosphate,but wereunableto
obtain calciumtetra-phosphate.Cliffordand Cameron"recentlyobtained
a seriesof solidsolutionsof calciumoxideandarsenicacid in contactwith
diluteaqueoussolutionsof arsenicacid.

Gerland12founddicalciumphosphateto bcverysolublein sulfurousacid,
but wasunableto isolatea definitecompoundfromthe solution. Dr. S.C.
Collins'»in a studyof the vapor tensionsof thissystemat the laboratoryof
the State Tcachers'College,JohnsonCity, Tenn., has encounteredthis
difficulty,andourownrésultato bepresentlydescribedshowthat equilibrium
conditionsare not obtainedreadilywhen dicalciumphosphateis a solid
phaseincontactwithsolutionsofsulfurdioxide.Withtri-calciumphosphate

J. Anal.Chem.,S,685(1891j.
Chem.Ztg.,18,235(1887).

3Z.anal.Chem.,59,1-55,(1908J;J.Chem.Soc.,111,620-42(1917).
J. Axn.Chem.Soc.,51,1097(1929).
J.Chcm.Soc.,111,620(1917).

Chem.Wcekblad,12,662(1915).
'Compt.rend.,169,1161(1919).

Compt.rend.,181,369(1925).
»J.Soc.Chem.Ind.,(Japan),29,175(1925).
'»J.Phys.Chem.,IS,464(1911).

Ind.Eng.Chem.,21,69,(1929).
UJ. prakt.Chem.(2),4,97U871il

PrivatcCommunication.
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& 1 1
Gerlandobtainedsolutionsin contactwitha solidto whichhe ascribesthe

formulaCas.PïOs.SOs.2HiO.Hisanalyseswerenot convincing. He must i;

havehad two solidphases,probablycalciumsulfiteand dicalciumphos-

phate'or a phosphateapproximatingit in composition.
AHattemptstodevelopacommercialpracticeinthisdirectionhaveproven

futile. Asearchof the literatureshowsthat there liasnot been developed
thenecessaryscientificdataonwhichto basesucha practice.

Expérimente

Preliminarytrials showedthat equilibriumconditionsof solubilitywere

finallyobtainedonlyafterlongstandingwiththissystem. It wasalsofound

that the temperatureof the laboratoryin whichthis workwasdonevaried

but littlefroma meanofaboutz6°C.Consequentlythe containerswerenot

immersedina waterbath. Asériesofwide-mouthbottlesof 500ce. capacity
eachwasfittedwithrubberstopperacarryingappropriateinlet and outlet

tubesof gloss. Into eachwasplacedabout200ces. of a solutionof phos-

phorioacid,the severalconcentrationsvaryingovera widerange. Appro-
priatesolidmixturesof the phosphatesof calciumand calciumcarbonate

wereaddeduntila solidpersistedineachbottleafter saturationwith sulfur

dioxide. This last, obtainedfroma commercialcylinder,was bubbled

throughthe solutionsfromtimeto timeuntil a stablestate was obtained.
Thc bottlescontainingthe higherproportionsof phosphoricacid werenot

broughtto thisstatein lessthansixweeks,whilethosecontainingthe lowest

proportionsappearedto cometo equilibriumwithina fortnight. With the

higherconcentrationsof phosphoricacid,diffusionwasslow,necessitating
frequentshakings. Thereappearedto be threeseriesof solutions. Onein
whichthere wasa largeexcessof phosphoricacid to calciumappearedto

containbut one solidphase,a clearcrystallinebody. At the other end
wherethc lowerratiosofphosphoricacidto calciumwereobtained,therealso

appearedto bebutonesolidphase,a homogeneous,white,amorphousbody.
Betweenthèsetwoserieswasa third,eachbottleof whichappearedto con-
tain twosolidsin distinctlayers,the upperopaqueand veryfinelydivided,
the lowertransparentand fair-sizedcrystals. The solutionsin thc middlc
serieshadthestrawyellowcolorpreviouslynotedby Gerland.

Samplesofthe solutionsforanalysiswereobtainedwithmuchdifficulty,
due to the volatilityof the sulfurdioxide. Witha-smallpipette a sample
wasquicklytransferredto a weighingbottlewhichwasat once stoppered
tightlyand then weighed.Thebottlewasopenedunder cold rvater in a
600ce.beaker,thc solutionfurtherdilutedto definitevolumeand aliquots
withdrnwnforanalysis. Assoonas possibleafterthe dilutionand mixing,
the sulfurdioxidewasdeterminedby titratingwith a 0.05N solutionof
iodine.

Calciumwasdeterminedbyaddingammoniumoxalateto knownexcess,
thenaddingammoniauntilthesolutionwasalkalinein reaction,and allow-

1Hotondi:AnnftU<liChimieu,74,128(1882).
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ingit to standovernight. Duringthistime all calciumwasprecipitatedas
oxalate,althoughsomeofit at firstcamedownas phosphate. Theprecipitate
wasfiltered,washed,and transferredwiththe filterpaper to a beaker,and
dissolvedwithdilutesulfuricacid. Thesolution was then titrated witha
0.1N permanganatesolution,the filterpaper offeringno difficultyif care
weretakento avoida largeexcessofsulfuricacid.

To déterminethe phosphorieaeid,the aliquot was first trnatedwith
nitricacidand broughtto a boilin orderto expelor completelyoxidizethe
sulfurdioxide.Whileyethot,therewasaddedabout 20 times the estimated
amount of a solutionof ammoniummolybdate. Precipitation usually
started at once,but halfan hourwasallowedfor complction. Theprecipi-
tate wasfilteredand washedin a Goochcrueiblewith a solutionof am-
moniumnitrate. It wastransferredto a beaker and titrated witha 0.5N
solutionofpotassiumhydroxide.Thesolutionof ammoniummolybdatewas
preparedby dissolvingthe sait in a coneentratedsolutionof ammonia,and
then addingnitricaeidto faint acidity. To insurecompleteprecipitation
of thephosphorusa largeexcessofthemolybdatewasalwaysused.

Identificationof the solidphasespresentedadditionaldifficultiesto that
involvinglossofsulfurdioxideinsampling. Attemptsto usea chlor-ionasa
"tell-tale"infindingtheamountsof liquidphasecomponentsadheringto the
soli<lsprovedto be quite impracticable.In most cases, the liquidphase
wassodensethat theweightof liquidto weightofsolidwastoo highin any
samplethat couldbe pipettedto givea chlorinepercentagein the residue
that woulddiffermarkedlyfromthe percentagein the liquid phasealone.
DobbinsandGilreath1findingthat thecompositionof the solidprecipitated
froma solutioncontainingcalciumandphosphorieaeid, whenanexcessof
ammoniais added, bas approximatelythe proportions in the formula
Cas(PO0tiproposedto use the ratioofphosphorieacid precipitatedto that
remaininginsolutionas a criterionofthe compositionof the calciumphos-
phatefromwhichthesolutionis made. This wasusedto identifythesolids
of the thirdseries,but no satisfactorymodificationof the procedurecould
be devisedapplicableto the casewherethe precipitatesare of necessitya
mixtureoftwosolidphasesalonga boundarycurve,or three in contactwith
a constantsolution. Consequentlythe solids werefiltered as rapidlyand
completelyas possible,dried by pressurebetweenfilter papers,and trans-
ferredto stopperedweighingbottles.

Considérationof theresultsobtainedfrom the seriesjust describedmade t
évidentthe desirabilityof findingtheeffect of added quantitiesof sulfur
dioxideinthe liquidphase. Thisendcouldbeobtainedeither byincreasing
the pressurein the vaporphase,or, more conveniently,by absorbingthe
sulfurdioxideat a lowertempérature. Anotherseriesof solutionsandsolids
waspreparedandsaturatedas before,at the températureof an icechest,
approximatingo°C.

1Dfosortnlwiii,f'niversitvofNorthOnmlina(1938).
h

r
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TABLEI

CompositionofLiquidPhasesinContactwithPairsofSolidsin the System:

CaO-PjOrSOrHjO

aS°CIsotherm

Iler cent Percent Percent Percent SolidPhases
N'o. CaO P«O, SO, H»O

1 1.92 0.00 4.57 93.51 CalciumSulfite

2 1.27 1.30 1.60 95.83 CalciumSulfite and

3 1.54 1.80 2.36 94.30 Solid solution.

4 1.57 1.63 2.83 93-97

5 1.63 1.53 2.6s 9419
7 2. 11 3.28 1.66 92.9s
8 2.30 3-45 1-92 92-33
9 2.62 4.10 2. 18 91.10

10 2.73 4.38 2-S7 90.32
11 3.00 3.80 4.45 88.75
12 352 4.33 6.18 85.97
13 4.34 5.94 7-i8 82.44
14 4.80 6.11 4.32 84.77

15~5 5-40 6. 11 2.75 85.74

16 5.57 5.86 4.00 84.57

177 6.08 7 .68 2.10 84.14 Di-Calcium Phosphate and

188 6.50 9.05 0.20 84.2s5 Mono-Calcium Phosphate

19 5-54 9-34 130 83.82
20 5.64 9.61 1.41 83.34
21 5.22 10.64 1.45 82.69

22 4.81 10.74 1.65 82.80

23 S.52 11.62 0.35 82.51

24 5.61 11.62 1.35 81.42
25 6.12 11.45 0.40 82.03
26 6.02 11.95 o-2° 81.83
27 6.25 16.93 2.57 74-25
28 6.75 l8.II 2.20 72.94

29 6.45 21.93 0.20 71.42

30 6.25 22.01 0.40 71.34

31 5.76 27.77 0.00 66.47 Mono-Calcium Phosphate

32 5.95 28.90 0.00 65.15
33 6.20 29.24 0.00 64.56
34 5-64 33-78 0.00 60.58
35 5.57 36.80 0.00 57.63
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TABLEI (Continued)

CompositionofLiquidPhasesin ContactwithPairsof SolidsintheSystem:
CaO-P*06-SO,-HeO

o"CIsothermo"CIsotherm
Percent Percent Percent Percent SolidPhases

Xo. CaO PA SO, Hfi

36 0.03 0.00 4.03 9$. 94 Calcium Sulfite and

37 1.42 0.61 0.43 97.84 Solid Solution

38 1.72 1.33 1.22 95.83

39 2.31 1.58 2.09 94.02

40 2.40 1.63 2.36 93.61

41 2 -S° i-9i 2-75 92-84

42 4.85 3.29 7.00 84.86

43 4.55 6.08 7.63 81.74 Di-Caleium Phosphateand

44 6.43 13.73 a-'33 77-71x Mono-Calcium Phosphate

45 6.46 13.52 1.48 78.54

Discussion

Theanalytiealresultsofthe investigationof the liquidphasesareassem-
bled in Table I. lncludedare the resultsof the examinationof the solid

phases,givenin the lastcolumn. Thèseresultsarc chartedin Fig.i as the

orthographieprojectionon the CaO-PjOs-HîOplane of the figureobtained

by plottingthe percentagesof CaO,PjO»,SOS,and HSOonan equilateral
tetrahedron. Thecrosses(x)indicatethe isothennsfor 25°C.The circles

(o) indicatethe isothennsfor o°C. At concentrationsof phosphoricacid

(PsOî)above27.5percent,the sulfurdioxidecontent of the liquidphases
is vanishinglysmall,andabsentin the solidphases. Hence,sulfurdioxide
ceasesto be a component,the systembecomesa three-componentone,and
there isbut onesolidphasealongtheboundary. The curvcisnotshownin
the figure. The figuresfor sulfurdioxidecontentare the resultsofcareful

analysis. It is possiblethat equilibriumbetweensolid andliquidphaseshad
not bccnattained. It is moreprobablethat our techniquein preparing
samplesfor analysiswasinadequate. Any differentmethodwas imprne-
ticable. The resultscannot haveanyabsolutevalue. Theydo,however,
showthe orderof magnitude,and that each isotherm showsa maximum

solubilityforsulfurdioxideincontactwiththe pairsof solidphases.
Analysisof the solidphasein bottleNo. i gives the compositionrepre-

sentedbytheformulaCa8O3.Noothersulfiteis known. Hence,it appcars
safeto assumethat calciumsulfiteisoneof the solid phasesin allthesolids

containingsulfurdioxide. Thisassumptionmade, the analysesshowthat
the secondsolidphasein thesériesNos.2-16and Nos. 36-43isa memberofa
seriesofsolidsolutions,a limitingsolidsolutionin enchcasebeingdi-calcium

phosphate. Thèseconclusionsaresupportedby the figuresin TableII, in
whichare giventhe moleratiosto phosphoricacid of the limein excès»of
that equivalenttosulfurousacidfoundto bcpresent.
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Theliquidsolutionsincontactwithsolidmixturesofmono-anddi-calcium

phosphateappeared to corneto equilibriumslowlyand uncertainly. As
notedabovewe,as otherinvestigators,haddifficultyin obtainingconsistent
data. Severalhypothèsesto accountfor thèsedifficultieswereinvestigated.

H.0

F10.1

Solulrility isothermsfor calcium phosphatein aqucuus {solutionsof sulphur dioxide.
Projection on the HiO-CaO-PjOtplane from the cquilateral tetraliedron

representingUjO-CaO-PA-SO,.

ÏABI.E II

Hatios of Calcium Oxide to Phosphoric Anhydride in thc Solid Phosphates in

Contact with Aqueous Solutions saturated with Su)fur Dioxide.

MolesC'aO-MolcsSO, to
25*C MolesP,Oj o°C.~Ji.~ v.m.w i a v v.

Solution Xo. Ratio SolutionXo. Ratio

a 6.13 37 4.90

3 4.59 38 4-72
4 4SI 39 4-41
5 4.07 40 4.33

11 3.34
12 2.84

21t 1.9S
22 I.72

34 1 03
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l'hey seemto bcdue to the fact that in withdrawingsamplesfor analysis
sulfurdioxideescapesveryreadilyfrointhesampleand at the sametimelime
and phosphoricacid precipitate. Hencethe difficultyin drawingrepré-
sentative liquidsamples.

The isothermfor 2j°Cat a pressureofoneatmosphèrehavingbeende-

termined,andofferingnoexpectationof theeffectiveséparationof limeand

phosphoricacid, the desirobilityof detenniningthe effect of highercon-
centrationsof sulfurdioxidewasapparent. To this end two procedures
appearedpossible.Toincreasethepressurein the vaporphasebyinereasing
the partialpressureofsulfurdioxide,andat the sainetime havean uniform

pressurein a seriesof bottlesinvolvedseriousexpérimentaldifficulties.The

<

–- ~V

FlO.3

Solubilitvisothermsforralriumphosphateinaiiucoussolutionsofsulplmrdioxidecompared
withtheInciforhyputhetirai solutionsofdicalciumandmonocalohtmphosphate, respectively.

alternative methodof detennining the possibleisothenns at o°Cwasadopted.
As a matter of fact, the concentrations of sulfur dioxide in the liquid phases
woro but slightly higher than in the solutions nmintained at 2S6C. But the

relative soluhilityof lime was much increased,at least in the solutions in con-

tact with calciumsulfiteas a flolidphase. It appears, therefore, that increasing
the partial pressure of sulfur dioxide in the vapor phase will decrease the

ratio of phosphoricacid to lime in the liquidphase.
For the particular purpose of this investigation it is convenient to plot

the results as in Fig. 2. Ordinates represent per cent calcium oxide and

abscissae per cent of phosphorieacid. The lines passing through the origin,
label led M and D are the loci of points representing solutions containing

phosphoric anhydrideand calciumoxide in the ratios of mono- and di-calcium

phosphate, respectively. It is apparent that starting with such a produet
as phosphate rock, contact with saturated aqueous solutions of sulfur dioxide

would never produce a solution containing as high a ratio PgOt/CaO as

corresponds to mono-calciurnphosphate. It is feasible, however by suc-
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cessive(orcountercurrent)décantationto obtaina solutionwitha somewhat

higherratiothan correspondsto di-calciumphosphate,the most favorable
ratio beingwitha solutioncontainingabout sixpercent phosphoricanhy-
dride. A roughlyapproxirnatebut conservativecalculationshowsthat
morethan 96percentof thewatermustbe evaporatedbeforethe solution
wouldbesufficientlyconcentratedformono-calciumphosphateto precipitate.
But meanwhilenearly80 percentof the phosphoricanhydridewouldhave

precipitatedas the di-calciumsalt.

Consideringthesefacts,that a closechemicalcontrolwouldbe necessary,
that largevolumesrnustbehandledandevaporatedto producea inoderately
pricedproduct,the procedureholdsnopromiseas apracticableplant process.
Thenarrowmarginsofconcentrationattainableisa quite sufficientexplana-
tionof thefailuresofpreviousinvestigatorsandinventors.

Summary
r. Theadditionof sulfurdioxideto aqueoussuspensionsof the phos-

phatesof calciumincreasesthe solubilityof the calciumoxideand of the

phosphoricacid.
2. Thesolubilityof the calciumoxideis increascdmorethan the solu-

bilityofthephosphoricacidbyaddingsulfurdioxide.

3. Ato°Cor at ïs°C thereare threesolubilitycurves. On the onecor-

respondingto the lowestconcentrationsof phosphoricacid, the solubility
ofsulfurdioxidein the liquidphase,risesto a maximumandthen fallsagain.
The solidphasesin contactwith thèsesolutionsare calciumsulfiteand a
sériesof solidsolutionsof calciumoxideand phosphoricacid, a limiting
memberofthe seriesbeingdi-calciumphosphate. On the secondsolubility
curve,theconcentrationofsulfurdioxideagainpassesthrougha maximum.
Thesolidphasesin contactwith the solutionsrepresentedby this curveare
mono-anddi-caJciumphosphates.Athirdcurveforsolutionswithrelatively
highconcentrationsof phosphoricaciù,shownegligibleand approximately
constantcontentof sulfurdioxidein the liquidphase. Mono-calciumphos-
phatealoneis the solidphasein contactwith the solutionsrepresentedby
thiscurve.

4. Treatmentwithsulfurdioxideof an aqueoussuspensionof a basic

phosphateofcalciumcanyielda solutionin whichthe ratio of phosphoric
acidto calciumoxideis somewhathigherthan the ratio in di-calciumphos-
phate. Evaporationofthissolutiontoaconcentrationatwhichmono-calcium

phosphatewouldbca stablesolidphaseinvolvesthe lossof9Spercentofthe
waterandthe lossof 80 percentof the phosphoricacid asdi-calciumphos-
phate. Asa plantmethodtheprocedureis impracticabie.

5. Thefacts developedexplainthe fsilureofpreviousinvestigatorsand
inventorsto developthe procedureand obtainmono-calciumphosphateor

superphosphates.

(.'rrieersi!ynA'anhCarolian,
ChapelM,
SortitCaralina.



LOWPRESSUREADSORPTIOXON A WASHEDGLASSSURFACE*

BY HENRY 8. FRANK

The experimentrshereindescribeddo not constitute as completean

investigationas it wasplannedto carry out. Althoughthe workhad to be

discontinued,however,the resultsobtainedare not devoidof interestand

bearinguponothercurrentwork,and it is considereddesimbleto report
them. Theapparatusalsopresentssomeinterestingfeatures.

The adsorptionof water-vaporupon a heavily acid-washedsurfaceof

Pyrexwasnicasuredatpressuresrangingfrom5.2X io--3to8.7X 1er1mm.

of mercury. Themethodusedwasthe familial'oneofintroducinga known

amountof waterintoa spaceofknownvolumeat a knowntempérature,and

measuringthepressureproduced.The amountby whichthe latter fellshort

of thevaluecalculatedfromthegaslawsrepresentedthewaterremovedfrom

the gasphasebyadsorptionon the walls. Sincethe area of the wallswas

aceuratelyknown,thisenabledthe amountadsorbedpersquare centimeter

to becalculntedforeachofaseriesofequilibriumpressures.
Thepressuregaugeusedwasof the membrane,or diaphragmtype, but

differedfromanyof theothers'of whichthe writer hasheard in variousre-

spects. It wasanall-glassinstrument,and utilizeda high-frequency"ultra-

micrometer"methodformeasuringthemovementof thediaphragm.

The Manometer

The instrumentisshownin Fig. 1. A isa thin-walledglassbulb, blown

ontheendofthe tubeF, andhavingits endflattenedto forma diaphragm.
Thisdiaphragmbasmountedonit the thin aluminumdise B, whichmakes

no metalliccontactwithanythingexceptthe lead wire1. A brasscollarC,

clampedto thetubeF,carriesthreebrassrodswhichsupportthe heavybrass

ringR. Thecircularbrassplate P is supportcdfromR by three springsS

whichareheldintensionby screwsbrazedin P and passinglooselythrough
R. The.scarehdd belowR by knurlcdnuts N (only twoshown)whichthus

serveto makethepositionofP adjustable. A holein the centerof P allows

B to hangbelowit, B andP thus forminga parallcl-platecondenser,with

adjustableplate-separation.ThroughN, R and C, P is in mctalliccon-
nectionwiththelead1 Theproportionsareaboutasshown,andthe overall

diameterof theringn isjust under5.75cm. The wholeis surroundedbya

Contribution("imtheChemicalLaboratoryofthcl'nivcrsityofCalifornia.
•Cf.foreumpleScheelandHeiwc:Verh.deutsehphysik.Ges.,1909,1: Fry:Phil.

Mas.,25.494(1913);BaumeandItobert,Compt.rend.,168,1199(1919);Danielsand
Bright:J. Ain.(.'hem.Soc.,42,1131(1920);Karrer,JohnstonandWutf:J. Ind.Ene.
Chcm.,14,1105(1922);VVhiddington:Phil.Mag.,46,6oy(1923);SmithandTaylor.J.
Am.Chem.Sac.,46,«393('924»;Klcmenc:47,2173(1925);Alfaop:SafetyinMine!
ResearchBoard,PaperNo.t6(1925).
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glassshellof internatdiameters-7Scm->witha ring sealat D and a side

tubeT of2.3cm.diameter. Thelatterisso locatedthat beforeit wassealed

offat E the nuts N couldbeadjustedby meansof a stiffwire. The tube F

hada boreof u mm.,andtheby-passC, whichcarriedthe stop-cockH washada boreof 1 mm.,andtheby-passG, w

of 5 mm. tubing. The tube communi-

catedwith the vaouumline at K. The

wholeinstrumentwasofPyrex,andwhen

inoperationwasimmersedto the levelof

Dina thermostat.

It isobviousthat thegreaterthearea

of theplatesandthe smallerthedistance

separatingthem the greaterwillbe the

changein capacityfora givensmalldis-

placementof tho diaphragm.In this in-

strumentan upperlimitis placedonthe

area by the exigenciesof glass-blowing
anda lowerlimit on the separationby
the accuracyto whicha thin aluminum

platecanbemadeplaneand thesteadi-

nesswith whichit can be supportedby

theglassdiaphragm.Thedistancewhich

wasfoundpracticablefor the separation
ofB andP wasoftheorderoftenthsofa

millimeter.

TheElectricalSystem

The ultramicrometercircuitused is

onegivenby Gunn.1Fig. 2 rcprcscntsvuc 61yqUI4uy .a"'6. 6 f.a.lco~d

thearrangementused. 0 isan oseillatoroperatingat about 1,500kilocycles.
H is Gunn'scircuit,with X representingthe platesof the pressuregauge.

ThesensitivityclaimedbyGunnwasnotattained;but the sensitivitywhich

wasattainedwassatisfactoryfor the purposeat hand. Due to fluctuations

in the operationof batteriesandtubesthe followingarrangementwas also

used:A two-wayswitchwas insertedbetweenC«and X whichmade con-

nectionsalternativelywith the manometeror with a fixedair condenserof

about the samecapacity. Duringthe courseof an experimentenoughob-

servationsweremadewiththis condensersubstitutedfor the manometerto

enablea plotto bemadeofcorrectionsto beappliedto thereadingsmadewith

themanometer.Theresultsobtainedwereinthe mainsatisfactory.

The manometerwas calibratedby comparisonwith-a McLeodgauge,

usingair driedina liquid-airtrap. The calibrationcurvewasalways linear

overthe rangeemployed,but its slopewasfoundto changesomewhatover

>Gunn:Phil.Mag.,48,334(1934).
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a periodofweeks. Afewcalibratingobservationswerethereforeincluded
in eachexperiment.Therewasno hystérésisin the membranewithinthe
limitsofaccuracyofobservation.Theprobableerror ina pressuremeasure-
mentwasabout5 X io~4mm.

H10.2

MeasurementofAdsorption

Theadsorptionapparatusis shownin Fig. 3. G is themanometer,and
D is the by-pass(notshown)correspondingto GH of Fig.1. A is the ad-

sorptionchamber,consistingof a numberof coaxialPyrextubes,bossedto

keeptheir servicesapart. The innermosttube is sealedshut, enclosinga
thennometer.Betweenmarkson the upperand lowertubesA presentsan
internatareaof8120sq.cm.and a volumeof 2200ce. Theover-alllength
of AisaboutSocm.andthe overalldiameterabout 8 cm. B is a manifold

givingentranceto severalcapsulesEwhichserve to introducethe water-

vapor. Thetrap K and the stop-cocksF and H are usedto admit small

chargesof dry air for calibrationpurposes,the readingof the manometer

beingcomparedwiththepressureshownby the MeLeodgauge(notshown). t
Adétailofthe capsuleisshowninFig.4. It is first weight-calibratedfor

thevolumefromthe tipofthecapillaryto the constriction. It isthensealed
ontoa vacuumlineat P, andevacuatedfor io hoursor more,duringwhich
timeit is severaltimesheatedjust belowthe softeningtemperature. (The
constrictionis actuallysoftenedand becomesquite flexibleduringthe heat- s
ing.) It is thenallowedto stand overaightin communicationwitha cell c
containingcarefullyboiled-outwater whichis maintainedat o°C. Hapid
sealingoffat theconstrictionthus givesa bulbof knownvolume,containing
water-vaporat a knownpressure. Thiswater is introducedinto theadsorp-
tionvesselbybreakingthecapillarytipbymeansofthe slugS.

TheadsorptionchamberAafter leavingthe glass-blowerwasallowedto
stand for one weekfilledwith chromicacid elcaningsolution,whichwas
severaltimesheatedto boiling. Thevesselwas then rinsedwithdistillcd

water,and finallywashedseventeentimes with conductivitywater. It
wasthensealedontotheapparatusanddriedundervacuum.

Fig.3doesnotshowa largeballoonflaskabovewhichcommunicatedwith
the mainvacuumline througha wide-borestop-cock. It was evacuated

9.
A
1

a
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beforean expcrimentwasbegunandthestop-cockthenelosed. Openingthe

stop-cockwhenthe Systemcontainedwater-vaporsuddenlyloweredthe

pressureandenabledthe adsorptionequilibriumto be approachedfromthe

high-pressureside.
f

Fin.4

ln carrying out a run, the wholcsystem (Fig. 3) was first evacuated, stop-
cocks C and D being open, F and H closed, and liquid air surrounding the

traps K and L. Several readings were then taken with the manometer to
ostablish its zero. Stop^oeks C and D were then closed, and the capsulesE

dischargedsuccessivelyinto the system. After each tip was broken sufficient
time was allowed to pass for equilibrium to be established. At such thne
us was dessiredthe large stop-cock was opened to admit vapor into the re-
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serveballoondescribedabove. Whenas manyreadingshad beentakenas

weredesired,the stop-cockC wasopenedand the systemevacuated.Trap

T wasthenelosed,andstop-cocksF andH usedto admit successivecharges

of diy air for calibratingthe manometer.T and D werefinallyopened,

terminntingtherun.

TAIlLEI

Point n' P n' n AL

1 O-S76 S* 0.072 0.504 9767 0.50

2 1.15 13.4 o. r86 0.964 9817 0.952
3 2.57 46.2 0.656 1.914 9883 1.88
4 3.91 87.0 1.25 2.65 9949 2.58
5 3.28 64.8 0.945 2.33 9984 2.27

Thesedata are represcntedgraphicallyin Fig. 6.

n' «=Total amountof waterin system,in mois X io~s.

n* = Amountof water in Rasphase, in mois X io~

n = n' n" = Amountof water adsorbed, in mois X io~s.

1. Thickness of adsorbcdlayer, in molecules.

P = Observedpressure, in millimeters X io"1.

A = Area ofsurface in square ccntimcters.

Fig. s showsgraphically the results of such a run, in which the intro-

duction of water vapor was begun within an hour of the time that a good

vacuum (less than 1X10"1 mm.–unreadable on the McLeodgauge) had

been establisbed. Hère pressuresobserved are plotted against elapsedtime

during the experiment. The discontinuitiesin pressure show when capsules

were broken, or in the case of the one at time 84 minutes, when the reserve

1
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cockwasopened. The capsulesweronot all of the samesize, so that the
curvegivesno indicationon its faceof the adsorptionisotherrnwhichit

represents. It willbe notedthat the increasein pressure– de-adsorption,
that is,followingtheopeningof thereservecock–wasstill proceedingat a
considérablerate whenthe lastcapsulewasbroken,but that the amountof

water-vaporintroducedby that capsulewasapparentlyjust enoughto pro-
duceequilibrium.Thisis confirmedby the fact that on the adsorptionUo-
thermthe point correspondingto thisequilibrium,reachedin so roudabout
a way,falls,as nearlyas can boascertained,just in the line of the other

equilibria.

The isotherm itself is shown in 11g. 6. Hère the amount of water ad-

sorbed per square centimeterof glasssurface is plotted against the equilibrium

pressure. The unit of amount adsorbed per square centimeter is so chosen

that unity représente the amount of water whichwouldproduce a single layer
one molecule deep on the surface,assuming the latter to be plane and the
water moléculeto occupy it on a square 4 Angstrôm units on a side. This is

the average dimensiongivenby kinetic theory calcuiations and X-ray meas-

urcments on ice crystals. The data from which Fig. 6 is taken are sum-

marized in Table I. The observed pressures were read from a large scale

eopy of Fig. s. the asymptotes shown being those chosen as representing
the equilibrium pressures.

Sincethe amount adsorbedis calculated from a difference which is large

compared with the subtrabend, i.e. the observed pressure, any error in the
latter produces only a much smaller one in L. Trial calculations show that
an error of i X io~*mm. in the assumed asymptotes for the equilibrium
pressure – whichis much too large to be admissible – woutdmove point 4

by an amount about equal to the thickness of the line representing the curvc.
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Themeasurementsrepresentedby the squarepointson Fig.6 weremade

in an earlierrun beforethe necessitywasapprehendedof heatingthe cap-

sulesundervacuumbeforefillingthem. The capsulesused in thisrunthere-

foreundoubtedlycontainsomeforeigngas. The effectof this is tomakethe

equilibriumpressuretoo high,and the apparent adsorption(i.e.difference

betweencomputedpressureand observedequilibriumpressure)too low.

Thiswouldmakethe pointsliebelowand to the rightof the truecurve,as

in facttheydo.
Discussion

Fig. s showsthat the adsorptionprocessinvolvedhère is «low–i.e. a

steadystate is not, in gênerai,reachedin 15minutes. The goodagreement

of point s withthe curvedrawnthroughthe otherpoints in Fig.6,however,

indicatesthat the processis réversible. There is apparentlyno criticalim-

portanceattachingto a layer-thicknessofonemolecule. This,togetherwith

the slowness,constitutesevidenceagainstthe applicabilityof the Langmuir

theoryofadsorptionto theprocesshère inquestion.1Indeedthisexperiment

can bc regardedas lendingstrongcircumstantialsupport to the conclusions

of Frazer, Patrick,and Smith,*and of Latham' regardingthe natureof

acid-washedglasssurfaces. That is, these results are entirelycompatible
with theviewthat sucha surfaceis coveredwith a layerof silicagel,andare

difficultto reconcilewith the contrary view that such a surfaceis plane.

The newexperimentsof Frazer,'givingopticalmeasurementsof adsorption

of watervaporuponfreshlyfracturedglasssurfacesare furtherevidencethat

thesurfacehèreinquestionisofa verydifferentnature.

Themeasurementscorrespondto a temperatureof2o°C. Themanometer

was thermostatedat 25°,but its surfacewas lessthan 2% of the total in-

ternaiareaexposed,andit isnot felt that this temperaturedifferenceplayed

any significantpart in the result.

The writergratefullyacknowledgesthe encouragementand guidance

giventhisworkby ProfessorG. N. Lewis.

Summary

An all-glassmembranemanometerhas been constructed,suitablefor

measuringpressuredifférencesup to 0.1mm. to the thousandthof a milli-

meterofmercury.
Thismanometerhas beenusedto measurethe adsorptionof watervapor

on a washedPyrexsurface.

The probablenature of the glasssurfaceis discussedin the lightof the

resultsobtained.
1SincetheLangmuirtheoryassumestheexistenceofaplaneaurface.Compare,how-

ever,Langmuir:J. Am.Chem.Sot:40,1361(19J8J;andCarvcr:45,63(«913).
3Hrwscr:PatrickandSmith:J. l'hys.Chem.,31,897(1927).
Latham:J.Am.Chem.Soc.,50,2897(19*8).
Fhuter:Phy».Uev.,33,97d9*9).



A STUDYOF THE SOLUBLELAKESOF AURINTRICARBOXYLIC

ACID

BY WALTER E. THRUN

Mostofthe previousworkon solublelakes,such as the aluminalakes
of aurintricarboxylicacidandofalizarinemonosulfonicacidhasbeendone,
with a viewto makethemusefulanalytically,1"8Ataok1is of the opinion
that the aluminalakefonnedwithsodiumalizarinesulfonateis a definite
chemicalcompound. YoeandHill' presentdata whichsupportthis view,
but suggestthe likelihoodofanequilibrium.Thispaperattemptsto fonnu-
tate the relationsbetweenlakecolorintensityand the relativeamountsof
aluminaand aurintricarboxylicacid used to prepare the lake solutions.
Thelakesofothermetalswiththisdyeare lessintensivelystudied.

The aluminalake solutionof the dye is usuallypreparedby treating
an acid solutionof aluminacontainingammoniumsalts, withan aqueous
solutionof the dye. Afterallowinga periodof time for the laketo form,
thecoloroftheexcessdyeisdischargedbymakingthesolutionalkaline.

Beforepresentingthechiefdata of thispaper it may be wellto discuss
thepropertiesofthe alumina-aurinelake. YoeandHill"foundthat the lake
reacheda stablestate twohoursaftermakingthe solutionalkalineto a pH
probablybetween8 and9. Thiswouldindicatethat there isanequilibrium
betweenthe alumina,whiehat that pH is somewhatsolubleeven in the

présenceofammoniumsalts,and the dye, whichin presenceofammonium
saltsexistsalmostentirelyasthenon-lakeforminganhydride. In thepresent
workit wasfoundthat thelakeisverystableat a pH of 7.0 ±0.2. At this

pHthe colorofa "blank"inpresenceofammoniumsalts is completelydis-

charged. The lakecolorintensitywasrepeatedlycomparedwiththat of an
acidsolutionof thymolbluecontainingammoniumchloridea fewminutes
after neutralisationandagain24hourslater. No changein relativecolor

intensityasdeterminedwithaDubosquetypeofcolorimeteroccurred.When
tliepHofthe lakesolutioniskeptat 7.oit canbedilutedwithoutdestruction
ofthe lake.

It wasfoundalso that the lakecolorintensityobtainedwasthe same
whetherthe lakeformationoccurredat roomtemperaturefor24hours, or
at boilingtemperatureforoneminutefollowedby rapidcooling,or at 600

Ataek:J. Soc.Chem.Ind.,34,936(1915).
HammetandSottery:J.Am.Chem.Soc.,47,143(1925).

LundellandKnowles:Ind.Eng.Chem.,18,60(t926).
Middleton:J.Am.Chem.Soc.,48,2125(1926).
CoreyandKogers:J.Am.Chem.Soc,49,216(1927).).

6YoeandHil):J. Am.Chem.80c,49,2395(1927).).
1YoeandHill:J. Am.Chem.Soc.,50,748(1928).
1Myers,Mull,andMom'son:J.Biol.Chem.,78,595((928).
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for ten minutes followedby rapid cooling. Hoiling the dye solution before

use increasesits red color,but no increasein lake color intensity wasobtained

even whenrelatively smallamountsof dye were used.

A Bockis formed when alumina is présent in excess. This flocculation

can be prevented by the addition of o.s ml 1% solution of gum arabic to

gomissolution. The same colorintensity of the lake is obtained in solutions

in whichno flockformswhether gumarabic is present or not.

T heyolumeof the solution during lake formation was found by Yoeand

HUl"to nffeetthe colorintensity of the lake. This is due to changes inacidity,

there being insufficientbuffer present to maintain the same pH when the

solution is diluted, and to the short time allowed for lake formation. When

the solution is acid, the volume and pH have no effect on the final color

intensity provided enough time for full development is allowed, or heat is

used to accelerate lake formation.Calculations will be discussed later tending

to show that the lake fornied at room temperature for 24 hours at a pH of

5.1 and kept at that pH has the same color intensity as the lake whichhas

been formedunder the sameconditionsbut neutralized to pH 7.0

The color intensity increases with the increase of dye-alumina ratio

until a maximumintensity for a given quantity of alumina is reached. The

quantities used in this work are of the order of io~* mole. Therefore the

maximum color intensity obtained from io~* mole A1C1»with the use of

excessdye will hereafterbe referredto as the color intensity of one molelake.

Preparation of Solutions

The aluminium chloride solution was obtained by dissolving the purest

metallic aluminium in hydrochloric acid and diluting the resultant solution

so that 2.7oe.c. of it contained io"" mole of aluminium chloride. The am-

monium salt of aurintricarboxylic acid known commercially as "aluminon"

was dissolved in distilled water to give a 0.00 1 Msolution. The chroraic

chloride solutionused wasobtained by reducing a known volume ofstandard

potassium dichromate solution by boiling with alcohol and HC1. Whenthe

alcohol wasboiledoff, the solution was diluted to make it 0.00 molar. The

0.001 Msolution of ferrie ehloridewas made by dissolving a weighedamount

of iron wire in HC1,oxidizingthe iron with nitric acid, and boilingoff the

excessacid. This solution was then properly diluted. Ferrous chloridesolu-

tion wasobtained by dissolvinga knownweight of standard iron wirein HCI.

This solution was then diluted with recently distilled water to make it 0.001

inolar. It gave an excecdinglysmall positive test for ferrie iron with KCNS.

A small amount of X.'io sodium thiosulfate was always added to the reaction

mixture inorder to insure reductionofany ferrie iron and to prevent oxidation

during the experiments. The dihydrate of berylium chloride, a c.p. com-

mercial préparation, was dissolvcdto give a 0.00 1 molarsolution. The con-

centration of this was checked by titrating the chlorine with a standard

silver sulfate solution.



SOLUBLE LAKEB OP AUHI.VTBICARBOXYLICACID 979

ExperimentalProcedure

Thelakewasdevelopedingoce.flaskeat a volumeofzs ce. Thesolution
was0.3molarwithHC1and molarwithammoniumacétate,and contained
0.5ce. 1%gumarabicsolution. In someof the experimentslakeformation
wasallowedto go for 24 hoursat roomtemperature. In others the lake
formationwasspeededup by heatingto 6o°for tonminutes,or by boiling
thosolutionfor oneminute. longerboilingbas the disadvantagethat the
colorof the excessdye is dischargedmoreslowlyafter neutralization. The
wurmsolutionswerethencooledto 25°,and 5e.c.of 5Mammoniumchloride
wereadded. Then 5 c.c.ofammoniumcarbonatewereaddedwith shaking,

TABLEI

io~*moleam.
io~«moleMCI, moniumaurin 10-*molelake K

tricarboxylate

3.00 3.00 1.08 1.25
2.50 i-4i 0.48 1.56
2.00 0.86 0.26* a.oo*
2. 00 0.94 0.32 1.63
2.00 1.00 0.34 1.60
200 100 0.33 1.69
200 1.30 0.41 1.72
2.00 r.6o 0.50 1.65
2.00 2.26 0.74 1.30
200 2.48 0.78 1.33
2.00 4.00 1.08 1.25
2.00 6.00 1.32 1.42
1.48 2.00 0.61 1.33 <
ï(x> i-So 0.41 1.56
100 1.80 0.48 1.43
I-00 2.00 O-St 1.43
100 2.00 0.53 I.30
1-00 2.01 0.48 1.64
100 2-55 0.59 1.36
1.00 3.00 0.64 1.33
100 3 00 0.63 1.399
ïoo 3.60 0.67 1.44
100 4.00 0.705 1.37
100 4.00 0.68 r.56
100 4.10 0.74 1.17
100 4.55 0.78 1.07
'•M 6.00 0.8l I.2I
'•oo 6.00 0.80 1.30
'•» 8.oo 0.86 I.IjF

*v.Notusedinaverage.
Ave. '-41
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whereuponthe solutionwasimmediatelydilutedup to the 500.0.markand
againshaken. The ammoniumcarbonatewasofsuchconcentration(about
2. 4M)that a blankrun withoutdyein the samewayhad a finalpHof 7.0
(determinedcolorimetrically).It wasfoundthat shakingthesolutionwith
a dropofoctylalcoholwouldpreventthe escapingcarbondioxidebubbles
fromcollectingon the colorimeterprisms.

Quantitiesweremeasuredout in pipettes. The same volumesfor all

comparativedata wereinsuredby the use of the samepipettesalwaysfor
the samereagent.

Ammoniumcarbonate,rather thanammonia,wasusedto neutralizethe
solutionbecausethereby localareas of high pH are avoided. The am-
moniumchloridewasaddedbecausethe red colorof the unadsorbeddyeis
morequicklydestroyedin presenceof largequantitiesof ammoniumealts.

The"blank"(withoutalumina)willbecomecolorless(ortakeona straw

yellowcolorwhenmuchdyeispresent)if the aboveprocedureisfollowed.
Fora partofthe workapermanentstandardcolorsolutionofthymolblue

wasused. Laterall comparisonsof color intensitiesweremadeagainsta
solutioncontainingone"moleof lake." The comparisonofa deeplycolored
witha muchlesscoloredsolutionwasoftenaccomplishedby comparingboth
solutionswitha solutionof intermediatecolor. Comparisonsof colorin-

tensityweremadewitha Dubosquetype of colorimeter.
Thedata presentedin the tableswereobtainedbythe aboveprocedure.

Fortheworkpresentedinthe firstpartofthis paperthechangesintheabove

procedureareobvious.

DiscussionofResults

Theresultsfor aluminaare givenin Table I. The valuesfor K are
calculatedonthefollowingassumptions.Twomoléculesofaurintricarboxylio
acidare adsorbedby or combinewithone moleculeof the hydrousoxideof
aluminium."Free"aurineisthat partofthedyewhichbasnotbeenadsorbed

by thealumina. "Free" aluminais that part of the aluminawhichbasnot
adsorbedanydye. Therelationsareshownbythefollowingequations:

(freeAltOa)(freeaurine)
K

(totalAl A) (lake)
or

1 1. “ (free AlaO»)
(free aurine)

a °
K total A1,O,

Whenthe solutionfor the volumeused (5oc.c.herc) containsone-half
molealuminatheequationissimplifiedto:

Lake=»i/K (2freeAljO»)(frecaurine)

If thedata are acceptedwehâvea constantsimilarto the ionicdissocia-
tionconstantexceptthat dilutiondoesnotenteras afactor.

y
i
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Beforediscussingtheaccuracyof thevalueobtainedfor K, it iswellto

-v.vf.a-v.V aavsar ~oa

Beforediscussingthe accuracyof thevalueobtainedfor K, it is wellto
mentionthe fact that the value1.41forK wascheckedrepeatedlyby using
it tocalculatetheconcentrationsnecessaryfortwosolutionsto givethe same
colorintensity,oneof themcontaininga relativelysmallamountofalumina
anda largeamountofdye,theothercontaininga largeamountof alumina
anda smallamountof the dye. In everyexperimentnodifferencein color

intensitywasobserved.

Thevariationsin the valuesforK giveninTableI maybe explainedas
dueto severalfactors. The errorsof the colorimeterreadingswerein the
neighborhoodof 5%. Thesewouldthenaccountforvariationsof 0.07from
the truc value. In gênerai,the values obtainedwhen relatively small
tunountsof aluminawereprésentarehigherthan the average,and thoseob-
tainedwhenthe amountofdyeusedwasrelativelylargeare lowerthan the

average.Onereasonforthisliesin thotact that a largeexcessof dye is not
deeolorizeduponneutralization,but givesa strawyellowcolor. This tends
togivea total colorintensityofthe standardsolution(containingone mole
hikcpreparedbyuseoflargeexcessofdye)whichis toohigh,andthe results
withsmallquantitiesofdyewillbe too low. It isalsopossiblethat the lake
isnotquitesostablewhensmallquantitiesofdyeareused.It isthe redacid-
stubleformofthedyewhichformslakes,andthisdoesnotexistto anyextent
inneutralsolutionscontainingammoniumsalts. The possibleexistenceof a
tr('ndinthevaluesforKmaybeduetodifférencesinstabilityofthe lakes.

A seriesof lakesolutionsmadeup to volumeat pH s.t was compared
witha serieswhichhad beenneutralizedto pH 7.0. Usingthe value 1.41
forK thecolorintensityofthe lakewascalculated.Thedifferencein color

intensityoftheacidsolutionoverthe neutralizedsolutionwasassumedto be
ducto the excessdye. Thevaluesobtainedexperimentallycheckedreason-

ublywellwith thosecalculated,thus indicatingthat the lake colorat pH
j. isofthesameintensityas whenneutralizedto pH 7.o.

TableII showsthe resultsobtainedwiththe saltsof othermetals. The
valuesforK wereobtainedby firstrunningseveralseriesofdifferentmetal
aurineratiosand usingthe maximumcolorintensityobtainablefrom one
molemetalas the basisof comparison.Theapproximatevaluefor K was
thencalculatedandchecked,aswastheconstantforalumina,by comparing
the colorsof two solutionswhich,thoughhavingdifferentmetal aurine
ratios,shouldhavethesamecolorintensity.

Whenthe ferrieoxidelakeis formedat roomtemperatureit hasa violet
purplecolorwithno,orverylittlered. Whenit is formedat highertempera-
tures,it takesonmoreofa redcolor. Thisabilityofferrieoxideto formtwo

difrerentlycoloredlakesmay bcdue to differentstatesofhydrationof the
hydroi»oxide. In the absenceof ammoniumsalts ferrieoxidecanform a
strawcoloredlake. Thislakeisusuallyfonnedinneutraloralkalinesolutions
whenthe blankshowssomepinkcolor. Theorangecolorwasdeeper than
thé blankpinkandthe yellowishironoxidecolor(obtainedunder the same
conditionswithoutthedye)superimposeduponeachother.
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TABLE II

Metallir Colorof StabiUty K
saitumx.1 Lake at pH7.0

FeCIa violet xxxx 0.15
purple

AlOlj red xxx 1.41

CrClj rcd xxx j.41

FeClj red xxx 1.61

BeClj red x unstablein 2.22
absenceof
excessdye

MgSO4 pink stablein alkaline
in absenceof very
ammoniumsalts large

Tis (SO4)j Increasesyellowcolorof "blank."

Thechromiumoxidelake is about as stable as the aluminalake. Its
coloris,however,notquitesodeepas that ofthe aluminalake.

Theferrousoxidelake, unlikethat of magnesiumoxide,is quitestable
in thepresenceofammoniumsalts. The solubilityofmagnesiumhydroxide
in ammoniumsaltsis responsiblefor the instabilityof the magnesiumoxide
lake.

Theberyliumoxidelakeisonlystable inpresenceof a largeexcessof the

dye. Beryliumoxideis probablytoosolubleat the neutralpoint.
Kolthofflgivesdirectionsfor preparingthe curcurminlakeofberyllium

oxideina morealkalinesolution.Titanicsulfateunder conditionsobtaining
in thisworkincreasedthe strawyellowcolorof the blank. It maybepos-
siblethat it formsa strawcoloredlakewiththeanhydrideofthedye.

Thissuggeststhat aurintricarboxylicacidcan formtwodifferentkindsof
lakes. Thefirstisformedwhenthe acid (red)formisadsorbedbya hydrous
oxidewhichis insolublein slightlyacidsolution. The otherkind is formed
whenthe anhydrideis adsorbedby an insolublebase like ferriehydroxide
in absenceofammoniumsalts,orbya negativehydrousoxidelikethetitanic
in presenceofammoniumsalts.

Thevaluesfor K givenin TableII multipliedby 10willgiveapproxi-
matelythenumberofmolesofthe dyerequiredto givemaximumlakecolor

intensitywithonemoleofmetalsaltunder the conditionsgivenhere. Since
a curveplottedshowingcolorintensityagainstdye concentrationhasonly
a veryslight trend whenthe colorintensity is near the maximum,thèse

figurescannotbecheckedaccurately.

1Kolthoff:J.Am.Chem.Hoc.,50,393(1928.).
l

(
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Thesefiguresshowthat the lakeformationisdependentuponthe insolu-

bilityof the hydrousoxidesof themetols. However,the presenceof a large
oxcoasof dye counteraetsthe solutionof the hydrousoxides,and, if given

enoughtirne,causesthe formationof as muchlakeas if the hydrousoxide

werealmostcompletelyinsoluble.

Summary

1. The cquilibriumrelationsexistingbetweenalumina and aurintri-

carboxylicacidandthe resultinglakefonnedhavebeenfonnulated.

2. The equilibriumrelationsof the aurintricarboxylicacid lakes of a

ntunberof othermetalsaregivenforthe sameconditionsas werefoundbest

foralumina.

3. The worksuggeststhe existenceof twodifferentkindsof lakesof

thedye.
4. The solubilityof hydrousoxidesof mctalsis counteractedby the

presenceof a largeexcessof thedye to formalmostas muchlake as if the

hydrousoxidewerealmostinsoluble,

ChemiealLaboratory,
ValjxiraisoUnùemty,
Valjiaraitto,Indiana.



LIQU1D MIXTURES OF TELLURIUM AND SODIUM TELLURIDE

I. SPECIFIC RESISTANCE AS A FUNCTION OF COMPOSITION

AND TEMPERATURE

BY CHARLES A. KRAUS AND STANLEY W. OLASS

The présentinvestigationwas originallyundertakenfor the purposeof

studyingtheconductanceofliquidmixturesof telluriumandsodiumtelluride.
Accordingto PelliniandQucrcigh1sodiumandtelluriumarecompletelymis-
cibleintheliquidstatewiththe exceptionofan intervallyingbetween255 and
37atomper cent. of sodium. Theirdiagramindicatesthe existenceof a
normaltelluride,NajTe, whichis quite stable,melting at approximately
10000,as wellas two highertellurides,to whichthey assignthe formulae
XajTejandXa«Te».Thegap in the solubilitydiagramoccursintheregion
correspondingto thi- imposition NstTer. In carrying out cpnductivity
measurementsonvariousliquidmixtures,theappearanceofnewphaseswas
indicatedby inflectionpointsin the résistancetemperaturecurves. These

pointsdidnot agreewith the earlierdata of Pelliniand Quercighand,ac-

cordingly,the phasediagramof mixturesof telluriumand sodiumtelluride
wasredeterminedby the methodof thermalanalysis. The resultsof con-
ductancemeasurementswillbe presentedfirst since they will later be of
assistancein interpretingthe phasediagram.

Materials

Telluriumwaspurifiedaccordingto the followingprocedure.The com-
mercialmétalwasdissolvedin dilutenitrieacidandthe basicnitrateformed
wasallowedto settle. Thesupernatantliquidwasdecantedandevaporated
todryness.Theresiduesoobtained,togetherwiththe basicnitrateoriginally
precipitated,wasdecomposedby heat. This impureoxidewasdissolvedin
hydrochloricacid,and the resultingsolutionwasevaporatedto drynessin
orderto expeltracesof nitricacid. Theresiduewas nowdissolvedin con-
centratedhydrochloricacid,diluted with an equalvolumeof water,made

slightlyalkalinewithammoniumhydroxide,and then acidifiedwithdilute
aceticacid. Thetelluriumdioxideprecipitatedin this processwasthrownon
a filter,washedanddried. It wasthenheatedto about 600°ina Pyrextube
throughwhicha slowstreamof oxygenwaspassed. Thisservedto remove
mostof the volatileimpuritiesconsistingchieflyof seleniumdioxide.The
residuewasagaindissolvedin concentratedhydrochlorieaeidandthe solu-
tionwassaturatedin the cold with sulphurdioxide.2 Selcniumwaspre-
cipitated*and separatedby filtration throughasbestos. The filtratewas

1AHiÀcad.Lincei,(5),19II, 350(1910).
1LenherandKao:J.Am.Chem.Soc.,47,769(19*5).
>Kclter:J.Am.Chem.Soc.,19,773(1897).
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dilutedto about6Nandagainsaturatedin the coldwithsulphurdioxidein

onler to preoipitatethe tellurium. The precipitatedmétalwasfilteredand

thoroughlywashedwithwaterand,finally,withalcoholand dried quickly
at Lio°C. ThemétalwasthendistilJedin vacuoin anelectricfurnace. The

purifiedproductgavenoévidenceof impuritieswhensubjectedto a spec-

troscopictest.1

Sodiumtelluridewaspreparedbytreatinga weighedquantityof freshly-
eut sodiumin liquidammoniawithfinelydivided metallictellurium. The
.i.,t ..aa",i»L,».t.»aa at,nwl.
.s.
metalwasaddedslowlyuntil the blue

color,duetof reesodium,just disappeared.
SodiumtellurideNotTeis onlyslightly
solublein liquidammonia,the saturated
solutionbeingcoloredlightyellow.The

ditelluride,NajTet,is readilysolubleand

yieldsa highlycoloredviolet-bluesolu-

tion.Thecharacteristiccoloreffeetsmake
it possibleto adjustthe compositionof
the produetaccuratelyto the formula

Xa/fe and the totalweightofmaterialis
tlcterminedfromtheamountof tellurium

added, thus makingit unnecessaryto

wcighthesodium.
Thereactionbetweensodiumandtel-

luriumis carriedout in a closedtube
cuoledto liquidammoniatemperatures
bymeansof a bathofboilingammonia.
Whenthe reactioniscomplcted,theam-
moniais allowedtoevaporateand the

necessaryquantityof telluriumis added
inordertoproduceanalloyofanydesired

CDinpomtion.The tube containingthe
sodiumtellurideand telluriumis then
heatedin an atmosphereof ammoniaor

nitrogento a temperatureof about600°
and the contentsare thoroughlystirred.
Afterallowingthe tubeto cool,it maybe
hrokenand the contentstransferredto
the measuringapparatusin an atmos-

phereofnitrogen.

ApparatusandProcedure
Thermostat.Thethermostatcmploycd

in this investigationwas similar to that previously described by Kraus and

Johnson,5and further descriptionmay, therefore, bc omitted.

1
DudleyandJones:J. Am.Chom.Soc.,34, 1004(1912).

9KrausandJohnson:J. Phys.Chem.,32,1281(1928).

I''t0.!i

Cell used in measl1ringliesistante of
\Iixtures of Teand Xa.Tc

-1 !L 1. ir~ -Jt -1
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TheConductivityCell. In the preliminarymeasurements,a Pyrexglass
cellwasemployée!,similarin constructionto the high-resistancecellsused

by Krausand Johnsonin measuringthe résistanceof metallietellurium. It

wasfound,however,that mixturesof sodiumtellurideand telluriumslowly
reactwithglasssothat reprodueibleresultscannotbeobtained. Accordingly,
a similarcellwasconstructedofclear fusedquartz. Thegeneralarrangement
of the cellis shownin Fig. i. The capillary Aof this cellhada lengthof

approximately30cm. andan internaidiamcterof r.5 mm. Theélectrodes

BB,makingcontactwiththe melt,wereplatinized. The processofplatini-
zationhad to be repeatedafter eachseries of measurements,as otherwise,

satisfactoryresultscouldnot beobtained. Copper leadswerehardsoldered

to theplatinumélectrodesat FF,the junctionsbeinglocatedbelowthe level

of the thermostaticliquidin orderto avoid thermoelectrieeffects.

In all, fivecellsof the type describedwereemployed. Theirresistance

constantsweredetermincdat 2S°Cby meansof a normalsolutionof potas-
siumchloridemadeupbyweightaccordingto directionsofKrausandParker.'1

Thespecifieconductanceof 1.0Npotassiumchloridesolutionwasassumedto

beo.n180. Thedata relatingto the calibrationsare summarizedinTableI.

TABLEI

Constanteof ConductivityCells

Cell 123 3 4 5

Itesistance 7248.4 71790 7171.0 7161.4 7106.5
Constant 810.4 802.6 801.7 800.6 794.5

MeasuringApparatus.Theclectricalresistanceof alloysofhigherspécifie
resistancewasmeasuredby meansof a drum-woundbridgeandtelephone.
A Vreelandoseillatorservedas sourceof alternating currentandthe usual

precautionsweretakenas to screening,grounding,etc. In the caseofalloys,
of lowerresistance,a directcurrentwitha precisionWheatstonebridgewas

employed.Polarizationwasmarkedin alloysof higherresistance.

Thetemperaturewasmeasuredbymeansofa platinumplatinum-rhodium

thermocoupie,whichwascalibratcdagainst the boilingpointof waterand

the meltingpointsofstandardsampiesof tin, lead,zincand aluminum.

Procedure.The alloy,preparedas already described,wasquicklytrans-

ferredinto tubeK of the conductivitycellunder an atmosphereofnitrogen.
The cellwasthen exhaustedand repeatedlywashedwithfreshnitrogento

removetracesofair. Finally,the cellwas filledwith nitrogento a pressure

approximatelyi cm. abovethat of the surroundingatmosphere,and this

pressuredifferencewasmaintainedthroughout all subsequentoperations.
TubesG, JJ and H servedto makeconnectionto the auxiliaryapparatusas

describedby Krausand Johnson.

The cell containingthe alloywas introduced into the thermostatand

heatedto a temperatureabove5000,or sufficientryhigh to completelymelt

1KrausandParker:J.Ain.Cliem.Soc.,44,242-6(1922).
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the alloy. Byintroducingnitrogenthroughthe tubesJJ and the capillary
A,the liquidin tubeK wasstirred. It wasthenallowedto flowinto thecapil-
lary makingcontactwiththe électrodesBB. Theresistancewas measured
and the processof stirringrepeateduntil constantvalues were obtained.
The résistancewas then measuredat successivelylowertempératuresat
iiitervalsof from109to 25°. Whenthe measurementswerecompleted,the
alloywasmeltedandblownout of the capillaryintothe tube K by meansof
nitrogen,afterwhichthecellwasremovedfromthe thermostatand the alloy
allowedto solidify.

ExperimentalData

Compositionof Alloys. In Table II are giventhe data relating to the

compositionof the variousalloysused.Column2indicateswherethe resist-
ance measurementsare tabulated. Otherwisethe table is self-cxplanatory.
Asexplainedabove,the weightofsodiumgivenincolumn4 hasbeencalcu-
lated fromthe équivalentweightof telluriumusedin the neutrauzationof
sodium,the weightof whichis givenin column3. Analyticalchecksindi-
catcd that the compositionof the alloysas calculatedcorrespondedclosely
to the true values.

TABLEII

uata on rreparation of Alloysused m UonductanceMeasurements

Composition Table Wt.Tefor Cale.wt. Totalwt.
Atom%Xa XII. Xa»Teing. Naing. Te in g.

54 III 12.042 4.3447 20.517

5o IV 11. 1799 40331 22-3Î7

48 V 9.927 3.5816 21.509

46 VI 9.416 3 .3971 22.107

44 VII 8.701 31392 22.156

40 VIII 9.293 3-3530 27.880

35 IX 6.403 2.3103 23.784

30 X 5.393 1-9459 25-I7I

«S XI 4.298 i-5S<>7 25.778
20 XII 3.028 1.0924 24.223

TABLEIII

Resistanceof Alloy,Nas/Te*, Cell No. 5

Tcmp. 8p.Cond. Sp.Rcsis. Temp. Sp.Cond. Sp.Resis.

503.1 1-732 0.5774 456.0 0.4593 2177

480.6 1.503 0.6654 436.2 0.2900 3.448

461.9 i-3'9 0.7580
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Résulte.Thespecifieresistanceofthevariousalloysat differenttempera-
tures are givenin TablesIII-XII. The compositionof eachalloyandthe

cell usedareindicatedat the headofthe severaltables. In Figs.2,3 and4,
the specifierésistanceis plottedas a funetionof the temperaturefora1loys
correspondingto the compositionsNa»Te», Na«Te«oand NanTe» re-

spectively.Thecurvesforothercompositionsare similarto oneoranother

of the threereproducedin the figures. In Fig.5valuesof the specifierésist-

ance are plottedas a functionof thecompositionat differenttempératures.

T€MF>£l?ATlJf?£

Fio. a

RésistanceTempemture Curveof Alloy XawFe».

TABLEIV

Resistance of Alloy, NatoTeso, Cell No. 1

Temp. Sp. Cond. Sp. Resis. Temp. Sp. Cond. >Sp.Hesis.

500.4 2.106 O.4749 402.2 1.120. o.8858

487.6 1.977 OSOS7 386.4 0.9966 1.0034

464.5 1.754 0.5701 367.4 0.8526 1.173

446.3 1.562 0.6402 35O.aa O-733& 1.363

430.! 1-394 0.7173 328.6 0.1902 5.258

416.0 1.257 0.7957
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) TableV

j Resistanceof Alloy,Na«TeSÎ,Cell No. i

ï Temp. 8p.Cond. Sp.Uerâ Temp. Sp.Cond. Sp.Resta

497* 2-3S7 0.4243 399.4 i-3« 0.7624

480.0 2.134 0.4690 381.1 1.159 0.8629

458.1 1.893 0.5282 358.6 0.9766 1.024

438.0 1.674 0.5975 324.8 0.4062 2.462

410.0 1.408 0.7100

TABLEVI

Resistanceof Alloy,Na«TeM,Cell No. ï

Temp. Sp.Cond. Sp.KesiB. Temp. Sp.Cond. Sp.ResU.

499.6 2.835 O-3S27 382S 1.318 0.7587

483.0 3.SSS 0.3914 363.2 1.143 0.8745

465.0 2.277 0.4391 3490 i.oii 0.9886

449.9 2.075 0.4819 335.5 O.9O16 I.IO9

431.8 1.851 0.5403 323.9 0.8169 1.224

414.2 1.645 0.6079Rosesuddenlyto 0.4404 2.271
396.9 1-457 0.6862

TABLEVII

Résistanceof Alloy,Na«Te«, Cell No. i

Temp. Sp.Cond. Sp.Itesis. Temp. Sp.Cond. Sp.Rems.

499.3 3 Soi 0.2856 381.3 1.483 0.6745

475.3 2-930 0.3413 363.2 1.287 0.7772

456.11 2.584 0.3870 347.2 1-128 0.8863

440.7 2 .330 0.4292 332.0 0.9841 1.016

419.9 1.992 0.5020 320.4 0.8801 1.136

402.0 1.737 0.5756

TABLEVIII

Resistanceof Alloy, Na«Te«, Cell No. 1

Temp. Sp.Cond. Sp.Reste. Temp. Sp.Cond. Rp.Resin.

497.3 6.051 0.1653 350.8 1.586 0.6306

467.6 4.648 0.2151 340.9 1.676 0.5968

444.1 3.780 0.2646 334.2 1.626 0.6148

420.0 3032 0.3298 320.2 i-SiS o.66oo

394.4 2.402 0.4164 311.3 1.434 0.6975

372.5S 1.951 0.5125 297.9 1.000 0.9995
Reheated and stirred

354.0 1.630 0.6133 435° 3S»2 0.2847

333.1 1.614 0.6195 409.6 2.769 0.3612

325.2 1.557 0.6422 364.0 1.800 0.5556

319.0 1.500 0.6667 348.0 1.736 0.5761

Reheated and stirred

426.1 3.253 0.3074 3S1.0 1.741 0.5743

392.8 2.378 0.4206 358.3 1.735 0.5764

365.3 1.826 0.5477 359-3 ï-735 0-5763
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T/ABLKIX

Résistance of Alloy,Na3i>Te«s,Cell No. 4

Temp. 8p.Cond. Sp.Redis. Temp. Sp.Cond. Sp.Kcsis.

Su. 3 16.08 0.06217 385.1 4.640 0.2155

487.2 12.55 0.07970 368.11 4.101 0.2438

468.0 :o.23 0.09772 353.9 3.743 0.2672

452.6 8.658 o.nss 339.1 3.321 0.3011

436.0 7.197 0.1389 328.5 3.029 0.3302

428.5 6.613 0.1512 315.5 2.697 0.3707

414.2 5.618 0.1780 305.2 1.520 0.6580

400.0 4.969 0.2012

Table X

Resistance of Alloy,Na»Tero, Cell No. 2

Temp. 8p.Cond. Sp.Resis. Temp. Sp. Cond. 8p.Reste.

506.5 42.92 0.02330 371 .4 9.226 0.1084

491.8 35.83 0.02891 356.6 7.848 0.1274

476.3 3008 0.03324 348.0 7.178 0.1393
451.8 22.55 004434 336.9 6.316 0.1583
431.1 17.71 0.05645 323-6 5-419 o.1845
405.1 13.54 0.07385 313.7 4.788 0.2088
387.9 11.02 0.09077 302.9 2.831 0.3532

TABLEXI

Resistance of Alloy,Na»sTejt, Cell Xo. 4

Temp. 8p.Cond. Sp.Resis. Temp. Sp.Cond. Sp.Reste.

501.11 102.08 0.00980 364.8 14.76 0.06773

467.7 65.43 0.01528 354.6 12.90 0.07752

443.2 48.31 0.02070 339-5 10.66 0.09383

422.0 30.30 0.03300 324.1 8.710 0.1148

401.7 23.60 0.04236 310.8 7.286 0.1372

389.8 20.33 0.04918 304.9 6.701 0.1492
377-o 17-33 0.05772

TABLEXII
Resistance of Alloy Na»Teso,Cell No. 3.

Temp. Sp.Cond. Sp.Resis. Temp. Sp.Cond. Sp.Hcsis.

527.0 250.8 0.003986 374.9 27.59 0.03625

495.4 191.4 0.005225 356.7 22.87 0.04373

471.8 151.7 0.006592 332.0 17.76 0.05631

448.9 117.8 0.008487 3159 15-04 0.06651

425.0 88.16 0. 01134 301.0 12.88 0.07765

404.8 77-72 0.01287
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Discussion

Inall cases,the specifiorésistanceof the alloysdiminishesmarkedlywith

inereasingtemperature,approximately,accordingto anexponentialfunetion.
At higherconcentrationsof sodium,the resistanceincreasesregularlywith

decreasingtemperaturewithout singularitiesuntil a large diseontinuous
iacreaseof the résistanceoccurs. This latter changeis doubtlessdue to the

appearanceof a solidphase. In general,at thesehigherconcentrationsof

t'Ut

ResistanceTemperatureCurvcofAlloyNa*jTe«.

sodium,there wasno indicationof the initial appearanceof a solid phase
at températurescorrespondingto thc meltingpointdiagram. Transforma-
tionwasapparentlysuspendeduntil,whencrystalizationset in, substantially
completesolidificationoccurred. It may bc notedthat on investigatingthe

meltingpointdiagramin the samerégionby the methodof thermalanalysis
consistentresultscouldbe obtainedonlyunder conditionsof vigorousstir-

ringand seedingof the melt. In the caseof alloysricherin tellurium,the
initialappearanceofthesolidphasein the neighborhoodof theexpectedtem-

pératureswasreadilydeterminable.Underthèseconditions,the resistance
iiiercasedcontinuouslywith fallingtemperatureuntil a solid phase began
to appear,whenthedirectionof the curveunderwenta discontinuouschange
althoughthe résistanceitselfvariedcontinuously.This is well illustrated
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in Fig.3 withanalloycontaining40atom percent. ofsodium. Threeseries

ofmeasurementswerecarriedout whichshowedthat the initialpointofcry-
stalizationliesat approximately365°. In thiscase,the liquidphasepersisted
somedegrecsinto the metastableregion,when a discontinuouschangeof

résistanceoccurred.Thetemperatureat whicha solidphaseshouldinitially

appearcanbeapproximatedbyextrapolationof the curvesto theirpointof

intersection.The résistanceof the mixtureof liquidand solidis slightly
lowerthan that of the homogeneousliquidat the same temperature.The

curveBCrelatingto mixturesof liquidandsolidliesbelowABforthehomo-

n

RésistanceTempératureCurveofAUoyNa»Te».
il

k
«



MQUID MIXTURES OF TELLUBIUM AND SODIUM TELLURtDE 993

geneousliquid. Finally,at still lowertempératures,the eutectic between
XajTeoand NajTe»is reachedand completesolidificationoccurswith a
discontinuouschangein the résistance. It was not possibleto obtain the
exact temperatureof the eutecticpoint by meansof the resistanceeffect

owingto suspendedtransfonnation.An alloy containing35 atom of
sodiumgaveaninflectionpointat 405°andonecontaining20atom at 4300.

Thealloycontaining25atom of sodiumshoweda smalldiscontinuous
changeof resistanceat 4360.This correspondsto the congruentmelting
pointof the compoundNajTe».ThecurveABofFig.4 relatesto thehomo-
geneousliquidalloyof theabovecomposition,whilethe curve CD relates
to the homogeneoussolidalloy. It willbe observedthat the solidalloy
isa fairlygoodelectricalconductor.Bothcurvesfollowan exponentialrela-
tion quite elosely.

By meansof the conductivitymethod,the followingpointswereestab-
lishedon the meltingpointcurve.

Table XIII
InitialCrystalisationTemperatureby ConductanceMethod

Atom Sodium 20 25 35 40
Temp.of initialCryst. 430 436 405 365

The resistancemethodis oftenadvantageousin determiningthe tem-

peratureat whicha solidphasebeginsto appear. The two branchesof the
resistance-temperaturecurve, relating respectivelyto the homogeneous.
liquidand to themixtureofliquidandsolid,intersectand the pointofinter-
action may be approximatedfairly closely. Suspendedtransformation
merelyincreasesthe extrapolationandthus increasesthe errorbut theresult
is definite. In regionswherethe methodof thermal analysisbreaks down
becauseof suspendedtransformation,the conductivitymethodservesas a
valuablesupplementto theformer. In a succeedingpaper, the results,just
presented,willbe usedin interpretingthe phasediagramof the systemTe-
NasTe.

In Fig.5,valuesoftheresistanceareplottedasa funetionof the composi-
tionat a seriesof températures.

Asmaybeseenfromthisfigure,the alloyscontaininghigherpercentages
«f telluriumare extremelygoodconductors. Without doubt, thèsealloys
arc true metals:that is,thecurrentiscarriedby a processof metalliccon-
duction. Themetallicnatureofthesealloys,moreover,is borneoutby their
appearance,whichisdistinctlythat ofa metal. It willbenotedthat at soo°,
the resistance-compositiondiagramhas an inflectionpoint indicatingthat,
at higherconcentrationsofsodiumtelluride,the résistanceapproachesa defi-
nitc maximumvalue. Thisprobablymeansthat as the compositionof the
alloysapproachcsthat of the normaltelluride,NasTc,the conductanceis
moreand morelargelyduetoanelectrolyticprocess:forpuresodiumtelluride
isa normaltypeofsalt and,doubtless,conductsaccordingto an electrolytic
process. In général,theorderof magnitudeof therésistanceofmixturescon-
taining largerpercentagesof sodiumtclluridecorrespondsto that of fused
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salts. Asthetempératurediminishes,thorésistanceofall the alloysincreases

markedly,butthe curvesare,ingeneral,ofmuehthesameform.

Therecan be little doubt that in mixturesof sodiumtellurideand tel-

lurium,wehavean instanceofmixedmetallicand electrolytieconduction.

The higherthe percentageof tellurium,the moredocs the metallicover-

balancethe electrolyticprocès».

.OTYW > U"IG/f-7

Fio. s

RésistanceofAlloysasa FunctionofCompositionat DifferentTemperatures.

Summary

A methodis describedforpreparingalloysof telluriumand sodiumtel-

lurideofdesiredcomposition.
Therésistanceof liquidmixturesof telluriumand sodiumtelluridebas £

beenmeasuredat variousconcentrationsupto 54atom ofsodiumandat a j.
seriesoftempératuresupto 500°.

Mixturesrich in telluriumaregoodconductorsand conductmetallicly.
Theconductanceof mixturesrichin sodiumtellurideapproximatesthat of

fusedsaltsandtheconductionprocessis an electrolyticone.

Observationsare recordedthat indicate that sodiumtellurideand tel- c

luriumarccompletelymiscibleinthe liquidstate.

Fromtheconductance-temperaturecurves,it maybe inferredthatsodium

and telluriumforma compound,NajTe»,havinga congruentmeltingpoint
at 4360. »

The authorstake pleasurein acknowledgingtheir indebtednessto tho

WarrenFund of the AmericanAcademyof Arts and Sciencesfor a grant
wherewiththeprecisionbridgeusedin this investigationwaspurchased.

ChemicalLaboralory,
BrownUniiersily, t
Providence,R.I.
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II. PHASE DIAGRAM OF THE SYSTEM Tt-Na,Te

DY CHARLES A. KRAUB AND STANLEY W. GLAKS

As wasstated in a precedingpaper,PelliniandQuercigh1reporta gap
in thc solubilitycurveof liquidmixturesof telluriumand sodiumtelluride

at concentrationsbetweenapproximately25 and 37 atom of sodium.

MoasurementBof the electricalrésistanceof variousliquidmixturesin this

région,however,indicatedcompletemiscibilityofthe two components.Ac.

eordingly,the phasediagramof this Systemwasinvestigatedin détail by
thc methodof thermalanalysis.

Materials,ApparatusandMethod

Materials. Thematerialscmployedin the presentinvestigationwerethe

saineasthoseusedinconnectionwiththeconductancemeasurementsreported
ina precedingpaper. Thevariousalloysweremadeup in the samewayand
a detailed descriptionof the methodof preparationmay, therefore,be

h oinitted.

Apjmratus. A knownweightof the alloyprepared,as previouslyde-

swibed,was introducedinto a Pyrextube havinga diameter of approxi-

t mately30 mm.Thelowerendofthistube wasdrawndownto a slighttaper
i, in order to avoidthe crackingof the tube whenthe alloy solidified. The

thermocouptewaslocatedon the axisof the containingtube with its end

approximately15 mm.fromthe bottom. Anatmosphereof nitrogenwas

niaintainedoverthealloyat alltimesand the tubewasprovidedwitha stir-

ringor shakingdevicefor the purposeof facilitatingcrystallization. The
s tubecontainingthe alloywasplacedin a largegraphitecrucible,the inter-

veningspacebeingwelllaggedwith Sil-o-Cel.The crucible,in turn, was

t placedina largegasheatedfurnaceprovidedwithan insulatingtop.
The temperature-timecurveswereobtainedby meansofa thermocouple

whiehwas the sameas that used in the prccedinginvestigation,already
t referredto.

Method. The alloywasheated in the fumaceto a temperaturesuffi-

cientlyhigh to insurecompletefusion. In thisconditionit wasthoroughly

stirred,after whichthe furnacewasshut downand tho coolingcurvewas

r~ observed. Thesingularpointson the coolingcurveswerenotcdand trans-

ferredto a composition-temperaturediagramin the usual way. Afterob-
a

taininga coolingcurve,the alloywasremeltcdand the thermocouplere-

moved. In certaininstances,an alloyof highertelluriumcontentwasthen

madeup by addinga knownadditionalweightof tellurium. The weight
ofalloyadheringto the thennocoupletube wasdeterminedand allowedfor.

»PelttniandQuereigh:Att.Acead.Lincei,(5),W,II, 350(1910).

'']
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Thecompositionofthe alloyswasmadeupaccuratelyto correspondto the

compositionsgiven(within0.1%).
In the caseof alloyscontainingmorethan 48atom of sodium,great

difficultywasexperiencedin obtainingthe point of initialappearanceof
1 1

JliomâWSodtum
Kio.1

PhaseDiagramoftheSystemTe-NatTe.

the solid phase. In the earlier experiments, the resutts were so variable
that ail measurements between 50and 54 atomic of sodium, inclusive,
wercdiscarded and the results are not given below. A new sériesof meas-

urements, however,was carried out within this region, the rcsults for which
arc givpn.In thèse experiments, a largcr containing tube was used and the
amountof alloywaadoubled,the mixtureswerevigorouslystirred and scedecl
withthé expected solidphase. The results in this case weremuch more con-
sistent than those previouslyobtained. (

5
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ExpérimentalData

The rcsultsobtainedin the variousexperimentsare summamed in the

followingtable, wherethe numberof the experimentis given in the first

coluinn,the atom ofsodiumcontainedin the alloyin the secondcolumn,
the temperatureof initialappearanceofsolidphasein the third column,the
cutectiepointbetweenthesolidphasesTe andNajTe»in the fourthcolumn,
thecutecticpointbetweenNasTe0andNa2Tesin the fifthcolumn,and the
transitionpointbetweenNa«TesandNasTein the sixthcolumn.

Datarelatingto ThermalDiagramofTe NasTe
t.bae. T.a;¡'u.a

v^^v^v
» ww^mw^ w t rmmt %» Vw w *1H|*V

InvariantEquilibré
Kxp. Atom% Begin. "Eutëctïc Eutectic Transition
X». Xa Cryrt. Te+N'a,Te«NaiTe,+Na,Te,Na«Te»-XajTe

o 4JI.I – – –

11 7-S 424-77 403.5 –
10 10 412.S 402.7 –
9 12.S 402.5S – –

8 15 412.2 402.4 –

7 155 41309 400.1x – –

6 30 430.0 404.4

5 25 436oo – –

4 30 424.9 –
312.6

3 35 404.5S 315.8 –

2 40 354.4 – 319.4
221? 42 328.4 – –
21 44 329.S – 318.0
20 46 347.0 319.0 –
t9 46 346.4 – 3I9-3 –

>4 46 324-9 310.5 –

18a 48 352.3 319.2 –

iSb 48 337.8 319.11
18c 48 351.0 –

30 49 385.0 303.0 353.0
3 if 50 –

307.0 352.3
3id 50 -r- 354.9
31C 50 –

352.5
3»b 50 429-1 – 303.0 351.5
.îia 50 301.0 355.2
2<) 50 423.4 304.4 350-5
28 51 470.6 297.7 348.7
27 52 500.8 –

314.3 346.8
a6l) 54 592-5 –

310.3 352.9
26a 54 – – 310.7 351.434 – – 310.7 35»-4

Théresultsare showngraphicallyin the accompanyingfigure. AHthe
observationsobtainedappearon this plot with the exceptionof the point
tifinitialerystallizationinthecaseof expérimentaNos.aoand 18b.
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Discussion

Asmaybeseenfromthefigure,sodiumandtelluriumformthecompounds

NasTo,Na,Tesand Na5Te< The meltingpoint of the compoundNojTe

wasnot determinedin the présentinvestigationbut followsfromthecarlier

workof Felliniand Quercigh. The compoundNa8Te«has a congruent

meltingpointat 436',whichagréeswellwith the valueapproximatedearlier

by meansof the conductancemethod. At a temperatureof 3SS0.thereisa

transitionbetweenthe normaltellurideNaVTeand a highertelluride,whieh

is almostcertainlyNa5Tej. An exactdéterminationof the compositionof

this compoundis not possibleby the methodof thermalanalysis,although

the generalformof the curve indicatesa compoundof approximatelythis

composition.Krausand Chiu1haveshownthat, in liquidammonia,solid

sodiumtellurideis in equilibriumwith a solutionwhosecompositioncor-

respondsto the formulaNasTe,. It is highlyimprobablethat compounds S

of the typeNa,Te,, for example,are capableof existence. It is hardlyto

bedoubted,therefore,that the compoundNa2Tesexistsand isinequilibrium s

withthe meltalongthe curveDE. ~1

Thediagramshowstwoeutecticpoints,oneat a compositionof12 atom u

9Î ofsodiumat 402.5°,the solidphasesbeingtelluriumand NatTe.. The

secondeutecticliesat a compositionof43 atom of sodiumanda tempera-

turcof3190,thesolidphasesbeingNasTe«and NajTej.

Boththe eutectictempératuresat B and D are wellestablishedbut it

maybe mentionedthat the températureof the latter point wasobtained

readily,onlyin the caseof alloyswhosccompositionapproximatedthat of

theeutecticmixture. Mixturescontainingmorethan 48atom ofsodium,

in gênerai,gaveeutectictempératuressomewhattoo low.

Themethodof thermalanalysisdid not giveentirelysatisfactoryresults

for the freezingpointcun'e of alloyscontainingbetween40and43atom
1

of sodium. In thèse regions,the conductivitymethodyieldedresultsthat

are"morereliable. Accordingto this method,the resistanceof the liquid

mixtureis followedup as a functionof the températureuntil a solidphase

appcars,whenan inflectionpointoccurswithoutdiscontinuityin the resist-

ancecurveitself. If the appearanceof the solidphase is suspended,the

résistancecurveof the liquidphaseprocecdsinto the metastablerégionand,

whena solidphaseappears,a discontinuouschangeof résistanceoccurs,after

whichthe resistancefollowsalongthe curve of the solid-liquidmixture.

By extrapolatingthe curve of the solid-liquidmixture until it intersects

that of the homogeneousliquidphase,the temperatureat whichthe solid

phaseappearsmay be determinedunambiguously. Data relatingto the

resistance-temperaturecurvesofalloyscontaining20, 25, 35and40atom j

of sodiumare givenin the previouspaper. The tcmperaturesobtainedfor 1.

the initialappearanceof a solidphaseare shownon the figureas circles.

It willbeseenthat, at 40 atom of sodium,the valueobtainedby the

KrausandChiu:J.Am.Chcm.Soc.,44,1999(«9")- P
14
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resistancemethodis about ro"bigherthan that obtainedby the thermal i

method. It is believedthat the formervalueis the morereliableand the i

curvein the figureis drawnaccordingly. At20,2and 3s atom ofsodium, j
thetwomethodsareinexcellentagreement. =:

The phase diagram,as determincdby meansof thermalanalysisand l

resistancemeasurements,showselearlythat telluriumand sodiumtelluride

arcmiscibleinallproportionsin theliquidphase. Thegapinthe miscibility

curve,reportedbyPelliniandQuercigh,evidentlydoesnotexist. i

It may be notedthat, whiletheexistenceof the polytellurideNajTe,is §

wcUestablishedaccordingto the phasediagram,no evidenceof this com- ?

poundbasbeenfoundin thestudyof solutionsofthepolytclluridesin liquid

ammonia. Krausand Chiuhaveshownthat the ditelluride,NjTes,readily

reactswithexcesstelluriumin liquidammoniabut the maximumtellurium

contentof the solutioncorrespondsto the formulaNajTe«. The tellurium S

contentinereaseswith inereasingconcentrationand it is possiblethat, in {;

solution,there existsanequilibriumbetweenNa-sTesandNasTe«. J

Summary

The melting-pointdiagramofmixturesof telluriumandsodiumtelluride f

liasbeendetermined. The twocomponentsare completelymisciblein the ï

liquidphase.
=

In additionto the normaltelluride,sodiumandtelluriumformtwo com-

pounds,XajTesand Na-Te».The fonner bas a transitionpoint with the

normaltellurideat355°andthelattera congruentmeltingpointat 4360.

Eutectiesare fonnedbetweenNajTe»and Na4Te«and betweenXasTe«

andtellurium.
The resultsof the resistancemethod are in agreementwith those of

thcnnalanalysis.

ChemicaliMlioralory,
Brown Umvenily,

l'rovidence,K.I.
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STUDIKS IN THE SOLUBILITIES OF THE SOLUBLE

ELECTROLYTES

I. RELATIOXSHIPS BETWEEN THE TEMPERATURE

COEFFICIENTS*

BYARTHURF. SCOTT

Variousattempts have been made to formulate a theory of solubilityof

the soluble electrolytes and, although none is complete, they are all pretty i

inuch agrced on three determinant factors which we may describeas (t) co- »

hesion of soluté; (2) cohésion of solvent; and (3) adhesion of solvent and

soluté. In a number of recent papers, however, these cohesiveand adhesive

forcesare treated, with very suggestive results, from the standpoint ofmodem

atomic theory. It is the object of the present study to describecertain rela- {
tionships which exist between the temperature coefficientsof solubility and s
of whichan interpretation in terms of these newer concepts appears possible.
Weshall therefore review briefly at the outset the more significantpostulates

respecting the above three faetors.

We shallconsiderthe ions ofan electrolyte in the solid statc to bcarranged
in a crystal lattice, their positions being controlled by electrostaticforce3of

attraction and repulsion. As a measure of the cohésionof the ions in, this

state we may take the lattice (free) energy, a characteristic constant which

varies but little with température. In solution, we shall assume further,

both cation and anion of a salt are able to attract by means of their electro-

static forces the dipolar water molécules. Thc magnitude of these forcesof

adhesionbetweensolute and solvent is indicated approxiinately by the heats
r

of hydration of the individual ions. Xow, if the solubility of electrolytesis f

detennined by the différenceof thèse two energy factors, weshouldexpect it

to vary, qualitatively at least, with the heat of solution beeausethis constant

is equal to the heats of hydration of the ions minus the lattice energyof the

salt. The poxsibilityof such a relationship lias bccn discussedby Butter.'

At this point a wordmay be said regarding one of the distinctionsbetween

soluble and insoluble electrolytes. As a general rule the solublesalts have
>(

relatively small heats of solution, which fact, according to Fiock and Rode-
I!

bush,*means "that the electrical forces of an ion are neutralizedto about

the sameextcnt in solution as in the crystal lattice." On the other hand the

insolublesalts have somewhat larger, negative heats of solution,a condition

which Fajans1bas attributed to the abnormally large lattice énergieswhich

Contributionfromthe Departmentof Chemistryof TheRicoInatitute.

>Butler:55.physik.Chem.,113,279(1924).
FiockandKodcbush:J. Am.Chem.Soc, 48,2522(1926). J
Fajans:Z. Kriatall.,61,18(1925);66,321(19*8).

1
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resuit fromthe defonnationin the solidstate of the electronicshellof one

ionunderthe influenceof theelectricfieldof theoppositelychargedion. In

supportof this argument,Herzfeldand Fischer1have shownfor analogous
insolublesaltsthata salt islesssolublethe morenegativeits heat ofsolution.

Sinceweshalldealin the presentpaper onlywith the verysolublesalts, it

is safeto assumethatweshallnot meetwithany pronouncedeffectsofde-

formation. Neverthelessit mustberememberedthat déformationdépends

upon the particularpropertiesof theconstituentionsand that consequently
the possibilityofitsexistencecannotbe disregarded.*

Withrespectto thehydrationofionsweshal!acceptanadditionalpostu-
latewhiehwasfirst proposedbyFajans3and whichcanbestated in the follow-

ingfonn: Whenthenumberofmoléculesofwaterto bedistributedbetween
the ionsof a salt is sufficientlylimited,as in the saturatedsolutionsof very
solublesalts,theensuingcompétitionbetweenthe ionsresultsin the stronger
iongainingcontroloverthesewatermoleeulesto the exclusionof the weaker

ion. Weshallhereafterrefertotheseions,underthe aboveconditions,asthe

dominantionandthesubordinateion,respectively.Toestimatethe relative

.«trengthsof the ionsof a salt wecan employeither the free énergies*of

hydrationof the gaseousionsor the heats' ofhydrationof the gaseousions.

The formeris to bepreferred.
On the groundsof theseover-simplifiedpostulateswe may attempt to

eonstructa pictureof the saturatedstate, an equilibriumconditionwhichis

reachedwhentheforcestendingto unité the ions into a crystallattice are
balancedbytheopposingforcestendingto keepthem in solution. The com-

biningaction,fromour viewpoint,results fromthe forcesof inter-ionicat-

traction whichare probablyindependentof temperature. This variable

factorwillbeindicatedby$dx whereD andXrepresentthe twoionsinvolved.
Theactiontendingtokeepthe ionsseparatedmay be regardedasbeingcom-

posedoftwodifferentfactors:(i) thethennal motionofthe particles;and (2)
t heattractionbetweenthe dominantionandthewaterdipoles. Bothof these

fuctors,it is obvious,must bc dependenton température. By this sort of

analysiswe corne,therefore,to the usual and plausibleconclusionthat it

wouldbe possibleto representthesolubilityofa salt bysomegênerai,com-

plexfunctionof $t,xand T.

But in thispaperevidencewillbeadducedwhichcanbe taken to indicate
that this functionmaybcwritteninfollowinglessgeneralfonn

Ndx *dx fD (T) d)

Herothe solubilityNdxisexpressedas the numberof molesofwaterpermole
of salt. Therighthandmemberofthe equationconsistsof two tenns repre-
.sentingthe opposingforcesat the equilibriumstate. 4>Dxis a constantpara-

1IlcrzfeldandFischer:Z.EIcktrochemie,26,460(1922).
1SecFajans:"TheTheuryorStrongElectroljtcs,"TheFaradaySociety,page4o8.
Fajans:Naturirôscnachaften,9,2(1921).

< Wcbb:J.Am.Chem.Soe.,48,2600(1926).
Fajans:Verh.dmtsch.physik.Ces.,21,549,709(1919).
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meter,characteristieof the forcesof inter-ionicattractionandfD(1')is an

indefinitefunctionwhichrepresentsthe variationof the two factors in-

fluencedby temperature. Now,althoughthe precisenatureof parameter
and funetionis unknown,wccan makethe importantassumptionthat the

latter, at a giventemperature,bas the same valueforall solutionswitha

commondominantion D. For the two factorswhosevariationwith tem-

peratureare describedbyfD(1')are,accordingto the dominantionconcept,
identicalunder theabovecondition.

In supportof theforegoingdeductionweshaHconsidertworelationships
whichcanbededucedfromequation(i ). Fora groupofsalts,DX,DY,ete.,
wehaveequationsanalogousto (i) whichon dift'erentiationwithrespectto

températurebecome:

(d~x )1'¡ = ipDxfD'(TI)
(2a)

( dT >Tl

(d TY)Tl
= ipDyfD'(1'¡) (2b)

Dividing(2a)by (tb) weobtain,sincef'D(T)is identicalbecauseofthe com-

mon dominantion,

/dNpx\

_`d7.'JT1 ~nx=constant (3)
/d~DY\ ~DY

( dT >Tt

ipDY

In otherwordstheratio ofthe températurecoefficientsof solubilityat any
giventempératureofany twosalt,,4whichfulfillthe aboveconditionsis inde-

pcndentoftempérature.
In the secondplace,if the differentiationbc carriedout at a different

température,sayTt,weobtainequationsanalogousto (za)and(2b).Theyare

d~Dg ~D~fpr(T~)
(4a)

( dT ~T~
(4R)

(Ld-TA) T 2
<~DYfD'(T,) (4b)

Xow,dividingequation(2a)by (4a),and equation(2b)by(4b)wcget

(dXDX) (dXDY)
(dT~T~(dTJTlfp'(T,) (5)

(dNDX) (~d~T~)T2

f,)'(T2)

\'dT'/T, \'dT'/T.

Thisrelationsbipmeans,ofcourse,that the ratioofthe températurecoefficient

ofsolubilityat onetemperatureto that at anothertemperatureis identical

forallsaltswiththesamedominantion.
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1:

In whatfollowsweshallconsiderexampleswhichappear to be inaccord

withthèsedeductions.It willbcrecognissed,to besure,that the theoryjust

outlinedhas beendevelopedto makethoempiricalrelationshipsintelligible.

Nevertheless,it may be mentionedthat certainconclusions,whicbthis

provisionaltheorysuggests,havebeen testedand confirmed,and will be

reportedinsomepapersin the courseofpréparation.
The selectionof typicalexamples,however,is a matter of considerable

difficultybecauseof the requirementswhichthey must satisfy. Thus,in

f | I I 'il *– –

Fio.1
XvaluesofsaltswithcommondominantionplottedagainstX valuesofpotassium

chbrideateorrcspondingtemperatutes.

anyparticulargroupofsalts,cachsaltmusthavethesamedominantionand,

besidcR,the solubilitiesof thesesaltsmustbe sufficientlygreat (Nsmall)to

allowthe dominantionto comeintoexclusivecontrolof the waterdipoles.

Morcovcr,theremustbe nochangein the solidstate, suchas theformation

ofhydrates,whichwouldaffecttheparameter$DX.Althoughthereare many

groupsofsaltswhichmeettheaboveconditions,ouractual choiccisseriously

restrictedbythefragmentarynatureoftheavailablesolubilitydata.

Probablythesimplestgroupofsaltswhichweshallconsiderconsistsofthe

chloride,bromide,and iodideof potassium,wherethe potassiumionis un-

doubtodlydominant. It appears,further,that twoothcr salts,thechlorides
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of rubidumand cesium,alsobelongin this group,despitethe fact that, ac-
cordingto thefreeenergiesofhydration,the cationin bothcasesisslightly
strongerthan the chlorideion. They were includedoriginally,however,
becausethe chlorideionhasa greaterheat ofhydrationthanthecationsand
wouldthereforebedominant. Moreover,it shouldbe notedthat bothpotas-
siumandchlorideionhavethesameelectronicstructureandalmostthesame
heatsofhydration. In ordertoshowto whatextentthesefivesaltssatisfythe
ruleexpressedby equation(3)wehaveplottedin Fig. 1 theNvaluesofeach
saltagainsttheN valuesofpotassiumchlorideat thecorrespondingtempera-
tures. Thenecessarydata for the constructionof this graphare contained
in TableI.

TABLE I

Values*ofN at DifférentTemperatures
T ivf'1 VU. xW.t i.·r "ntT KCI KBr HbCJ Kl CaCI
0° H-79 12.22 8.72 7.30 5.8o

10 13.37 U.J2 7.96 6.78 5.36
20 12.18 10.is 7-37 6-41 5.02
30 11.1& 9.36 6.83 6.06 4.74
40 10.35 8.75 6.48 5.77 4.49
50 9-72 8.24 6.14 5.49 4.27
60 9-10 7.74 $.&i 5.24 4.07
70 8S7 7-34 $-52 5.00 3.90
80 8.19 6.96 5-28 4.80 3.74
9° 7-66 6.67 5.04 4.60 3.59

100 7.31 6.36 4.84 4.43 3.46100 7.31 6.36 4.84 4.43 3.46
• Undolt-BOrnirtcin'sTabellen,andeditionand TheInternationalCritiealTablesarethesourcesofallsolubilitydataemployedinthispaper.

Ascrutinyof Fig. i showsthat the plottedpointsof cachsalt all fallon
straightlineswhichmayberepresentedbythe followinggeneralequation:

Ndx = aN^ci + b (6)

Theobviousbreaksin the linesofpotassiumiodideand cesiumchloridewill
bediscussedlaterin this paper. The valuesof the constantsa andb in the
aboveequationhâve been detennined for cach of the four linesand are
givenbelow:

Une a b
KBr 0.783 0.636
RbCl 0.514 1.128
ICI 0.279 3.022

0.422 1.380
CsCl 0.290 1.496

0.330 1.064
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To ascertainhowreal theselinear relationshipsare, N values havebeen
calculatedfor differenttemperaturesby meansof these constantsand the
N valuesofpotassiumchloride.Onlythe différencesbetweenthe computed
andexpérimentalvaluesaregiveninTableII.

TABLEII

DifférencesbetweenCalculatedandExperimentalValuesofN
T KBr RbCl

`

Kl CgCl

0 – O.OI 0.00 –0.14 –0.02
1O –0.02 0.04 --0,03 0.02
20 0.02 0.01 0.02 0.00

30 0.03 –0.01 0.04 –0.01

40 – o.or –0.02 –0.02 0.00

50 0.00 –0.0a –0.01 0.00
60 0.02 –O.OI –0.02 0.00

70 0.00 0.01 0.00 -0.01
80 0.02 0.01 0.00 0.00

ÇO –O.04 0.02 O.OI 0.00
100 0.00 0.03 0.04 0.01

It is clearfromthe figuresgivenin this tablethat the linearrelationshipsof

equation(6)aresatisfiedwellwithinthe limitsofexperimentalerror.
Wearenowabletoshowthat thisgroupofsalts satisfiesthe conditionsof

the rulewhiehisexpressedbyequation(3) For,if wedifl'erentiateequation
(6)withrespectto temperature,weget thefollowingexpression:

/dNDX\ mJdSm\ M
(dNDX) (dNKCI)

(7)` dT l·r a dT T 7

In other wordsthe ratioof the temperaturecoefficientsof solubilityofany
of the foursaltsat anygiventemperaturebetweeno°C.and ioo°C.to that
of potassiumchlorideat the sametemperatureis equalto the characteristic
constanta.

The possibleinterpretationof the extrêmelimits (under constantpres-
sure)of saturatedsolutions-theirfreezingand boilingpoints-in termsof

Fig. 1 isa matterof someinterest. Sincetheargumentis the sameinboth
cases,we shallconfineourattention to an examinationof the conditions
whichobtainat the cryohydricpoint.

Fromthe viewpointof this paperwcmaysay that the freezingpointof
pure water is reachedwhenthe thermalmotionof the polar moleculesis
just offsetbytheelectrostaticforceswhichtendto unitethem intocrystalline
iee. Thepresenceofan ion,however,byattractingthe dipolesactelikethe
thermalmotionto preventcombinationinto icc crystals. Sincein effect
it is equivalentto an increaseof temperature,theremustbe a corresponding
loweringof temperaturebeforecrystallizationof ice can take place. The
amountof this loweringwouldnaturallydépendon the extent of the in-
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ftueneeof thé ion. For saturatedsolutionsinvolvinga commondominant

ionwemightat firstglanceexpecttheaboveloweringAï to beproportional
to theconcentrationof the dominantion, that is, inverselyproportionalto

X.. InTable111somedata aregivenwhiehshowclearlythat this expecta-
tion1isonlyapproximatelyfulfilled.

TABLEIII

Data for the CryohydricPoints*

Sait KC1 KBr Kl NH.CI NH,I1

Nc 16.82 14.47 8-S4i 6.44 10.67
AT 10.66 12.60 83.2 1536 27.5
NcxAT 179.3 182.2 198.22 190.5 177.1y ya ua */V'J J n *yv.< *y~.j J

• Takcn from the International Critieal Tables.

Theinvalidityof theforegoing statement isthe conséquenceofa particular,

incorrect assumption; to wit, that the forces opposing the crystallizationof

ice, the thermal motion and the dominant ion-dipole attraction, are directly
related to température. Indeed, the indefinite température function in

équation ( 1)was supposed to rcpresent this rather complex rclationship. For

tliis reason, therefore, we arc justified in looking for a more precise relation-

ship to exist between the No values at the cryohydric point and the corre-

sponding values of the température funetion. Morcover, it followsfrom

equation (1) that Fig. i may be used to depict this relationship. For the

abscissapoints are virtually valuesof the temperature function at the given

temperatures multiplied by an arbitrary factor whieh in this instance is

<Ï>kci.Therefore, when in Fig. i the cryohydric values N. of the three salts

are plottedon the appropriate Unes,wc can imaginethem to beplotted against

the correspondingvalues of the température function. These three pointsall

fall on a straight line, from which fact it follows that 3J. decreaseslinearly

with an increaseof the temperature function. The possibilityof representing

this cryohydric line by an equation analogous to equation (1) at once sug-

gests itself. In such an equation the # term would represent the inter-

molecularcrystallizing forces of the water moléculesand N., the numberof

molesof water whichcan be held by the dominant ion at a giventempérature

in oppositionto the above forces. The intersections of this lineand the solu-

bility lines in Fig. i become understandable when it is recalled that at the

cryohydric point the crystallizing forces and the opposing agenciesof both

salt and ice must all bo equal.
Xo further discussion of the matter is justifiable until more data arc

available. Even hère our conclusionthat the Xe points fall on a straight line

assumesthat the line for potassium iodide is correctly plotted. The following

evidence,however, apparently verifies this assumption. First, the N value

of potassiumiodide at io.66°C, the cryohydric température of potassium

1En»el:Compt.rend.,117,485(1S93).Hisstatementofthisconclusionasa rulewith-
outqualificationisobviouslyincorrect.
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cuiurkle,is foundby interpolationof Kremannand Kerschbaum'sdata to
lx?7.72. In the graphthe pointplottedfor this figurefallsuquarelyon the
line. Second,the valueof Nat o'C, calculatedfromthe equationof the

line,is 7.16andit isapproximatelythemeanof themeasurementsofKremann
und Kershbaum,1and van Damand Donk,2whofound7.12 and 7.21re-

s|H'ctivcly.
The aboveconsidérationsapplywith equal forceto the rise in boiling

pointofsaturatedsolutions.Hère,howcver,it isa questionof increasingthe

températureuntil the waterdipolesareheldnomorefirmlythan they arein
thepuresolvent. Belowin TableIVare listedthedata employedinplotting
theXbvaluesat the boilingpointsofthe saturatedsolutions.

Tabu: IV

Data for the BoilingPointsof SaturatedSolutions

.Sait KCl» KBr« KI« HbCl» C.'gCI»

Xi, 7.12 12.0 4.2 4.58 3.22
AT 8.10 6. 1 18.5 14.0 19.4
XbxAT S7 55 78 59 62

The solubilitiesofsaltsat températuresabovethe boilingpointsof their
.solutionsmayalso bedcaltwithfromthe standpointof Fig.1 On the as-

sumptionthat the temperaturefunction(équation1) is unchangedunder
the.seconditions,wemayindicatethe variationof thèsesupra-boilingpoint
solubilitiesby the dottedlines. Thecuriouscoincidenceof these Unesat a
pointwhenXequalsabout2.5willbeconsideredin connectionwiththe next
figure. Weknow,however,that thèsedotted linesarehypotheticalbecause
abovethe boilingpointthe températurefunctionmust take into accounta
newvariable,pressure. ÎS'evcrthcless,if it is conceivablethat the newfonn
of the temperaturefunetionis the sameforall saltswiththe samedominant
ion,the hightemperaturesolubilitiescanbe plottedin the samemanneras
thoseof lowtempérature.

Unfortunatelythe onlytrustworthyineasurenientsat high températures
by whichwecan examinethismatter are thoseof Tildenand Shenstone.1b

Theuseoftheir figuresfor thesolubilitiesof the potassiumhalidesis, more-
over,restrictedto theonlytwotempératuresat whichthey determinedthe

solubilityof the bromide.The N valuescomputedfromtheir data are as
follows:

T KCl KBr Kl
'4°° 6.07 5.46 3.56
1800 s -34 4.58 2.91S-S+ 4-5° z-9*

Kremannand Kershbaum:Z.anorg.Chem., 56, 218 (1907).
svan Dam and Donk: Chem.Weckblad,8, 848 (1911).

Berkeley:Phil. Trans., 203A,208 (1904).
Kxtrapolatcd(romdata in Landolt-Bôrnstcin'sTabcllon, 2nd.edition.

1 Tildenand Shenstone:Phil. Trans.,I7S, 23 ((884).
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Pointsforthesevaluesare plotted in Fig. i as soUddots. Sincethe boiling
pointof the saturatedsolutionwouldpresumablybe the lowerlimitof the
newtemperaturefunetion,lines for the high temperaturesolubilitiesare
drawnsoas to passthroughthese limitingpoints. Furtherjustificationof
this rather arbitrary methodof drawingthe lines willbe shownin a dis-
cussionofthé next figure. Howevcr,if the Unesarc drawncorrectly,wehave

t.––)––1––i–––i––]–––r r T T T Y v T

FtG.2a
valuesofsaltsat varioustonperaturMplottedagainst?<valuesofmmesaltsat o'C.

the interesting conclusion, ind!catcd by the parallel tineswith a stopealmost

equal to one, that above their boiling points the température coefficientsof

solubility of these three salts arc sensibly identical.

To test the second rute regarding température coefficients,which is ex-

prcsscd by equation (s), wc shall plot (Fig. 2) the N values of each salt at

indicatedtemperatures against its N value at o"C. The plotted points yield

straight lines, although two of them, those of potassium iodidc and cesium

ehtorideare again brokcn. Thèse lines can bc rcprcsented by the tiucar ex-

pression

XSx a NM + b (8)
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whichon differentiationwith respect to temperature gives the cxpected rela-

tionship betwecn the temperature coenicientsof solubility. The constant a

is obviously indepcndentof thé salts involved.

A few interestingfeatures of this figuremay bc mentioned. First, it will

bc noted that the lines,if projected, intersect at a point, when N equab 9.s,
whichmay be taken to represent a hypothetical substance whose solubility
i.s independcnt of temperature. Since thé abscissa points really represent
the~*function in arbitrary units, it can be seenthat the nature of this hypo-
thetical substance could be estimated, if we had some fundamental ionie

property proportionalto $. Somcof the possibleproperties have been tested

and of thèse, the ionic ratio' is particularly suggestive. For when the K~x
valuesof the potassiumhalides are plotted against the corresponding value

of thé ratio rx/rKof thé ionicradii, the isothenns are straight lines intersecting
at a point when X isapproximately a.s. Thevalue of the ratio at this }unc-
tion is about 1.8;,whichwouidgive the hypothetical anion a radius of about

2.46À. Thé rubidiumand cesiumsalts, however, give an entirely different

value. The interprétation to beplaced on thishypothetical substance is made

fti)) more difficultby the evidence in Fig. t that all of these salts at a suffi-

cicntty high temperature have almost this same solubility. A possible con-

jecture is that N equal to :.s represents a constant hydration factor of the

dominant ipn.
In Fig. 2 are ako ineluded linesfor the two températures above thé boiling

points for which data are available. The three points for :8o°C, fall atmoxt

ona i~traightline. The line for 14o"C.,however,is drawn through two points
on the plausible assumptionthat the solubilitymeasurements of the bromide

iu'cleast precise. Speculationregarding the significanceof thèse lines is point-
tt'is becausc of the meagrencssof thé data. We may only observe that the

stopesof the linesas drawn are praotically equal and do not differ greatly
from that of the !oo°C. Hnc.

Accordingto our argument thé linear relationships portrayed in Figs. t

ttn(!2 should not be peculiar to the group of salts considered but should be

obtaincd with anysait containing potassiumor chtoride ion as thc dominant

ion. It is this condition,however, which limits the number of possible salts

hccausethèse two ionsarc relatively weak. As a mattcr of fact thc Xvalues
of twctve potassiumsalts were plotted against thé X values of potassium
t'htoridcas in Fig. t and only in a few cases (chromate, nitritc, formate,

scicnate) did the plotted points appear to faU on a straight line. But even
))('? the conclusionwas equivocal. T he number of possible chlorides is, on

theorctica!grounds,practically rcstrictcd to the two satts whichwchave con-

sidered. The N values of the only other sa)t, ammonium chloride, do not

tnvca straight linewhenplotted in Fig. i.
From this !ast statement we may concludcthereforc that the ammonium

ion is dominant in the chloride and consequcntly also in the bromide and

i~didc,a conclusionwhich is susceptible to the stunc method of testing cm-

Pauling:J. Am.Chem.Sac.,40,765(tg:?).
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ployedinFigs.and That it isdoubt!esscorrectts shownbyFig.3where

theNvaluesoîthebromideandiodideare plottedagainstthoseofthechloride

at correspondingtentperaturps.The data to accompanyFig.3arc contained

inTaMeV.

Fto.33
valuesofammoniumbromideand iodideplottedagainstX valuesof ammonium

chlorideat correspondingtempérature:.

TABLEV

X Valuesof the Ammonium Sa)ts

i-!aH o" to° 20' 30° 40" 50° 60° 70* 8o° 90° too°

NH<Ct 9.81 8.74 7.84 70: 6.37 5.78 5~7 4.84 4-44 4-!o 3.77

NH<Br 8.98 8.oo 7. 6.54 5.97 5.48 5.05 4.66 43' 4.0! 3-74

KHJ 5.22 4.93 4 67 4 44 4-~3 4.03 3.~5 3.68 3-52 3.x9

Many featurcs of this diagram arc elearly analogous to those of Fig. 1

and need no additional discussion. It may bc recalledat this point, however,

that the constant a (equation6) represents thé ratio of thc<~factors of the

different halides to that of the chloridc. Therefore, in view of thc usual

assumption that the ammonium and potassium ions are very similar, we
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shoutdexpectthissimilaritytobcreflectedinthe correspondingvaluesofthis
constanta. Thecomparisonoftheseconstants,givcnin the subjoinedtable,
havecoNBequent!yaninterestingbearingontheinterprétationofequation(i).~r.t-&'1

Une. Chloride Bromide lodide Cryohy<Mc
K+ 1.0 0.183 o.2i'9 0.422 –3.0
XH~~ 1.0 o.860 o.aSy 0.376 –3.:
Hatto 1.0 o.gi o.97 i.t 0.94

Thé data forthe cryohydricpointsare givenin Table111. It is nccessary
torecord,however,that SmithandEasttack'lookuponGuthrie'sdétermina.
tion of this constantof the iodidc,whichis the onegiven in the table,as
cxtrpmptyinaccurate.

The finalgroupofsaltewitha.dominantcationwhichweshallconsider
arc the strontiumhalides. ThisgroupMofparticularinterestbecausethe
faits in the solidstatcarehydratcdovertheentire temperaturerange. At
hightemperaturestheyareallhexahydratesand at lowtemperatures,dihy-
drates. Theirrespectivetransitiontempératuresare givenbelow:

SrC!: SrBr, Sri:
61.34" 88.6" 84"(?)

ThéN valuesofthesesaltsaregiveninTableVI.

TABLEVI

N Vatupsof théStrontiumHa!ides
T S)C)< SrBr, Sri,

-'o° ~t.S "7.: tt.8
o t9.8 16.0 n.~
'o t8.: t4.9 to.<)
20 !6.7 13.9 M.s
3~ !5-o :2.9 to.t
40 '3-4 n.9 9.6
50 tt.9 11.t 9.3
60 to.6 10.: 9.?
7° 'o.o 93 S.i
8o 95 S.o ?.!
90 9-' 6.S ––

"oo 8.8 6.: s-3
Transition !o.4 6.~0 5.97-J- t?'yt

InFig.4 thcN valuesofthebromidcandiodidcareplottedagainstthosc
ofthéchloride;thetransitionpointsareindicatedbyso!iddots. Theanatysis
of the figurewillbe omittedsinccit is analogousto that employedin con-
neetionwithFigs.i and3. Severalinterestingfeaturesof the figure,how-
<<'r,willbcmentioned.Thusit canbeseenthat thc projectionsofthe low-

~nuthandEMttack:J.Am.Chem.Soc.,38,tsoo(t9t6).
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temperature,hexahydratelines intersectwhcntheir N valuesare approxi-
mately8.8. Curiouslyenough,ifwesubtraet the sixmolesof waterwhieh

gointothe crystallinestate, weget a quantityverynearlythc sameas that
obtainedin Figs.i and2 for the hypotheticalpotassiumsalts. Byanextra-

polationof the solubilitycurve of the chlorideit is foundthat this hypo-
theticalpoint wouldbe reachedat a températureof about 8o"C. Now,
if weplot the true N valuesof the bromideand iodideat this temperature )I

t'xi.4q
XvêtuesofstrontiumbromideandiodideptottcdagainstXvaluesof

stroutiumchtoridcatcorrespondingtompettttures.

againstan abscissavalueof 8.2,wefindthat they donot fallon the proper
lines. This fact meansthat the breaksin the bromidcand iodidelinesat

approximatelythe transitionpointofthe chlorideare not dueentirelyto a

discontinuityin thé sequenceof the abscissapoints. Or,in otherwords,we

hâvea coincideneeoftwodiscontinuities,onein the brornideandiodidelines,
and one in the abscissapoints. Asa consequencethé resultantbreak in

thcsctwolinesis greaterthan any wehave met withherctoforc.Although
the solubilitymeasurementsabove6o"C.arc sunicienttypreciseto justify
theaboveconclusion,theydo notwarrantfurtherspeculation.

In additionto the aboveexamplesother salts havebeenexaminedby
the samemethodand,sofar as tho fragmentarydatapermitdecision,they
are not out of harmonywith the conclusionsof the presentstudy. This
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stutt'mentappliesto suchcasesas sulfatesand nitrates, whercthe anionis

dominant,as wellas to othersalts with dominantcations. Somcof these

t'xampteswillbctakenup insubsequentpapers.
In conclusionwemaytouchon the subjectof the breakswhichoccurin

wttieoftheplottedlinesofthe diagramspresentedin this paper. In théfirst

ptaccit shouldbenotedthat thesebreakscorrespondto reat discontinuities

itithc usualsolubilitycurveswhichbear,in manyrespects,remarkablyclose

rcscmbtancGto thefamiliardiscontinuitiesat thetransitionpointsofhydrates.

Indccd,it it!onlybecausethcy are not sosharplydefinedin the customary

tncthodof plottingthat theyhavehithertonot beenrecognized.Thebreaks

!)o.~5
XvaluesofpotaMtumandammoniumbicarbonateplottedagainstX valuesofsodium

bicarbonateat correspondingtempératures.

under discussionmust, according to thé argument which bas been advanced,

ariM'from a discontinuityeither in thc or the température function (cqutt-

tion t). But it is not possibleat this time to distinguish definitely between

tht~c alternatives. Thorc is some cvidcncc, however, which Icnds itsc]fto the

:ts.fumptionthat it is thc 4' function which suncrs a diseontinuity becauseof

«Mt«'alteration in the propcrty of the subordinate ion. Thus wc findthat in

practica))ypvcr)' instance the breaks in the lines occur onty whcn the sub-

'ndinatc ion is relatively very wcak.

H\'t'n stronger evidencein favor of this vicwpoint can bc found in Fig. s,

for which the essential data are contained in Table VII. Hère we bave
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p!ottcdN valuesof the potassiumand ammoniumsaltsagainstthe corre. (
spondingNvaluesofsodiumbicarbonate,andwemaytaketheresuttingstraight
Unesto indicatethat the anionis dominant. Neverthetessbothlinesexhibit
discontinuities.Now,whenit is recalledthat the ammoniumionis very

L,
TABLEYII l"

i"
N Valuesof the N Bicarbonate Stdts

o' to" eo" 30' 40' so' 60°

XaHCO) 68.0 s~.o 49.0 42.5 36.8 28.4
KHCO: 24.0 20.0 t6.y 14-3 i~-3 '0.7 9.3
~H~HCO; 37.t 27 s *9 ï6.2 !3.7 -–– 10.2

simi!&rta thepotassiumion,weshouldexpectthé functionofbothsaltsto
bc nearlyalikeand,con.sequently,the slopesof both Unesto be almostthe
same. It willbe noted,however,that this conditionobtainsonlyat high
temperatureswhilebelowthe transitiontemperature theslopesof the lines
are markedlydifferent. This particularbreak wouldbe understandable
if onecouldattributeit to a changein the subordinateammoniumion.

But thesesuggestionsregardingthe originof the discontinuitiesare by
no meansconclusive.For other factorssuch as relationshipsbetweenthe
slopesofthebrokenlinesandalsorelationshipsbetweenthe températuresat
whiehthebreaksoccur,mustbe takenintoaccount. It isplannedto diseuss
this aspectof the problemin anotherarticle forwhichthe resultsof some
significantexperimentsnowin progress,willbeavailable.

Summary

Thepresentpaperis to beconsidereda preliminarystudyoftheproblem
of the solubilityof the solubleetectrolytes. In particular,certainrelation-
shipsbetweenthe temperaturecoemeientsof solubilityarepointedout and
an attemptismadeto developan outlineofa theorywhichwillexplainthese

relationships.
Asa consequenceof thecxaminationof the solubilitycurves,a numberof

discontinuitiesare discoveredwhichheretoforehave not becnrecognized.
The possiblesignificanceof thesediscontinuitiesis discussedbrieflyfromthe
standpointofthe presenttheory.

Theauthorwishesto acknowledgethe hctpfutassistanceofMr. Edward
J. Durham.

Houston,7'fa!M.



THE MUTUAL8ALTING-OUT0F IONS

BY J. A. V. BUTLER

Introduction

In the originalformofthe Debye-Huoke!theoryofstrongelectrolytesthe

solvententeraon)yas the medium,havinga certain dieiectrioconstant,

throughwhichthe electricforcesbetweenthe ions aot. ïn Debye'sfirst

caicutation'the natter is treatedasa questionof the distributionofcharged

bodiesin the electrostaticfieldarounda chargedsphere,in a mediumof

fixcddielectricconstant. The rateof variationof the electricpotentialat a

pointin thévicinityofan ionisobtainedbytheuseofPoisson'sequation

~.t-~P (')
V'v D

wherep is the cteetricdensityat that point. p is obtainedby applyingthe

Bottzmannequationto the distributionof ions in the electricfield. The

workdoncin bringingan ionofchargeeto a point wheretheelectricpotential

is isw = e andif n"betheconcentrationofionswhere *=o,theconcen-

trationat potentia! is

~)

“ =. n° e" kT

Thus thectectricdensityat thegivenpoint,due to all the ionsprésent,is

p = SDiCt= Sn".e, e kT

whichto a firstapproximationreducesto

Zn°~CI'

ThusDebyeobtainedthe equation

v
D kT

.3

thé solutionof whichenabledhimto evatuatethe potentialat thesurfaceof

an iondue to the "ionatmosphere,"and thencethé electricworkdonc,on

accountofintcrionicforces,in givingthe ion its charge. ïn this wayheob-

tainedthe expression
!ogf -A\ (4)

or takingintoaccountthe radiusof the ion

log =
A~ (4a)

~r+(~

't'hy8ik.Z.,2S.97('9~4).
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where *=Snt~t~ (mt ==ion concentration, Zl valency of ion) and A and
(.' arc constants (C dependingon the supposcd ionic radius). This equation
agrées excellently with the activity coefficientsof ions at very smaUconcen-

trations, and A calculated front absolute constants agrees with thc observed

figures,but it cannot account for the nsc of aetivity cocHicientsin concen-
trated solutions.

In his attempt to extend the thcory to concentrated sortions, Hucket'
discussedat some icngth the effect of the electric field of thé ions on thé
solventmoleculesand pointedout that potanzabie moléculestend to congre-
gate round an ion where the electric field is strongest, displacingto a certain
extent thé other ions in its vieinity.1 Hückel considered that the effect of
this behaviour was obtained by introducing the "phenomenotogica)law that
the dielectric constant of the solution diminishes with increasingelectrolyte
concentration." In this way hc obtained an additional term, linear with

respect to the concentration; giving the equation the completeform:

'+'"
<"

wherG13is related to thé dielectric constant loweringproduced by the elec-

trolyte. This equation is in Mccordancewith the type of empirica)equation
requircd to fit the obser\'cd activity coefficients,but it is doubtfut whcther
the values of B given by thé experimental data correspond with thé actual
dielectrie constant loweringsof solutions."

It isévident that if the molecules of the solvent are themselvesattractcd
into thc vicinity of the ion,c~ no longer correctly represcnts the workdonc

by an ionin rpachinRa placewhere the potential is \Vomaycvaluate the

corrf'ction required by making use of the rcsuit obtained in electrostatic

thcory,' that thé work doncby an e)cmcnt of dielectricof volumetu in moving
front a position where the clcctric field is zero, to onc in which thc field is

strength E and the polarizationproduced per unit P is

~ypdE
2

assumingproportionality between P and E, i.e. P = <xE,wherc, in clcctro-

static theory a = –– and e corresponds to the "dietectric constant" of thc
4~r

element of matoriat.

When an ion is brought from a distant point into the vicinity of a given
ion it disp!accsan equal volumeof the solvent in the oppositedirection, and

Phymk.Z.,26,93 (t9as).
Cf. Hamed:J. An).Chem.Soc.,48,3<6()9a6).
Cf. G.H. Livens:"Th<M)-yofEtectncity,"andEd. (!9:6).
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thc workrequiredto effectthé transfer isequal to the différencebetween

that requiredto retnovethe solventmoleculesand that yieldedonbringing

upthéiun. Thuswehave

K'–Q~~t w"––––.E'w
2

whcMa' and a*are thevaluesofa for thesolventmoleculesandforthe ion,

rcsjx'ctiveiy.
Thetotal workdoncbythe ionin reachingthe givcnpoint isthus:

“ a!0! T~t
w= e)f + ––– R*ou

s« that (:) is replacedby

,<E.j,\ `
n n°e (kT a' ail E=.avJ)n-n~~T+ .k'r

and(3)becomes

7~=4~e~e"(S'+~) )

or to the first approximation
a'-a"a. r=.a~

4'" --¡-' E'.8v
V~ = g

2c~n, ~e" '~T"

t=~e-~7~' (6)

whpre = –, Set*n;
k-Ir

(a' a')~
––~T--

It is not possibleto obtaina direct solutionof (6) and a solutionby
tnpansof approximationsappearsto bc socomplicatcdthat its application
to anactualcasewouldbeextrcmclydifficult.Accordin{;!ya crudermethod
ofuttackinRtheproblembasbeenexplored.Anattempt ismade tocatcutate

.-)')Mratp)ythé disptaccmcntof ions rounda given ion duc to the effect
"f thé electric field on the solvent molecules,and to estimate its
inftupnceon theactivitycocfBcicntof thesolution. Sucha treatmcntcannot

!t')pcto givea quantitativesotutionof theproblem,for in dealingwiththe
!<iH)u)tancousactionof two forces,we cannotproperty isolatceachsingly
andobtainthé totaleffectbysummation.Nevcrthe!ess,in thé absenceofa
botterapproachthis trcatmentmay indicatewhetherthe effectis ofprime
or onlysecondaryimportance. Wc willconsiderfirst the distributionof
tn'okindsofncutra!moteeutesin thé fieldofforcesurroundingan ion.
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The Salting-outEffect

Consideran ionofchargeeandradiusa ina mediumcontainingtwokinds
ofmoleculesAandB. LetAbe thesolventand B the dissolvedsubstance,
whichis supposedto be present in comparativelysmallamount. If the
dielectricconstantofthesolutionis Dthepotentiat at adistancer fromthe
ionis

= e/Dr

andthe fieldstrength

E = d~/dr =-

The workdoneby electricforcesin brinignga moleculeBfrominfinity
toa distancer fromthe ionisthus

yF.dE =
E<.S~

=2 2i-r'

whcre

P, = <x,E.

Whena mojceujeofvolumeS~ isbroughtup to thegivenpositionan equal
volumeof the solventAis displacedin thé oppositedirectionandthe work
doneagainstelectricforcesin thisprocessissimilarly

~r*

Thetotalworkdoncineffectingthe transferis thus:

w
e2

bu»w-(~)~

andif ne"be the concentrationofB in the bulkof the liquid,that at a dis-
tancer fromthe ion

~-< e'

n.=n~e"
(7)

Thusif thémoleculeAis morepotarizabtcthanB(<~><~)theconcentration
ofthelatterisreducedinthe vicinityoftheioni.e.it issaltedout.

Toa firstapproximation(7)maybewrittcn

0 o a" ` aA e

1)~(~),

a quantitywhichrcprcscntsthé deficitin the numbcrof motecuiesof B per
unitvolumeat a distancer fromthe ion,comparpdwiththcirconcentration
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in the bulk of the solution. The total deficit in the amountof B or the

tunountsaltedoutbya singleionisthus

/*<?

r. <* (ne"
n.) 4~. dr

t/tt

100

-.J~<d, dr

t/
kT aD=r'811..411'r. dl'

). 0). 4~<SfeC<
=~-

kT '"2D<"a

Nowif thesolutioncontainsmi gramions of chargept,mt gramionsof

chargee:, etc.per litre,the numberofmoleculesof B saltedout percubic

centimetreofsolutionis

no 0a,\ a. 4r bu.
E el'

m, N
(8a)

r.

Nowifwesupposethat thesolutioninthe firstplacewassaturatedwithB

andcontainedS.moleculespero.c.,andthat after the additionof theelectro-

lytecontaincdSmoleculesperc.c. 8 noand S. – S = F~andtheactivity
coefficientofthesubstanceB in the dcctrolytcsolutionis

f~S./S
Thuswehave

logf = !og(S./S) = log ( +
~L8) S~S

2
8 8 no

makinguseoftheapproximationlog(t + x) = x,whichmay be usedlegiti-

Q 0
tnatelyso longas -5– Sis smallcomparedwith one. Thereforeunder

&

theseconditionswemayput

log<~ 4~. fC~mt N

M 2D~ ai '!ooo

(~ <)~. 4T.<~N tn;

––kT––MoD~'2~'aT'

whereri isthevalcncyof theion(t) and<cis the chargeonthc électron.
Thisequation(to) isequivalenttooneobtainedby Debyeand McAulay,'

bymakinguseoftheprinciplethat theelectriccnergyinthe dielectricinthe

régionroundthe ionmust tend to a minimum. The resuitgivenby thèse
authors M

,.“, f
2~Zt'<<? (10) )

Iogf=Xn n

'l'hy~.Z.,26,M(~5).
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wheren' is thé numberofmoleculesof the salt peroubiccentimetreand Xis
definedbythe relationD = Do(i Xn)whereD is the dielectricconstant
ofa solutioncontainingn mo!eeu!esof non~tectroiyteper eubiccentimetre.
In (9) 4 <r(~ au) is the différencebetweenthe dielectricconstantsof
mo!pcu!esAandB. 4~(a~ a,) <~ is thé loweringofthedielectricconstant
producedbyonemolcculeofB ina cubiccentimetreofthesolutionsothat

D° Do–4Tr(o'~– ~)~e.n
Thus

4~(<ÏA_–0'),)

~_–––

andexceptfor the fact that in (9)D is thc dielectricconstantof thesolution
andin (10)Doisthe dielectricconstantofthc puresolvent,thetwoequations
bpcomeidentical.

Thé experiiiientaldatahavebeenexaminedfromthepointofviewofDe-
byc'sequationby M. HandallandC. F. Fairtcy'whocometo the conclusion
that "thereseemsto bea qualitativeagreementwiththesedemands[ofthe
équation]in mostcases,but nota quantitativeone."

Thederivationof theequationwhiehhasbcengivenisbothsimplerthan
Debyc'sand is morectoselyconnectedwith the physicalmechanismof thé
process. Debye in a morerécentpaper has givena moreprecisemathe-
maticattreatment in whiehthe higherterms in the approximation(ya)are
not neglected. The computationof the effectby intégrationby seriesis
.onwwhatcomplicatedand for ourpresentpurposeofexplorationthé simple
formwillsuffice.

The MutualSalting-outofIons

The ionsof a salt mutuallyaffectcach other in twoways:(i) by the
forcesbetweenthcir electriccharges,whercbytheyattract ionsof opposite
signand repelionsof thesamesign;(2) indirecttythroughthéeffectof their
etectricfieldson the moleculesofthe solvent. In a polarsolventthe motc-
culesof the solventtend to congregateroundthe ionstherebydisplacingor
"salting-out"other ions. Acompletetheory of solutionsof strongelectro-
tytesmustsimultaneoustytake accountof the forcesarisingfromboth thèse
effectsandcalculatethedistributionof ionsrounda givenionresultingthere.
from. The mathematica!difficultiesof sucha.treatmenthaveatreadybcen
mentioned. We shall therefore supposethat the treatmentof Debyeand
Hucke!takescareof theeffectsarisingfromthc specifieforcesbetwecnions,
andattemptto estimatcseparatelythe salting-outeffect.

Makinguse of (8) thc total numberof ionsofkind(t) saltedout by a
singlegivenionofchargeciand radiusat is

r n 0'' 4"t G)''
'kT'2D?"a,' al

Chem.Keviews,4, ~yt,985(tpay).
Z.physik.Chem.,t30,56('9:7).
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Thus if the solutioncontainsmi gram-ionsofchargeet, m: gram-ionsof

chargees,etc.perlitre(whereni -= -~– .M),etc.),thenumberofionsofkind

(t) saltedoutpercubiccentimetreis

r v. <« 4~") N~ Tn!tZ~
kT "zD~'toM'r'

sothat forcomparativelysmallconcentrationswemaywriteas in (10)

g
laA

al `sUl

4q ~~Eo ml ~lq (I I)

~(s~E-
,“ )

Xowif wetake a singleelcetrolyteof concentrationm, eachmoleculeof

whichyieldsf(ionsofchargeZt,vaionsofchargeZj;,

~~=°~+~~tc.=m(~+'~+etc.))¿, -ce.-m e.
– Bt ai 99 ai as

==mS~(~S~) I

"~hai

where =*mSftZ~(twiccthe ionicstrengthfora binary electrolyte),and
S !/a themeanreeiprocalradiusof thé ionsisdefinedby

ï:lr al

Thusfora singleelectrolytewehave

!QEf. ~1"
I

kT :D<ooo ~a,

andsimiiarlyforotherionsofkind(2)etc.

logf. =. (~ < 4~X€.< y' i2=
kT ~ooo ~atkT 2D'.IOOO ai

Thusthemeanactivitycoefficientforthe ionsoftheelectrolyteis

log
(Kjt– a~t' 4<rX<o~ vi 1 (12)

togf~

whcrc(o'A– a) is the meanvalueof thisquantityfor all thé ions. Xow

4 !r(~ – a) is thé meanlowcringof thédielectricconstantproduccdby
oncionpercubiccentimètre,so that

(a-t~Stn.ND = D. 4~-–––-––––
tOOO

Do "6:Em.
therefore

logfi" E02 a 1
~kT~~
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=.4.~X.E- t ai

]<.= 4.77X~:o" e.s. units, N 606X !0* R = kN = 8.31X io"ergs

T = 293,D'= 81]

Thémutualsaltingout of ions'thus'givesrise to a termin the expressionfor

logf whichis linearwith respectto In order to test its importancewo

mayfindthevaluesofSrequircdto producea coefficientof magnitudeB in

(5). Thuswchave

2.303B = 4.302X 10- a

In the followingtable the valueof B (whichreferto loglof, hencethe

fMtor2.303to convertto natural togarithms)arc thosegivenbyHarnedand

Akertof,'and the valuesof B t/a are caleulatedfromthc ionic radii given

byPauHng,~exceptthevatuefor H+whichisthat ofW.L.Bragg.'

B t/S' t(ca)c.) :(Hacket)
a

HCt o.oSos o.8sX!o"' 3.65 u.75
LiCl 0.0698 o.go 3.3! je.?:
NaCt 0.028 1.24 !.85 6.23
KCt 0.017 t.S3 !.39 4.00

CaCti 0.060 i.iy 3.74 n.6t
SrC'tt 0.030 t.99 ï.o6 8.93
BaCt, 0.0285 1.48 :s 7-'4

Forcomparisonthe last cotumngivesthe valuesofg, requiredto account

for the valuesof B, accordingto Hückel'sealculation.It is evidentthat

smallervaluesofsumce to accountfor the lineartermregardedasa salting-
out effectthan those demandedwhenonly the dielectricconstantlowering
ofthemediumis taken into account. Both effeetsprobablyplaytheir part,
andintheabsenceof reliabledata of the dielectricconstantsofsalt solutions

andtheirproperinterprétation,wehave no meansofestimatingthe mag-
nitudeofeach. But sincequitc moderatovaluesof8appearto be capable
of accountingfor the observedvalues of B, cstimatedas a "salting-out"

phenomenon,and since the larger valuesof Hûcket,if extendedinto con-

centratedsolutions,as the theory demands,wouldteadto verylowor néga-
tivedictectricconstants in certain cases,it may be that this enect is the

moresignificant.
In thisconnectionit mustbe rememberedthat theadditionof ionsto thé

solventdocsnot causea uniformloweringof the dielectricconstantof thé

medium,but a local "electricsaturation" of the moleculesin theirvicinity.

'PhyN):.Z.,27,(<9t6).J.Am.Chem.Soc.,49,765(1927).
PMt.Mag.,(6),40,!69(t9M).
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Théactuatelectricforcesbetweenthe ionswillbe modinedby th!s to a small
cxtcntcomparedwiththé enectsdueto the poiarizationof the watermote-
eu!es.

Stmmuuy

Thcefîcctof theforcesexertedby the etectnc fieldof an ionon the soI-
ventmolecules,on the distributionof otherions in its vicinity,is discussed.
A simplederivationof an expressionfor thé salting-outof substancesby
etectrotytesisgivenandis shownto beequivalentto that obtainedby Debye
and McAu!ayon a differentbasis. The resutt is appHedto the mutual

salting-outof ionsandit is shownthat the effectmaybeof primeimportance
in determiningBin the equation

!ogf= -AV~+ B~t

/?ep<t)'(met:<C/«MM<
~Mj~Bw'Mtt)j;<,
B(<M&M~A.



CATAPHORESISOFLEAD8ULPHATE

BY EUGENE L. JEWETT*

Colloidalleadsulphatewaspreparedby mixingtwoN/zoosolutionsof
leadacetateand sulphuricacid in the cold,usinga slightcxcessof the acid
solution. Asmallportionof this suspensionwasplacedina ooveredwatch-
gtassundera microscopeand subjectedto direct current. The suspended
partictesmovedto the anodeshowingthat thé leadsulphatewasnegatively
eharged. This is probablydue to the adsorptionof sulphateionsby the
leadsulphate. To checkthis, anothersuspensionof leadsulphatewaspre-
paredadding N/zoo H:S04to a slightexcessof N/zooPb(NO;)}.Thé
suspendedparticlesmovedto the cathodeand werethercforopositively
charged,presumablyowingto selectiveadsorptionofleadions.

Whenforminga leadperoxideplate in sulphuricacid,the leadsulphate,
whiehis first formed,is held to the leadplate by cataphoresisin addition
to a possibleadsorptionand is thereforeina positionto beoxidizedto lead

peroxide.If weusean altematingcurrent,the leadsulphatewhichis formed
at onemomentis carriedawayby electricalcataphoresisonthe reversaiand
at bothelectrodeswethereforeget leadsulphatewhichfallsto thebottomof
the beaker. Under ordinary conditionsno apprcciableamount of !ead

peroxideis formed. Thisshowsthat underthcscconditionsthe adsorption
of the leadsulphateby the lead Kfidis ofminorimportancein comparison
withthe cataphoresisenect. This is not nceessaritythé case. Whenthe
spongyteadplate of a storagebattery is convertedto somcextcntintotead

sulphateon discharge,the lead sulphateis not carriedawaywhenthe dis-
ehargpdplate is niadocathodebut is reducedbackto spongylead. When
onefornMa spongyleadptateby alternateoxidationandreduction,the lead
sulphateformedon thé oxidationis reducedto leadandnot rcmovcdwhen
the eurrentis reversed. Slowreversaisof the eurrentthereforeproducea
differentrcsutt from rapidreversais. Wcknowthat a silverchloridepre-
eipitatechangeson standingso that it becomesmoredifficultto peptizeit
withgctatinc. Wcknowalso that mosthydrousoxideschangeon standing
in sueha way that it becomesmoredifficultto peptizethemwithalkali.
Wemustthereforcconcludethat leadsulphatconthésurfaceof leadchanges
withtimeso that the anodeeHcctof cataphoresisin sulphurieacidsolution
becomeanegligibleretativetyto other factors.

Sincethe suspendedteadsulphatemovedreadilyto theanodeinsolutions
hoursafter it had beenformed,thé importantfactorseemstobean incrcased
adherenceto the Icad. It seemsprobablethat thereis a timefactorin the

adsorptionand that withtime wegetan orientedadsorptionof the leadsul-

phateonthe lead,whichresuttsin the leadsulphatebeingheldmorestrongly

The expN'hnentaweredonein t~MaspartoftheScaiorKeseMchunderPtoteMar
Bancroft.TheprésentationofthematerialMof~9.
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t)ythé lead. This does not, of course, exetudethe possibility of rnoderately

)!tpi<)changes in thc lead sulphate taking place when in contact with tead;
but there seems to he no reason as yet for makingsuch an assumption.

Thèsecxpcriments throw some light on the Luckow process for thé etec.

trutyticpréparation of insolublesalts. If oneeteetrotyzesa chromate solution

witha tead anode,onc first gets a coatingof leadchromate on the anode wh!ch

is thcn oxidizcd to lead peroxidejuxt as in the case of a sulphate solution.

Luckowuses a mixture of chromate with nitrate or chlorate and gets his

)<t(tchronmteprecipitating away from thé anode, so that it is not oxidizcd

f:tr<hcr. The process was tested in the laboratory by Hindschedter and

Lt-Htanc,'who got excellentresuits with a t.s percent solution made up 8o5t
'~f~aOUi and :o% of Kt('rC)<,in other words an actual concentration of

t.j percent NaCIO! and 0.3 percent KiCrO~. I~css satisfactory rpsults

uTt'pobtained with t.os percent NaCK).)and 0.4; percent KtCrO~ LeBianc

n'purtsthat a preliminary experimentwith stirring seemcd to indicate that

~tirrint;was rather disadvantageous.

I.cB)anc'sdiscussionis rather interesting. "If one does the etectrolysis
ht thé wayprescribed in the patent, the formationof lead chromate actually
takesplacein a thoroughtysatisfactoryway.The tead chromate rottsdowntike

ail avatanctte frotn the anode, which remains entirety ctean, without any
)'!)')))ationof a film of lead chromate or lead peroxide. C.'on.sequently,thé

vuttaRGdoes not increaseduring the etectrotysM.
"hat reactions take placein the 'mixedsolutions'? How does it happen

that addition of sodiumchlorate, sodiumnitrate, or any similar salt causesa

)!d formation of lead chromate, while there is no formation of an unsatis-

factur)'formation of lead chromate with thé same chrnrnate concentration
andthé same eurrent density but without the othcr salt being présent?

"lt secrnsat first surprisinf!that the presence of cotnptetety indi~crent
iofMwhieh take no part in thé anode reaction can have such an cnect. If
wcsay that the soluble lead salt is first formed, which then reaets with the

(')tmMatc,that is a meaningtess statement. In both cases lead ions are
t'omedat the anode in presencenf chromateions and a réaction of the lead
amotiMwith the other anions doesnot take place at all."

LcHtancconsideredthc possibilityof lead chlorate not being conipletely
dis.-)ociatcdand of that incrcasing the apparent solubility of lead chromate;
!'ut foundexperimentattythat thcrc wasno appréciable increase in the sotu-

t'ifityof lead cttromateon addition of these smallamounts of sodiumchlorate.
"Wtien sodium chlorate and sodium chromate are both present, both

anionsmovc to thé anode and the amounts of chromtttc ions brought to
')"' anode at the same current density are tcss than if chromate alone were

)'n'cnt asanion. The chromateionsreact withtt~cteadions and are rcmovcd.

Sincftttey are not brought in as rapidly as before, thorc will bc a relative
'n'icasc in concentration of ehtoratc ions at the anode and a rotative df-
'r'M' in concentration of cttromatc ions. If thc initial concentration of

X.Ktektroehemie,8,~S5(!9M).
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chromatc ions is not too high, the~M <MfoM<He<<M'<Athe anodemo~ /('<-</
<'CM~c<<</<~c/troMo<c(«~~in (t'/«cAcase <eo~<oHsK'f'H/orM[as ~«~ cA~'«<f],
f<Mf/<7«'< Acwf/o~/t&e<m~MA'<M<t7/'a ~r<'<<a/c ~~w< in <wMif</M<<'<'oK<Mc<
;<'<</)the «Mo~e."

This exp!anatiou involves thé formation of a practically chromate-free
solution of lead chlorate at thé anode. Such a state of things woutd give
thé resutts observed and it is evident that stirring wouldbc disadvantagcous
becauscit would break up thé chlorate filinat thé anode.

Tht're is another posHibtf exptanation, howevcr, If therc is fonnation
at thé anode of both )pad chromate and lead nitrate, the latter only to a

.sti~htextent, the:<etcadions will be adsorbed by the suspended!cad chromate,
whichwill be carried away from thé anode until the adsorbedlead ions react
with chrotnatc ions in thc solution. This would tend to fonn a praeticatty
chrumate-free film at the anode just as in thé other case; but with this dif-

ference, that the chrontate-free film is not cssentiai if wc arc dealing with

cataphoresis. On thé couoid-ehemicat explanation, stirring woutd bc ad-

vanta~'ous, t~cause it would help thc cataphoresis proccss to reniovc thé

lead ettrotnate from thc ncighborhood of thé anode. Un thc LcBhmc ex-

ptanation stirring is disadvantageous, because it destroys thé pntcticatty
chrotnatc-frpGfilm at thf anode. lt shoutd therpforGbe casy to détermine
whiehof the two exptanations is the better.

Two pt'rccnt solutions by weight of sulphuric acid and of nitric acid were
tnade up and were nuxpd in varyint; proportions. This rather crudc way
of doing things was adopted because both Luckow and LcB)ancused wcight
units and not Kratn-equivatcnts or gram-tnotecutes. A cylindrical, rotating,
tend anode was placed between two lead cathodes and the anode currcnt

density was tnadc o.oosamp, cn~ as wasdonc by LeBtancand Bindschedter.
In all cases thé stirring was found to bc bénéficia). Thé Luckow process
seems therefore to bcone involving cataphorcsis.

C'ataphorcsisplays a part in thc electrolytie determinationof lead. Thcro
is no way that lead ions can bc carried to the anode and thcrc is no reason
at présent to assume the existence of any appreciable amount of Icad as part
of a complex anion. Consequently the only lead ions that can bc oxidizcd
to ptumbic Icad arc those which happen to be at any momentin contact with
the anode. This part of the thing is simitar to the elcctrolyticoxidatiun of

alcohol, which is assumed not to be transfcrred in cither direction by the

current. It seems that the current efficiencyin thé oxidationof !eadwould bc

inercased markcd!y by stirring the solution. Since that is donc nonnally
in most c)ectro!ytic analyses nowadays, thc thcoretical significance of it

might easily have been overlooked. After the plumbic ions have been oxi-

dized, cataphoresis earries thc negative!y-chargcd lead peroxidelagainst thc

anode.

Con<tNt-'K«wR)<y,
Jut«,~aM.

Weiser:"ThoHydrottaCxMes,"~t (:926j.
1
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ISOMEKI8MANDCONFIGUHATION*

BVA.C.H'KNANDJ. K.BENIOH

ï. Introductton

FoMttw~.–Thégeneralideasof isomerismandthe configurationofmole-

cu)eshavebefntreatedbysomanydifferentinvestigatorsandfromsomany
différentpointsof viewthat limitationsof space practicatiyforbidany at-

tt'tnptat a connectedreviewof thesesubjects. In thé presentpaper,there-

fore,historicalaspectswillbe mentionedon!y in so far as the artistescited

bt'ardirccttyonthe theoryand formutacherein (leveloped.Anotherform

of introduction,however,appearsto be unavoidable. Sincethé discussion

isto bc largelymathematical,it is neccssaryto reviewcertaineurrentchcmi-

rid tcrmsandto defincwithadequateprecisionthe sensein whichthesewill

b'' used. Atthesainetime,thcrewillbe introducedcertainnewexpressions
whichin part referto ncwideas,and in part consistonly of namesapplied
tu otdbut hithertounnamedconcepts.

PuretS«&s<afice<–Théterms"atom/' "motecu)e"and "valence"arehere

acceptedin thc sensein whichtheyare ordinarityused. For thé moment

nt toastthcyrequireno moreprecisedefinition. "Isomerism"howeveris a

rt'iationexistingbetween"puresubstances"whichare not objectsofexperi-
xtent but ideallimitsto seriesof separationproeesses. And just what is

toeantbyapuresubstanceisbyno mcansfrcefromambiguity.
Tobeginwith,it isnotassumedthat all thé moleculesofa puresubstance

are in an identicalcondition. Moderntheoriesofchemicalreaetionusually
assumethat in any lot ofmateriatcertainmoleculesexist in an "activated

.<tate,"andthat théactivatedmoiccutesare in dynamicequilibriumwiththé

unactivatedones. But it isneverassumedmerctybecausesomcofthemole-

culesareactivatedwhileothersarenot that the substanceisthereforea mix-

ture–or in other wordsimpure. On the other hand, aceto-aceticester is

KcneraUyagrecdto be a "tautomeric"mixtureof two isomericsubstances,
thé enoland the kcto forms,whichare in dynamieequilibriumwith one

another. Theseparationof thèsetwoformsis difficultbut notimpossible.
Bctweensuchtautomericmixturesat oneextremeand theso-ca!)edpure

substancescontainingactivatedmoleculesat the other, there mayor may
notexistanunbrokenseriesof intcrmediatecases. It is certainthat there&K
Mmetautorneriomixtureswhicharc more difficultto separate into their

componcntpuresubstancesthan isaceto-aceticester. In someof thcsecases
a partialbut not a completeseparationhas bccn aecomplished.EasHy
raccmizcdpairsofopticalisomersfall in this c!ass. Certainothermaterials
in whiehno separationbasever beenetiectedneverthelessresembletauto-

ContributionffomthoKeatChemicalLetjor~tûryandthe DepartmontofMathc-
matiesoftheUnivenityotCMc~o.
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mpriemixtures so closelythat it seems justifiable to assume that they also

consistof two or moreisomericforms in dynamic equilibrium.

Bycontrast, thecurrcnt theory' in regard to hexahydro-bcnzcncis that this

substanceconsistso(at least two different forms also in dynamicequiiibrium.
With the methods at present available, however, there scems to be almost

no chance of separating these components. Again, the Kekulé formuta for

benzeneca!ts for two forms of all ortho-disubstituted benzène derivatives,

a~d herealso thé mcmbersof thé variouspairs arc supposedto be in dynamic

equilibrium. Noonchas evermet with any suecess in attempts to isolate the

membersof sucha pair. Further, the rotation dispersion phenomenain tar-

taric acid and sompof its derivatives have given rise to the hypothesis that

in thé fluid states thèse substances are equitibrium mixtures of several dis-

tinct formai And lastly, thé question of whether solutions of certain penta-

erythrite derivativescontain only one variety of these substances,or whether

sotneof the moleculesmay be in a tctrahcdrat and others in a pyramidal fonn

has beenargued at some tength.' There appears to be no record that any

attcmpt has been made in the last two cases to isolate the individual forms

supposedto constitute the mixture,but the present prospectsof suchan isola-

tion are to say the least discouraging.

A succcssfu)tnathematicat theory of isomerism should certainly permit
thé numberof isomersin a given ciass to be calculated, and it seemsfutile to

attempt to devise such a theory if the activated and unactivated motecutes

in a pure substancebe consideredisomeric. For it is never certain just how

many varieties of activated moleculesexist in a sample of such material,

and so there is no means of eomparing the numericat conséquencesof any

theory with obsen'cd facts. Shnitarty, as long as the objcctof cnumeration

is kept in mind, supposed varieties like those of hexahydro-benzene,ortho-

dlsubstituted benzenederivativcs, tartaric acid or pcntaerythrite can hardly
bc considered as isomers. Present knowledge of these variations in mole-

cular structure and configurationis too small to permit of an accurate coun-

ting of the varictiesin the so-calledequilibrium mixtures.

In other words,thé authors of this paper do not consider it at present
advisabh;to treat thé cases intennediate between tautomerism and activation

asfonninga smoothand unbrokenseries. The criterion ofseparability (partial
or complete) servesto divide this series with the requisite degreeof distinct-

ness,providcd it is used under the guidance of practical judgment in a some-

whatextended sense. Certain cases where no actual separation has yet been

mademay be treated as separableon the grounds of analogywith caseswhere

Stu'tHc:Z. physi):.Chem.,10,2o3 (t89:); Her.,23, ~63 (tS~o);~tfh)-:J. pMttt.
Cbctn.<2),98,3f~09'

*Am<)tscn:Ann.('him.!'hyf! (3.'54,40.;~858);]'<nwry:J.Chim.))hy!t.,23,s6.s('9ï6~;
!~)ng<'ham))on:Compt.rpod.,t78,9.5*<t9.!4~;iS3,9~ ('9~6);Lucae:.\<tt).Phys.,(to;9,
3~ "9~).

Htcrtandv. Harte):Xatttm'i~etM-haften,15,669;Mcisifentjcrf::66~N9: Bwsc-
kenand)''c)ix:Hft' 61,787,t8s<i;Kenner:~70 ( <928);M))ert,HMeniichitïandv.Hartt')
X.))hysit!.Chett).,)H)t,9~ ft928).
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such a separation is an expcrimentalfact. A critcrion which is strictly free
f)-otnambiguity in all instancesseemsat present unattainable.

( )fcoursea distinctionbased on scparabitity assumesthe present state of
chctnicattechnique. It is probable that substances inséparable today may,
in viewof improvementsin ehcmicalmethods, bc Hcparstcdto.morrow. But
this prospectof itnprovcmcntis not subject to any knownlimitation, and con-

.equt'ntty to postpone ail attempts at a mathematiea! theory of iaorneristn
until thé perfectionof availablemethods of separation would be equivalent
to the abandonmentof suchattempts. Nor does there seem to be any reason

why the present status of chernistry should be considered particularly iU-
"uitpd to suppty the foundationof such a theory. On the contrary, there is
<.o)nereason to beiicvethat it may bc particularly we)tadaptcd to servethis

purt~ose.

C~Mf. and Co~Mr<)<;o?!.–Fromthe percentageelementary composition
and molecularweight of any pure substance, its empirical formuta is cal-
cutated. With such empiricalformulae in hand, it has been possible to work
"ut the connexityrelationsbetweenthe component atoms of the moleculesof
it largenumberofsubstances. These connexitiesare arrived at principatiy by
interprétation of thc synthetic, disruptive, and replacement reactions which
formthc bulk ofstructural chemistry. The present paper need not attempt to
dod with thia sidc of the subject; thé connexity data are assumed in their

<dinarity ueceptedform.

It is important however to note that connexity data do not by them-
sctvcsdétermine the spacerotationsof the atoms in thé tnotecute. Saturated
unbranehcd hydrocarbonchains are usually written in something like the

fctiowingfonn

H H H

t t
–. – f* f*f"

f
H H H

(') (~ (3)
liut this conventionalmodeof representation is not supposcd to indicate that
thc hydrogenatoms dircctly conncctcdwith carbon atom (2) really lie doser
to this atoni than they do to carbon atom (3), or that carbon atoms (: )and (2)
n':t))ylie ctoserto one anothcr than do carbon atoms (:) and (3). Simi!ar!y,
thé simptestatement that the six carbon atoms in benzene are cyclicallycon-
tx'ptcdis compatiblewitha great number of diagramsof which the following
n):tybe consideredsamptcs.

('
C

C––C
~r

ce j
5<

C

('

C('\

Y

~–'
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Thé attempt to rule out front such a list of possibilitiesail but one form (or

failingthat a minimumnumbcr of forms) is the attcmpt to establish the con-

figurationof the molecule,and aIl data which aid in thisprocessof elimination

are "configurationdata" as distinguished from the "connexitydata" hitherto

referredto. It is of course possible that in a particular case a singleobserved

fact may be part of both bodies of data. And it is obvious that while thc

eonnexity*data can always be adequately representedin two dimensions, the

configurationdata usually need three.

.SMf<cnand )7n!'t'a!et!<~~«MfK~.–Ifthestntcturat (connexity) formuta

of a compoundbe written out in fu!), it wiUbe seen that the moleculecan be

thought of as a skeleton carrying a certain number of univalent substituents.

The skeletonmay be a single atom, a straight or branched chain, a single or

condensedring,or any complexof such forms. Sinceradicalsas wcHas atoms

may bc treated as univalent substituents, the divisionof the moleculeis not

unique. For example, in xylene, at least three methodsof division at once

su~gestthemsetves.

(i) The skeleton consists of thé cight carbon atoms of the xylene mole-

cule the univalent substituents are the ten hydrogen atoms attached to this

f!kcicton.

(:) The skeleton consists of the six carbon atoms of the benzene ring;

thé univalent substituents are the two methyl groupsand thé four hydrogen

atoms attached to this skeleton.

(3) Thc skeleton consists of the six carbon atoms of the benzène ring

and the two mcthyt groups; the univalent substituents arc thc four hydrogen

atoms attached to this skeleton.

Any one of thèse methods of division is admissibte. Thé choice bctwecn

them dependson the objcct in view.

But aithough the choice of a skcleton may in somc cases be somewhat

arbitrary, cach possible choice fixes a certain resultant set of propcrtics of

the system. In the first place, thé number d of univalentsubstituents (alwayss

a positive integer) is thereby uniqucty detennincd.' In the second place,

chonsinga skeleton in such a way that a particular atom or radical (A) func-

tionsas a univalent substituent is equivalent to assutning(at least for thc pur-

poses of the present discussion) that (A) has certain properties. From the

moment that (A) is sochoscn, it is to be consideredas an indivisible unit, and

as sueh it acquires the infinite symmetry usually representedby a gcometrical

point, and becomespennutable withother univalent substituents supposed to

possesslikeproperties. That is to say, when such univalentatoms or radicab

<f'nnnexitviaa relationof orderindependentof considerationsofopace. Thé "struc-

tural"rehtif'nstreatedbychemistsarcretationsofjtMtthis!)f)rt.andit )sonfortunatethat

thcwordstructureMusedhyenpneers.etc.,Nhoutdcarryw)thit t{eotnetn'-a)connotations

whicharc too meeialforc~etnMtry.Throufrhuutthe presentarticle"connextty and

"iitrurturc"arc uscdas svnnnvnts.an<)the formerexpressionis tntrmtucedhere merely
to onphtMMCthefact that thc'rctatiotM)indicatedby hothtenusareindependentofspace
limitations,exceptperhapsthcvagueoneimp)it'<tinthé wordvieinity.

MoiefuteslikeCO,andXtwhtf-hdonotcontainanymivefentaton)orradicalmay~he

considcredascasMwhered = o. !-iuehnMtecutesdonotgiverisototMtant'esoftMmensm

ofthckindtreatedin thispaper.
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t III
:t.shydrogen, iodine, methy! or naphthyl are thought of as univalent sub-

stituents, the differencesbetwcen them écorne qualitative, like thé differ-

rt'ncesbetween rcd, blue, and yellow geometrical points. Frotn these con.

.<idcrationsarises a certain limitation on thé choice of univalent substituents

whichwitt be discussedlater in connectionwith enantiotnorphism.

~<tr<<'<<ons.–Itis next necessary to donne certain purely mathematical

tcrnMwhichat this point assumean essentialrole in the discussion. If d and

dt, d~ d; arc positive integers suchthat d; + d2 + df <=d,
thcn thé set of integersd), df df is calleda partition of d, and cachsuch

set may bc designatedas a value of the general symbol (p). Hvcr)'valueof

'p) tiaturatty dctcnnines the corrcspondingvalue of d; and d déterminesa
finite set of values for (p). The number of values of (p) in such a set is

<)id)-–a sinf;le.valued,positive, intégral function of d.

If d is consideredconstant, there willbedistin~ishable among thé values

of Ip) certain pairs whichmay be calledadjacent. When the tran~er of a

.i)~)c individualfrom oneclass to another converts (p.) into (pb),then thèse

twopartitions arc adjacent. For cxamptc,where d is 6, the partition (4,~) is

itdjaccntto thé partitions (s, :), (4, i), (3,3) and (3, i). It is not adjacent
to thé partitions (:, 2, z), (3, i, l, !), etc.

Whenany moleculeis divided into a skeleton and univalent substituents,
nut oniy is thé numberd of univalent substituents thercby nxed, but a value
f'n' tp) is also determined, since the univalent substituents chosen must con-
~t uf a certain number of classes of like individuats.

Type /~e)'<t'es «w<Spectre Pfopfr~'M.–With these ideas in mind, thé

pmpcrtiesof moleculesmay be divided into two kinds as foilows.

1. Type properties are detcrmincd by the nature of the molecular

skctcton,thé value of (p) and thc distribution of thc varions sorts ofunivalent

substituentsamong the unsatisfied valencesof thé skeleton.

II. Specifieproperties are not completely detcrmincd by thc considera-

tions just mcntioned, but dépend also on thc specifienature of the atoms or

mdica)!.whichfunction as univalent substituents.

An examplewillmake this Kenera!statcment sotucwhat clearer. Suppose
th:d thé skeleton bc thé carbon ring of benzene so that d is 6. In hydro-
<)uinone,the value of (p) is (4, !). Nowit is a property of hydroquinonethat
if one of thc hydroKcnatotns which functionas univalent substituents bc re-

))):tM'dby some univatcnt substituent other than a hydrogcn atom or a hy-
d) oxylradical (whercbya substance is producedfor whieh (p) is (3, t)), the

'mpound fonncd M thé san<cwHchevcrhydrogen atom is replaced. This

pmpcrty of hydroquinoneis however a type property. It is dependentonly
on t)x' nature of thé benzene carbon skeleton, tlw adjacent partitions (4, z)
fttx)(j, 2, t), and the distribution of the various univalent substituents in thé

'"i~inaicompoundinto thé para position. Staternents pcrfcctiy analogousto
))')' one just made for hydroquinone eould bc made about para-dinitro-
)'f'nxene,para~dimethyl-tetrachloro-benzene,etc. On thé other hand,hydro-
quinoncis a powerfulreducing agent. This, howcver, is a specifieproperty
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dépendent on thé fact that thc para pair of likeunivalentsubstituents whieh

fcrtn otte classarc hydroxylcroups. No sinntar reducingproperty is foundin

para-dinitro-benzene,par:t-tUM)ethyI-tetrach)oro.beni!<*nf',('te.

From what has been said, it is ctearty of importanceto have a comptetc
tist of the type propertiesof tnoteeutes. For it may bpstated at once that,

aithough a générât theory of isonierism compétent to explaintype properties
sccnis well within rcach, a theory which accounts for spécifie properties is

stiii .sf~MfedistuH<fin thc future. Further discussionof thosc type and

specifie propcrtips is however postponcd until thc subject of isomcrMnihas

bK'n eon-sidercdin gtt'atpr dptai!.

/f.'oMf<w f<H~its !'<)<'ie<f.s.–Fortreatinj; this iiubjcct, the following
dcfinitionswillbe uscd.

( t) If any <'xp<')'imcH*a!procedure scrvos to distinguishunder likecondi-

tions bctwcentwo lots of pure tnateriat of idpntica)cnipiriea)formulu, then

thèse two lots of matt'ria) are spcphnpns rcspcctivptyof two Momericconi-

pounds. hompnxm is thc rctation pxisting bctweenthon. The use of con-

ncxity data tnak<'spo)<sibtethe extension of this idea to inc)udethé idea of

isoncric radicak."6

(2) Structurât isomersarc isontcric substanecs whichdiiTo'in regard to

thé connexityrelationswithin their respective tnoiecules;sterco-isomcrsshow

no ~uch(tiffcrcncp.

(3) Physicat ixotncrsarc substances which as solidsshow différentpro.

pcrtics but whicharcatikc in thé fluid (that is thé gaspous,tiquit)or dissolved)

statt'

(4~ Diantpï'sarc bcst~cnncd indircctiy; diamprisH)isthp relationbpt.WM'n

any two stcrf'o-isontprswhich arc not enantiomorphs. (Sec Note A.)

/M«~«w<o<Mw.–(~~ Hnantiomorphisnt or optica) isomprism is a

sp<'eia)fonn of stprco-isomcnsn). If two substances (A) and (R) showthe

f<~)o\vint;propertics, they arc caucd cnantionorphs or optica) isomcrs.

ta) (A) and IB) in the nuid states rotate the plane of polarized !i);ht

cquatty but in oppositedirections. That is, thcy an' both "optically active,"
antt tix' opticalactivity of(A) i.sthe négative of that of(H). In thc crystalline

state, certain specia)cnects obtainctt from (A) arc cqua! to thosp obtained

fron) <I~, but of oppositesign; of thèse thé picxo~'jcctricphenomenonisthc

bt'st known. L'suauy (but not invariabty) thé erystais of (A) are not con-

Kruentwith the crystals of ( Hj,but are conKruentwiththé mirror imagMof

such crystals.

( b) (A)and (R)arc idcntica) in respect to ail ordinaryphysicatproperties,
and identicat in their chennca) behavior towards all rcagcnts except those

Throu);houtt hcprescatpaper,it wittbeneccMarytorefern!peatediyto thénumberX
of isomFrt!ina f[iv<'nfhis. 't'hf'f'juatinn X t if)therefoteajuivatentto theaasertion
that thpnumtterof Motncftis onc. In,opitpnf thc «nm<'«')MtparadoxiM)natureofthis
)at)K')a);c.MM'))tMt'"f thc t(')'mitt<'h)~yis iofticatcdhy considération!)ofbrevityaMduni-
fortnit.v.Andm)hcn'after.whenthé numttcrof isomerainagivenclassissaidto lieone,
thestatemrnt!)h')u)<)beunderstoodto meanthat thereisontyonecon))Mundin thcchMS
in <j))Mtion.Thifim;)ti<f)that thereMno isomet'Mmat att. Interprete(lin this fashion,
thctenninot'));yha:!neverm'enfoundt«leadtu confusion.

t



tSOMHHMM AXD CONHHURATtOX !033

whicharc thctnsctvpsoptically active in the fluidstatcs. It is understoodto

))t'typica) that thpy differin thcir chemicalbehavior towards optically active

rt'at:<'nts,althoughthe amount of differencetnay in somccases bc too smallto

)tt<'a.su)f.

Such is thé ordinary definition of enantiomorphism. The usual inter-

prctation is that enantiomorphous motecutespossess space configurations

whieharc non-congruentmirror imagesofone another. But it is possibleto

(h'finct'nanttotnorphismwith equal accuracy and in more abstract twms as

fojtows.

I<t't8 bpa completeclassof isomerscontainingevcry substance or Gvcty
radica)of givenempirical formula. The enantiomorphous relation E is such

that

1 Hvpryclass S is uniquely divided into two subcfasscsS' and S" such

that

(a) For every memberu of S' there cxists a memberv of 8 suchthat

uEv."

(b) For cverymemberx of S" thcrecxists nometnbcr yof S suchthat

xEy.

11 (a) u Hv impliesthat u and v are not identical.

(b) u E v impliesv E u.

(c) u Hv and u E v' imply that v and v' are identical.

That is to say,enantiomorphisn)is the onlysymmetric, intransitive and con-

stantty dyadicrelation found among thé isomcrsof a complete ctass S.

At this point it is probablybest to introduceparenthetically thc limitation

on thc choiccof univalent substitucnts already refcrrcd to (see p. !03!). It

is us fottows:Hvctyunivalent substituent x must bc such that thcrc nowhcrc

cxists a univalent substituent y such that x E y. Beeausc if x E y, thon x

cannot bc consideredto possess thc infinite sytnmetry reprcscntaMeby a

Kcomctrica)point, and cannot thprefon' bepermutcd with the univalentsub-

-.titutcntsconsideredto poitsesssuch sytnntptry.

Skeletal ~owen~M «~ L'K~a/<'M/~M<M<<7M/!on7soMfnM?).–(6) The

variouscatcgoric'!of isomersso far mentionedarc wellreeognixedby chemists

and thcir nampsarc nrmty cstttbtishcdin thc titcraturp. But there is another

<'asi)ydcnnaHpkind of isomcrismfor whichno specialname is currcnt. Thé

divisionof any moiccuteinto skeletonand univalent substituents itnpliesa

tUtiqucdivisioninto two classesof the isomericrelations between compounds
«f the empiricalformulain question.

1. Univalentsubstitution isomcrismis the relation existingbctweencom-

))"und (A)and thc isomericcompound (B) if the formula of (A) can be con-

v'rtpd into that of fH) by a permutationof the univalent substituents with-

nut disturbing the skcbton. Jn this case (A) and (B) are univalent sub-

stitution isomers.

Titcnotationt)Kv is)tctMtonMU'yonetodénotethatu standsinthéretationE tov.
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II. Skcleta! isomerism is the relation existing between compound (A)

and the isomcnccompound (B) if thé fonnu!a of (A) cannot bcconvcrted into

that of (B) without disturbing the skeleton. In this case (A) and (B) are

skeletal isomers.

Although the terms just defined are new, thcrc is nothingnovel in the

ideas involved. Hence many examples of these two kinds of isomerismwill

occurto any trained chcmist, and two pairs of typica! exampleswillsufficeat

this point.

(i) If the skeleton is the threc-carbon-atom chain of propane, nonnal

propyt chlorideand iso-propyl chloride are univalent substitution isomers.

(2) Toluidine and picoline are skeletal isoners.

It seems probable that this distinction is essential for any practicable

mathcmaticat theory of isomerism.

ChMt~tc«<)'oMaMf<EMMHier«<<Mtof fsoMefs.–Whcn all thé fonns of iso-

mcri.smhitherto defined' are taken into account, it may be seen that there

cxists within a compicte class of isomers a eomplicated syston of inter-

lockingsubetasses. In certain cases thé samp term has beenusedto apply to

relationsof quitc different sorts. For example, if, in lactic acid,the so-caMed

"asytnmt'trie carbonatom" bc chosen as a skeleton,and thé methyt, hydroxy!

and carboxy! radicals and the hydrogen atom be the four univalent sub-

stitm'nts, then thc enantiotnorphism existing betweendextro and laevo lactic

acids is an instancf of univalent substitution isomerism. The enantiomor-

phismbetweendextro and !aevo camphor is an instance of skeletalisomerism.

The two borneois (dextroand laevo) are enantiomorphsand skeletal isomers;

dextro borneoland dextro isoborneol are diamers and univalentsubstitution

isomers;dextro borneol and laevo isoborneotare diamersand skeletalisomers.

Thc membcrsof an three pairs are stereo-isomcrs. And pxamptcsof various

other cornbinationsof different sorts of isomerismmay be found.

The catégories defined give a fair idea of the pxpcrimfntat distinctions

rocognizpdby prcspnt-day chcmistry. It should not bc imagined,however,

that thé sehpmchere prcscntcd posspsscsany sort of exclusivevatidity. At

any timc somegpneratization broader than any now eurrent may classifyto-

gcther substances betwecnwhieh there is now no recognizedconnection,and

rct~gatcthc wholeproblemof isomerismto the status of a phaseof somclarger

problem not now distinctly admitted as such. At any time a method of

séparation finer than any now known may divide what nowappt'ars to bc a

single substance into a class of isomers. At any time a new experimental

method may group thc members of a ctass of isotnersinto a set of subctasscs,

thus introducinRa stage of classification intermediate betwecnany two stages

nowexplicitlyrecognized.

T))<*list takesnoarcountnf the vanetiesof isomensmknownas"tautomerism"and

"epimerism."Thèsetermsarehascf!on<)yn~n))cconsiderations.andindicatea tcndency
onthepartof theMt~tancesin questionto be fonvertcdintoonpanotherwithmorethan
usualciMC.~inccthe degreeof paiieof this conversionina relativematter,thé terms
in questiondonottendthcnMetve!!to precisedefinition.Forthisrea!)onandbecauoothey
refertohighlyspecifieproperties,noaccountwiUfretakenofthctninthepresentarticle.
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Butalthoughtheschémaof classificationoutlinedtnay be amplifiedina

vm'x'tyofways,it is hardlypoMibtethat anyof it can be dcstroyed. The

numherofisomersisessentia!!ythe numberofmembersofa c!ass. Andwhat

thisnumbermaybeis ameaninglessquestionunti!the elassto beenumerated

hasbeendefined.Thechoiceof sucha definitionis ahnosteomptetetyarbi-

trat'y. It is onlynecessarythat the definitionchosenboself-consistent.If

it fulfillsthisonerequirement,and if,oncechosen,it bcadheredto unchanged

throughoutthe subsequentenumeration,the results (assumingthc experi-
ttx'ntatdatato beright)mayperhapsbeunintercstingor unfruitful,butcan-

nut rntionallybecalledincorrect.

To ddinca classof isomersforcnumerationMto agréein advancejust
wtmtvarietiesof isomerismshall bo recognizedduring that enumeration.

Andatthoughall suchdefiningagrcctncnts(providedthey are self-consistent)
ax- iogicattyon a par withoneanother,it is an historicaltact that certain

particulardefiningagreementshaveprovedthctnseivesveryusefulandptayed

importantrolesin the historyof chemistry,whileothershave neverledto

n'suttsofmuchinterestandhaveconse-quentlyattracted but littleattention.

Thcdifferencebetweenthoscdefiningagreementswhichhave beenof im-

portanceandthosewhichhavenot is intimatelyconnectedwith thé matterof

thc typeandspecifiepropertiesofmolecules.Hencethese two subjectswill

b'' <iiscusscdtogether,theobjeetbeingto indicatejust whichdefiningagree-
nipntsreeognizesomcoraUof the differencesin thc type propertiesofmo!e-

cuit'swithouttakingaccountofany differencesin their specificpropertics.

TheA'!)<tWStates.-To beginwith the subjectof physicalisomerism,it is

\ct) knownthat the propertyposscssedby sorncpure liquidsof crystatlizing
m physicattyisomerieformsis high!yspecifie. For example,the fact that

t~nzophenonepossessesthispropertydoesnotindicatethat eitheracétoneor

(tckachtoro-bcnzophenoneacts ina likemanner. Throughoutthe remainder

"f thispaper,physicalisomerismwillreceiveno further recognition,andat-

tentionwillbcconfinedto suchisomersas havean indcppndcntexistencein

thcOuidstates.

AtonKwiththisrestrictionofattention to the fluidstates, goesan impor-
tant limitationonthé useof the word"moiccute,"and the divisionof any
mt'tccuteintoa skeletonand univalentsubstituents. Amoteculethroughout
thcensuingargumentis thoughtof as a chisterof atomsunitedby a valence

structure.Whctheror notsucha ctustcrcarriesan etcctricchargeisbeside

thopoint. Consequentlynoaccountis hèretaken of thosesubstanceswhich

inthc fluidstatcshowthephenomenonofelectrolytiedissociation,sinccit is

H''ncra))yngreedthat there is no structuralconncctionbotweenthe ionic

j'roductsofsucha dissociation.'But if oneof these productsis a complex
ion,thcnthisionby itselfmaybctreated injust thésamcwayas anuncharged
")")t-cu)p.That is to say,thé divisionof the ammoniumchloridemotecutc
"'to a skctfton(consistingof the nitrogenatotn) and five univalentsub-

~-titncntsisbarredfromconsideration.Ontheotherhand,the divisionof thé

.St~c.SMgM-ick:"ThéEtectronicTheoryof\'t)oncy,"p.84,(t~sy).).
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ammonium ion into a sketcton (consisting of thé nitrogcn atom) and four
univak'ntsubstitucnts, disn'gardinR entirely thc existenceof the chlorideion,
is fully eontcmplatt'd in thé prcxt'nt work. In other words,throughout the
reinainderof this paper, the word "motccute" shall bc understood to stand
for thé phrase "motccutc or comptex ion," and the particular siKnificancc

j
appropriate to thé case in hand is to bc attached to it.

1
The .«~~<'r L'M!'<v~t'M<.SM~!7t<<MH/~MeM.–If anymoleculebc divided 1

into a skeleton V and d univatcnt substituents, the numbcr Xv(p) of uni-
valentsubstitution isomers which may bc formedby attaching these d sub-
stitm'nts to thé skck'ton in ail possible ways is obviouslya function only of
the nature of the skeleton and the value of (p). That is to say, the number 1
Xv(p)is a type propcrty independent of the specifienature of the univalent
subi~titucuts.This f;cncrat assertion mcrcty puts into wordsan idea so funda-
monta)for organic chemistry that it is usually itnpticittyassumcdrather than <

('xp)icittystated. It probably sptdont occurs to any organiechemist to in-

quirewhether the existence of onty onc methy) chlorideimpliesthat there is

onlyone tncthyt alcohol, one iodoform, onc triphenylruethane,etc., and, if so,

why:or whcthcr the existence of three tribromo-bcnzencsimpliesthat thcro
arc just thrM bcnzcne-tricarboxyUc acids, three trich)oro-trinitro-benzenM, i
('te.,and, if so, whythis should bc the case. But if implicationssuchas these
werenot justificd, struetumt and stcn'o-chemistry couldhardty cxist in any-
thin~like their present form. Whatcvcr suceessthese branchesof chemistry
htn'ehad in arrangin); and codifying the data is evidencefor the corrcctness
of thc idea that thé numbcr Nv(p) of univalent substitution isomersbelong-
ingto a given skeleton and a given partition (p) is a type property.

Thé statement just made, however, is to bc taken with an important
rcscrvation eonepminf!the choice of the skcteton when particular kinds of

univalentsubstituents arc contcmptatpd, namety that if the skeletoncontains

any univalent atom or radical (A), then no similarly connected univalent

substituent is to bc identicltl with (A). An examplewilliHustratethe reason
for this reservation. Suppose that the skeleton chosen bp the two carbon
ato~s and single chlorine atom of cthy) chloride. Then d is 5. Let (p) bc

~4,1),and consider the special case of four hydrogenatomsand one bromine
atom. The number of univalent substitution isomersis This number 3 is

indcpcndcntof the specifienature of the univalent suhstituentsas longas no
oncof them is a chlorine atom. But if thf nvcunivalent substituents consist (
ofonechlorineatom and four hydrogcn atoms, the numt)crof isomersis two;
and if the univalent substituents consist of four chlorineatoms and one

hydrogenatom, the number of isomers is one. Thus, withoutthe restriction

mcntioned,the number of univalent substitution isomersceasesto be a type

propertyand becomes in part at least specifie. Honce,in ail that follows,it

willbe assumed that the molecule has been divided into a sketetonand uni-
`

vatcntsubstituents in such a way as to comply with the above limitation.

Thisdoes not mean that thé nutnber of monochloro-or tetraehloro-deriva-

tivcsof ptttyt chioridc cannot be dcterminpd. The numbersof thpsc dériva-

'<
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tiws arc the Mtntpas the numbersof the dichloro. and peotachtoro~erivatives
«f t'thanc. To detenninethese numbers, the skeleton is choscn sa that d is 6,
:)mfthc munberof dichtoro. andpentachforo~terivatives is obtained by letting
p) bc (4, 2) and (5, t) respectivelyin the two cases.

~'ht're the skeletoncontains no univalent atoms or radicals, there is no
-hnitar restrictionon the choiceof univalent substituents.

?'Ac~<m~ <~FMaK<<oMo~AoMsPairs.-If the skeleton is a single
t'arbon atom,and (p) is (i, i, t, i), then Nv(p) is 2.This number 2has already
hccnshownto be a type property. But it may further be statcd in this case
thf-two isomersare enantiomorphs, and one of the essentiat features of the
\tn't Hofîdoctrineof the "asymmetric carbon atom" is that the enantiomor.
j'housrctationbptweenthe two isomcrs in question is a typf property. That
i.-(«say, whcnVis asinglecarbon atom and (p) is (:, i, i, t), the two isomcrK
must bc cnantiomorphous,irrcspective of the specifienature of the univalent
u~tituents involved. And thé wide suecess of the van't Hoiî theory is
ronfirmationof thé correctnessof this idea. (Sec Note B).

Whcnthe skeletonismorecomptcxthan a singlecarbon atom, enantiomor-
phistostit)continuesto bea type property. If the skeleton isthe three carbon

at.))t)ringofcyc)oprop!mp,and(p)is (4, ~), then Nv(p) is 4. Two of these four
isotm-rsfonn an enantiomorphouspair white the other two do not, irrespee-
t h-fofthé specifienatureof the univalent substitucnts. Again,whcrpV is thc
-.ixcarbonatom ringofhexahydro-bcnzene,and (p) is (to, a), then Xv(p) is 9;
aud of thèse nine isomersexactly four always occur as two enantiomorphous
pair.

7'AfJVxm~ef(ifS<n<c<)(ro~7$oN!en'c<SM&se<sc~ Univalent ,SMb~(M<<on
/<f'wpM.–Insomesetsof univatcnt substitution isomers certain subsets may
)'<-rf'cogtuzcd. The members of each such subset arc stcreo-isomericaUy

httcd. Thérelationbetween mcmhcrs of different subsets is one of struc-
tura) isomerism. For example, if V is two carbon atoms joined by a single
h"nd,and (p) is (a, :), then Nv(p) is 6. The number of subsets as defined
!.))OYcis 4. One of them contains three isomers, the other thrpc contain ono
<)))poundeaeh. Andexactly the same relations hold whether the substances

t' t)upstionbe isomcrsoftartaric acid, ofdimethyl-succinic acid or ofdiphenyl-
(-o). It should beclearwithout further argument that the number of such

~tt~'ts and the nutnberof isomers in each subset are in all cases type proper-
Uf<.

C<'f-<f);<tC~MM(~ Zoome~based on Type Propfr<tes–To sum up, if
p) isa set ofunivalentsubstitution isomers detennined by a given skeleton

anda givenvalueof (p),thcn thc number of members of 8v (p), thé number
'~t-nantimuorphouspairs in Sv(p) and the number of subsets of Sy(p) be-
<w('cnwhichthere exiatsa structurally isomcric relation are all type proper-

s. Hence thé foMowinKthrcc defining agrcements in regard to classes of
'~nx-t-sto be enumeratedinvolve onty type properties.

Thé univalentsubstitution isomers derived from one skeleton,taking
"unt of isomerMm,structural and stenc, both cnantiomorphous and dia-
"c. T!)t-numhcrin the class 8\.(p) so denned is Xv(p).
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(2) Theunivalent substitution iiiumersderived from une skeleton, taking
account ofstructural isomerism and diamerism, but dist-egardingenantiomor-

phism by countingcach enantiomorphous pair asone individual. Thé nutnber
in thc classS'y(p) so defined is N'v(p).

(3) Thé univalent substitution isomers derived from one skeleton,
taking aecount only of structural isomensm, and disregarding stereo-iso-
tnerism by counting cach subset of stereo-isomers as one individual. The
number is the class 8"v(p) so defined is X*v(p).

If V and (p) are constant, then Xy(p) – N'v(p) is the number of enan-

tionorphous pairs in Sv(p).

OoM/~ffp&-<-?<~fsMM(vy«M&pr.–If all thé q(d) values of (p) determincd

by a singlevalueof d :u'pconsideredin connectionwith nny given skeleton V,
there arc obtaincd sets of q(d) numbers which nmy be caUcd respectively

complète sctsof Xv(p)s, X'v(p)s or X"v(p)s. ln any suehset therc is atways
thé pccutiar case that Nv(p), X'y(p) and N'v(p) are aU equal to one when

(p) = (d),notnatterwhatVtnaybe. Thatis tosay, if the unsatisfied valences
of any skeletonV are saturated by d identical univalent substitucnts, only
onecotnpoundcan be formed. There arc thereforejust as many types of coin-

pound dptprminedby V and (p) (d) as thcrc are determincd by Vatone.

tSA'<'<c<Q<fMmcr<sM.–Ifthe ctass of isotnersto bc cnutncratcd is to contain
skeletal isomeri!,then thc results at present ntost interesting arc obtained by
impo~inga furthcr restriction on the tnethod of dividing thé molecule into a
skeleton andunivalent substituents. This is to bc donc in such a way that

(t) Xo univalent substituent is a potyatomic radical.

(2) Xo univalent atom is part of thé skeleton.
If the divisionisperformed in this unique manner, then the problem of finding
the total numberof isomers of given empirical formularésolves itself into two

separate problemsas follows:

(a) Theproblem of finding in how many ways thé skeletal atoms can be
connected in a single skeleton V with d unsaturated valences. The class of

all such skeletonsis T; thc number of members of T is K-r.

(b) Theproblem of finding the number of univalent substitution isomcrs
derivable fromeach member of T.

Although these two problems are so closely related chemicaHythat the

distinction between them seems a!most artificial, from the point of view of
thé mathcmaticat methods required, they showimportant differences. Prob-
!em(b) (whiehhas already been discusscdin somedetail) Mdirectly problem
in partitions and permutation groupa; problem (a) involves also prcMminary
consideration of a method of representing connexity between polyvalent
atoms. Ofthe two, (a) is thus distinctly the more complex.

Thc valueof Nï is a function only of the nature of the skeletal atoms and
the value of d. It is independent not only of the specific nature of thc uni-
valent substituent~but also of (p). But since the value of NT is a type pro-

The word"substitutton"is tMedby chemiatsand mathematiciansin conflicting
aetNes.Throughoutthé presentMtictethiswordis to bcunderstoodto haveitsordinaryfhetntptttm)p))m'ance;for the MMtthematieatterm "substitution"the expressionusedts
*'t)ennntatMn"-ausageforwhichthereisgoodmatliematicalprécèdent.
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pcrty and thé numberKy(p) of univalent substitution isomersdenvaHe from

<'<tchmpHtberofT is likewisea type property, the total numbcrof ixomers
of givcn empirical formula is also a type property. Frotn this and similar

rcasoning,it is c!car that the followingthrcc additional definingagfecHtents
H.sto classesof isomers to be enumcratcd also involveonly type properties.

(4) The isomersof givencmpirieat formula, taking necountof isomerism,
xtructura) and stenc, both pnantiotnorphous and diatncric. The number in
thé classU(p)so definedis Qfp).

(5) Thc i.sompt'8of given ernpirical fonnu!a, taking account of structural
i.sMuprismand diamerism, but disregarding pn&ntiomorphistnby counting
t'ach cnantionorphous pair as one individual. The numtx'r in the ciass

L''(p).sodt'nncdi8(y(p).

(6) The isomers of given empiricat formula, taking account only of

structurât isomerism and disregarding stcrpo-isomcrism by counting each

subsctof stcreo.isomGrsas one individual. The numbcr in the classU"(p) so

dcfinpdis Q'(p).

On aecountof the disparity in the ntathpmatica! machinerynpcessaryfor

thc solutionofproblems(a) and (b) (p. 1038)it secmsunlikelythat the vatucs

of Qfp), Q'(p) and Q~p) can bpconveniently given by any singlefonnula.

It is casy to showthat Nvfp), N'y~p) and K"Y(p)can be rpprpspntodas the

sun)sof wries, and hcncc Q(p), Q'(p) and Q"(p) as the sums of series eaeh

tnctnbcrof whieh is itself a series. In certain cases, however,a simple ex-

prt'ssionpxists. If (p) = (d), thcn only one type of univalent substitution
derivative tnay be formcd from each member of T. Hence the nutnber of
isotncrsof givenempirical formulais N-r. In this case, (b) is vacuousand (a)
is thé wholeproblem. On the other hand, where the skeletonconsistsof less

than throe atoms, the value of N7 is usually one," and

Q(p) = Nv(p)

Q'(p) == X'v(p)

Q"(p) X"v(p)

Here (a) is vacuous and thc whole problem lies in (b).

In thc titeraturc therc arc a number of attcmpts to dcat withthé matter of
skc)ptalisomerism. The two papers of widest scope arc thosc of Sytvestcr*
and of Gordanand A!excjen' in both of which the para)tc)ismbctwcen the
chemicalthcoryof molecular structure and the atgebraic theoryof invarients
isstresscd. It seemsprobable that interesting and important resultsmight be
attained by exhaustivelypursuingthis !incof attaek, but chemistshave never
devotedto thèse papers the attention which they descrve.

Titecasew'teMVcoMistsof onecaHMttandonenitrogenatomandd isoneis an
t'xccptionto thisrule.

"SytvcstcnAm.Jour.Math..t.&t~S~S). SeeaboC)iKord:tbid.,p.n6.
tionhnandAtexejett:Z.physik.Chem.,35,6to(t9co).
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C'ayicy"set himselfa more restricted problem by consideringonly open
chain skeletonscomposedentirely of one kind of atom. His workattracted
considerablenoticeand called forth a number ofarticlespurporting to contain

hnprovementson hismethods." But thc formule forthé numbcrsof isomera

tievelopedin thesepapers, although in many casescorrect, are never conven-
ient to apply, and someof them involve so large an amount of enumcration
and summationthat they represent only a modcrateadvanceoverthé graphie
methodswhichthey are intended to replace. It it is further noteworthy that
ail of these articles (Caytcy's included) are restricted to the fieldof structural

isomerism,and that even within this [hnited rangethe varionsauthors do not

ahv~ysagrée on the isonter numbers obtained. The intricate nature of the

proMemis thus clearlyindicated.

Since the systematic treatment of problem (b) appears to bc a natura!
first stage in the treatment of thé more générât questions raisedby proMem
(a), this articledcals no further with skelctal isomerism. It is hoped to take

up this subject at some future time, when the papers cited will be further
discu~ed." For the present, attention will bc eonnned to the study of the
classes Sv(p), S'v(p) and 8*v(p) as well as the detennination of Kv(p),
X'v(p) and N'vfp) whichenumeratc these classes.

Cenc<:cRelations.-But beforethe details of thèseproblemsare considered,
attention may be called to another type property which bas been familiar
to chemistsat least since 1875,but to which nospecialname bas apparently
been applied. Let Sv(p.) and Sv(p),) be two sets of univalent substitution
isomersdeterminedby V and the adjacent partitions (p.) and (pb). Sincethe

partitions are adjacent, the two sets of isomers may be calledadjacent sets.
In favorable cases, each member of Sv(p.) may be converted by simple
subsitution reactions into one or more members of Sv(pb). That is to say,
each member of Sv(p.) is genetically connected with a certain number of
membersof Sv(p),),and the number of members of Sv(pb)genetically con-
nected with each member of 8v(p.) is a type property. If the genctic re.
tationsof allmembersof Sv~p.)with all the membersof Sv(pb)bc considered

together, then they may be called the genctic relationsof S\'(p.) and Sv(ph),
and thèse relationsare also type properties.

Aclnssicexampleof the use of thèse genetic relations is foundin Komer's
workon the substitution derivatives of benzene. Korner took thé carbon

ring of benzèneas s skeleton V, and invcstigated the adjacent sets of isomers

Sv(4,~) and Sv(3,3). Xv(4, 2) and Nv(3, 3) are both 3. Hc found that a
certainmember(A)of Sv(4, 2) is genetically conneetedwith onlyone member

( D)ofSv(3.3); a secondtnember (H) of Sy(4,2) is gcncticattyconnectedwith

"('ay)cy:UriLAs!.Adv.S<-i.,Reporta,p. ~7 ~875);t'hi).Ma); (4)47,444('874);
34"S??). Thèsepapcfsarereprintet)in o).IXofCaytcy'scoit~ctKtworK8.

"r!chM:Ber.,8, t~ ('«M'; Lmjanttsch:Ucr.,30, f?~; !to)'r)Mt)f!:;?4J3~89:
Uetannoy:liull.,(3),n, :o (t)<94).

Agcncmttncth<)()of(tetennininj;in termsof the({rouptheorythénutnhe)'of isomers
ofMMtmryempiricatformuhthasalreadybeenohiaincf!.
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two mcmbers(D and E) of Sv(3, 3); and the third membcr (C) of Sv(4,2) is

geneticallyconnectedwithail three mcmbo's (D, Kand F) of 8y(3, 3). Thèse

relationsare illustrated schcMaticaUyby the followingdiagram.

fp) = (4.~ N(4~) = 3. !]] B

fp) <= (3,3) N(3,3) 3. E B

Thcy are sufficientto identify each one of the six substances involvedand

serveas the basis for assigningnames as follows. (A) is the para, (B) the

nrtho and (C) the meta isomer in 8v(4, 2); (D) is the asynunetric, (E) the

vicinatand (F) the symmetric isomer in Sv(3, 3).
Kôrnpr actually carried out this investigation on the dibromo- and tri-

bromo-bpnxencs." But in choosingthese particular sets of isomcrs to work

with,he wasgnidcd purelyby considerationsof convenience. Had he chosen

thé dinitro-and trinitro-benzcncsor thé ditnethy)-tctrach)oro- and trimethyt*
trichtoro-dprivativpsinstead, the démonstration might (for experirnental

rcnsuns)hâve tx'cn much more difficult,but the rcsutts woutd hâve bem thé

sanK',beeauscthe relations investigated are type properties indepcndentof

thc sppcincnature of the univaknt substitucnts involved.

Heusoningquite analogousto that of Korncr has bpcn applied repcatedty
tu thf solution of problems in structural and stcr<'o-chennstry–oftcn with

<'«nspicuuussuccess. It needsno further argument to prove that the relations

invotvcdare always type propcrtiM. Ïn many cases thcy sufficeto identify

uniquptyeachoncof the compoundsconcempd, and cven where thé identifica-

tion is not unique, thpy serve to limit the choiccof a formula to be assigned
to any onecompound. But curioustyenough these type properties do not ap-

pcarto have becn namcd." Thcy will bc referred to hcreaftpr in this paper
its thcgcnptierotationsbf.'twcfnadjaM'ntsets ofunivalent substitution isomers.

~f/'pf Type Pro~er<t'es.–Thc type properties so far cnumcratpd do not

c<')npictcthe list of all such propcrties known. If the c)ass of isontprsto bc

f t)Ut<tct'at<'dcontains sMptai isomcrs, but the division into skeleton and uni-

valentsubstituants is not aubjectcd to the restrictions inentioned on p. 1038,
f'rt!tin othcr isomer numbers arc obtained, which do not correspond to any
<m)non mcthod of chNnica)cJassincation, but which arc neverthelesstype

pn'jK'rticsof the mo)pculcsinvoh'cd.

KOmer:GaM.,4, 305(t8;~).
Hottemanin his "TcxttxMkofOrganicChemistrv,"p. $0~et seq. (<9M)!!))cakaof

Kompr'oprincipte"andrefetsto the "atMotute"detcrmtnat!nn«f theortho,metaand
~~mpoftitMtMbyits means. J. B.Coheninhis "OfRanicChemKitry,"Part Jt. p.4)0et.
*< 0928)use!!thammetenninntoKy.ThereMhowcwrno exhlicitstatementthat the
")"' of roMonin<tis t)tutcgeneraland )M'no meansreotrictedtn its applicationto the
~rivntivMofticMcnc. t'ur instance,of the nve truxitueacids,ontyoneshouMyictd s
'w"dittmfrifmonoanilidcs,andthé isomerin questionisthus uniquelyidentificdhythii!
htt't. <SceSt<)enner:Mer.,S7,)8(t9:4)). Theword"abMtttte"hast)Cfnovet'H'orkedand
fh'!n)dlieavoided~'hfrepossiMe.
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If themok'cutcisdividedintoskeletonandsubstituentsinsucha waythat
sonM'orail of the substituentsare polyvalent,ttgaincertainisotnernumbers
whicharc type properticsare obtaincd. In particularclassesofcompounds
(forexamplethe spirocompoundsand the comp!exmoleculesdcrivcdfrom
cobalt,chromiutn,etc.) this matter of polyvalentsubstitutionisomprismis
ofgreatimportance. It liesoutsidethe scopeof the présentpapcrbutdocs
notappearto o~cranyadditionalsort ofdiffieultiesandisatsoa probtcmin
permutationgroups. Thusit shouldprovoamenaMeto treatmentbymethods
similarto those devctoppdin subséquentsectionsof this article. Possibly
it maybediscusscdmorefullyat somelatertime.

Bpyondthé type propertiesmentioned,no othersare knownto thé
authorsof this paper. Thosc listed have onc importantcharactcristicin
common.They areailpure numbers;and it willbeshownthat this charac-
tcristicofailthesetypepropertiesis a factofgréâtsignificance.

P~Mc~M<o C'(WMf/<vK/.–Sinceattentionis to beconfinedfron now
ontounivalentsubstitutionisomerism,thefivetypepropertiesconnectedwith
isomerismof thissortare hererecalled. Theyare

(t) Thc valueofNy(p).
(ï) Thé valueofX\-(p).
(3) The valueof N"y(p).
(4) Thc numberof membersof cachof the N'v(p)structurallyisomeric

subsetsof Sv(p).
(5) ThegenetierelationsbctweenadjacentSv(p)s.
Themathematieatmachineryfordcatingwithisomersofthe threeclasses

andpropertiesof thesortsmentionedisnextdeveloped.

II. DeterminationofZo(p)
The~rM<p6' andils /K(<Mcc<<OroKyM//o(p~.–Anyclassconsistingof d

individualsdctcnnincsdcanite ctasscsof certainotherentitiessuchas un-
orderedor orderedpairs;unordered,partiaUyordered,oreomptptctyordered
trip!es,"orderedpairsofunorderedpairs,etc. In factit isvitalto thefollow-
ing discussionthat to every valueof (p) there correspondsa classofsueh
entities. Thc table listssomcexamplcs,togetherwiththenumberofentities
ineaehand thepartitionwithwhicheachctassofentitiesisassociated.

Butalthoughthereis a c!assof entitiescorrespondingto everyvalueof
(p), theconverseisnot truc in thesenseintended. Forexampic,thec!assof
unorderedpairs of totally distinctunorderedpairs,the numberof whichis

"AsunofdefedtMtM(ob~nd(&<SMidettti<!at;<)sordeMdpMntheyMBMt.Theax
forma

(abc) (acb) (bac) (cab) (bca) (<A)t)
1 H III IV V VI

areidenticalM<-omntetc)yunorderedtriples;ascompletelyorderedtriplestheyareet)different.Conadercdastriplesorderedontyasto(a)t and11areidentical.
in andIVareidentical.
VandVIareidentical.

Théthreepairsarchoweverdigèrentfromoneanother.
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d'
,[.),

<isnot théciassbolongingto anypartitionin thésenseofthe
(l 4 2, 2 2

f~ctK'ratdefinitionfottowing.Moreover,thé use of specialnamesfor thé
cntiticsis supernuous,sinceeveryclassof the sort here necdedis uniquely
d'-finedby a particularvalueof (p) and maythereforcbc calledsimptythe
c):Msbetonging(.0(p).·

For an arbit~ry partition(d;, d:d~), the con'espondcnceis fixedas
follows.If d thingsare assignedto d places,therewillbc d! distinctassign-
UK'nts,providedthc d thingsare individuallydistinguishaMe.Thiscorre-
spondsto the partition(i,t. t,t). But if, of the d things,d; arealikeof
'jnckind,d: alikeofa secondkind,andsoon,the numberofdistinguishable

d!
ets,igniiientsis

d~!cltl~d,andtheseconstitutetheeta~sofentitiesbelonging
assignmcntsis~t.––.T; .andthcseconstttutctheetassofentittesbetoaging

tnthépartition(d~de.d;). It willbcseenhoweverthat theplacingof thé
bst setofd(thingsis determinedbythéplacingof theothersets–hencethe
fitnt'ssof the specialnamesmentionedabove.

t~'tity Partition Xmnber
rnorderedd-tuples (d) d!

d'!
I

Individuals (d–i,i) d!
dd

(d-j)!i!°

rnorderpdpairs (d-z,:) d! d(d-t)

(d-:)!a!° 2

Ordprcdpairs (d-2,r,r) d!
“,

(d-!)! i!i'*

rnordprpdtriptes (d-3,3) d!i d(d-t) (d-:)

(d-3)'3!"–––6–––

PnrtiaUyordered (d-3,) dl d(d-i)d-t)
triples (d-3)1 2! i! 2

Cotnpktetyordpred (d-3,1,1,1) <
“triples (d-3)!i't'=~

orderedpairsof

totallydistinct (d 4,2,2) d! d(d-i)(d-ï)(d-3)
unorderedpairs (d 4) 2 2 4

(omp)ctp!yordered (t,t.)
d.tuptes i'i'i!t!i!i!=~

Apermutationof the d placesdéterminesa corrcspondingor "induced"
))<'r)nutationof the variousassignmcntsbelongingto any singlepartition.
It isdear,therefore,that anygroupG ofpermutationson the placesinduces
itdctcnninategroupHo~p)of permutationsonthe ctassofentitiesbelonging
to the partition(p). The followingtable lists someof thesegroupswhich
tnatchctasscsofptititiesin the precedingtable. (SecNoteC.)
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Group Partition Degreo

Ha(d) (d) Idl 1

Ho(d-i,!) (d-t,i) d
(d-j))ï!

Ho(d-2,:) (d-) d!
~d(d-i)

(d-:)! a

H.(d-) (d-)

~=d(d~)(d-2)! Il I.

Hc(~) (~)
~j.d(d-:).(.)(:)

1111.1111'"
1 .2 1

Sets (~ ?'Mna!'<<t't'<–Evcry such induced group bas a certain numbcr

Zo(p) of sets of transiti~-ity. The symbol Zo(df,dt, df) willbe used to mean

the numberof sets of transitivity in the groupHe (d,di! d<)whichisagroup of

degree TT-TT~–T, induced by the group G (of degreed) for the partition
dt' d:w:

(dt,d:d<). If all thc q(d) values of (p) be consideredin conncction with

any group G, there results a set of q(d) numbers whichmay be called a com.

ptcte set of Zo(p)s. Onc of thèse values of Zo(p) is, however,of a peottliar

nature. The partition (d) induces a group H(d) which is atways of degree

one, no inattcr what G may be. So H(d) is always the identity andZ(d) is

ahvays unity.
Me)'Ht!Ma<i'oMqf~e(p) Direct JTMt<M)pr«<tOH.–IfG and (p) arc known,

a tnethod of direct cnumeration will theoretically détermine Zc(p) in all

cases. This method H illustrated by thé followingexample in which (p) is

(6,2),and the group G is generated by the operations

(i) <M.< and (:) ae.Mt.c{).<~

Let a single letter be assigncd to cach of the 28 (= 8 X 7/z) unordered pairs

of letters in the set a /t as follows:

< = A <tc = I (~ = Q «/< = Y

&c=B M=J J b~=R be = Z

cd = C eg = K c/t S <~ A'

ad = D /A = L ~e = T <~ = B'

<( = E ae = M af/ = 1~

f/ = F = N bA = V

fg = G c~ = 0 ce = W

= H ~<==P (If= X

Then the generators (t) and (:) in the group G of degree 8 bccomc in the

group Ho(6,2) of degrec 98

(<) ABCD.EFGH.MXOP.QRST.UVWX.YZA'.B'.ÏJ.KL

(~) AE.BH.CG.DF.XP.QT.RS.UW.YZ.A'B'.IK.JL
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Thèsetwooperationsgeneratoa f:roupHt)(6,:) whichbelongsto a c!assof

groupspxpressiNe!nthe Cayleynotationas fo!tow8:

iKAHCDEFGH),(MKOP.QR8T.UYWX.YZA~O~(UKL).),=,

]':Ycrygroupof thisclassbas6 setsof transitivity,and thereforeZo(6,a)M

6. \v!K')~0 basthesignincanecassignedto it on the prcviouspage.

.4 /fM«h /of~o(p).–Thcrcis neverany theorctiea!difncuityin deter-

tnining!!o(p)bysuchenumeration,but it may rcadiiybescenthat forlarge
va)u<sofd andthemorecomplcxvaluesof (p) the task becomestMufîerabty
tcdious. It is thereforcimportantto hâvea moreexpeditiouswayof oatcu-

titingthis value. Sucha methodis to be foundin &nadaptationofthe well

kn'j'wnchamctertheoremof Frobenius,whieh states that if L be the sum

of tho lettersleft invariantby the individualoperationsof a pennutation

t:r"up0 ofordcrg and degreed, then the numberof setsof transitivityZo
is('(tua!to L/g.

If any partititionof d bc writtenout in full andall the integersequa!to

unityomitted,theresultingset of intcgcrsreprcscntsa type (t) ofoperation
whiehmayoccurin a permutationgroup of degreed. Converseiyevpry

npcmtionofa pennutationgrouphas a detemiinatetype in this sense. For

instancewhered is 8, the operationaM~f.~ is of type (6,:); the operation
«~e.~ffisof type(3.3);etc. Accordingto this definition,the identityoper-
ationis uniquein that its type is representedby a vacuousset of intcgcrsno

n):tttcrwhatthedegreeofthé group,andthat it is the onlyoperationof this

<pc.
LetK(t)bcthénuttjbcroflettersleft invariantin a groupG of degreed

t'y anopemtionof type (t); and let Htbc the numberofoperationsof type
~)inG. Then

L=2n.K(t)
t

whcrcthesummationisinrespectto a))types (t) ofoperationin G. Heacc

Sn,K(t)
Zo=-*––––

g

Whcrc(p) is (d'-t,i) and the groupG is the groupon the individuals,the
fm-mu!abecomes

SnJ<:(t)

Za(d-i)=~–––

whichMthéFrobeniustheoremin its ordinaryform.
Toadapttheformulationof this theoremto anypartition(p)otherthan

'd t,t), it isnecessaryto have,not the numberof individualsIcftinvariant

byan opérationoftype (t), but the numberof invariantentitiesofthe kind
H~ociatedwiththepartition(p). In the generalcasethe theoremis

Zo(p)
Sn.K(p,t)

(A)Zu(p) =
'––g––

~)
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wheneverthe inducedgroup G(p) is simptyisomorphouswith the group
G(d–i, i ). It isprobablethoughsttUunproventhat (exceptwhere(p)*=(d)
and C(p) is the identity) this simpleisomorphisma!waysoccurs,inas.
muchas theresultscalculatedby formula(A)havebeencomparedin a large
numberof caseswith those obtainedby the processof directenumeration,
andno discrepancyhasbeenfound.

CleaHythe heartof the problemofdeterminingZ()(p)foranyGandfor

anyvalueof (p) liesin the déterminationofthesetsofvaluesofK. Byin-

duction,an empiricatmethodof computingthèsehas beenfound. It is as

foûows.

If the sumof the integersin (p) isd, andthesumof the integersin (t)
is e, thend-e is eithero or a positiveinteger d. If the integersin (t)
aresubtractedfromthosein (p) in anyparticularway,thereis obtaineda set
of rcmaindcri!

R. = a;,Bi. a(such that

ai +a}. + a<= d-c

If the subtractioniscarriedout in a!Ipossibleways,a numbcrofsetsof re-

maindersR.,Rb. Rf are obtained. And,if the followingdefinitions

areadopted
R.!=at'a:a<!
Hb!'=bt'b,bf!etc.

then (d-e)! (d-e)! ..(d-e)!
'~r'RbT'nt,r

Thc (irstspecia!casesunder thisgeneralformulawhiehneedparticular
attentionarc thosewhercat least oneintegerin the set R. has a negative
value. Ifa; isa negativeinteger,

Bf! = eo

R.! «

and (d-e)!
"Ry""

Henceif (foranygivcnvalueof (t) and (p))everyR containsat leastone

negativeinteger,then K is o. If onlycertainRscontainnegativeintegers,
then it is sunicientto consideronly thosewhichdo not, becausethosecon-

tainingnegativeintegershaveno cnecton thevalueofK.

Théspecialcaseof the identitycomesunderthegénéralschetnc,provided
it is understoodthat a vacuousset ofintegerscanbesubtractedinonlyone

d!
way. In thiscase,the on!yRis dt,d: d;andK ==

,––“
Whercd-c = o, every R whichcontainsno négativeintegersisof the

formo,o.0, and since_o!

T.' o!
+

o!
+ +

o!o!o!
I l

1

~+E)+

Thismethodof computingK is very nearlyautomatic. Themaindini-

cuity is to bcsurethat thc subtractioni~carriedout justoncein everyway

c

?
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whieh!eadstononégativerentaindcM.Onemeansofattainingthisendisto
a.<.<ignfixedordertothéintegetsmthéminuend,andtoindexthéidentical
inh'gersinthésubtrahcnd.TwoexamptesDtustratetheproperprocédure.

j-:xamp!eI. (p)= (3,3,1) (t) (3,:) d-e s
33~ 2 33' 2 332 2 33!' 2
3 32 3 3 2

o t 030 0 102 300 0

~+~+~='+~+3=8.3. 3 2. 2

I'~xantp!cII. (p)= (4;2) (t) =(2,:) d-e = 4
422 2 4ï9 2 4~~ 2
:) 2) ~t 2! Zx :)

4–![ 2– 2 4–~1 2 a–2~ 4'ï< :–2t 2
20: 2 2:0 0 20: 2

4 2 4~ 2 4~~ 2
9: 2) 2) 2: !)

4– 2 :–:) 4 2–2t 2–St 4 2–2; :–:)
2zo 0 40 o 400

4 2 2
!t +:<

4–:t–:t 2 2
0 22 2

T J- 4- -t- -t- 4- -<-K= -t. +41 + 41 + + 41- + LI+2! 2' z! a!2' 4! 4'
5X4!,2X4!

° ,+'J'=SX6+!Xï-322.2. 4.

Bythismethod,théfullsetofvaluesofKwhichcorrespondtoanygiven
<)tnaybecomputed.Whensucha setbasbeencomp!ctc!yevaluated,ail
Un;valuesofZa(p)accordingtofonnuh(A)maybcdetcnninedforany
Kf'upC:ofdcgreed. Table1givesailthévaluesofKford<n TableII
t;ivMattthevatucsofZa(p)ford<7.Secpp. !oy2to toyo.

Xogcncratproofbasyctbeenfoundthat thismcthodofcomputation
:dw:tysyietdsthecorrectvalueofK,but incverycaseinvcsti~ttcd,thé
n~ntbfrthuscaleulatedcorrespondsto thevalueforKobtainedbydirect
<)U)npration.Moreovcrit isctearthatanyformutnwhiehgaveafractional
vatucforanysingteZo(p)wouldbceondemncdat once;andthétactthat
f"rn)u!a(A)hasatwaysgivcnintegcrvalueswhenK is computedin the
tftantiM'(icseribcdisévidenceinfavorofboththe formutaandthétnpthod
"f<tctcn))iningK.
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The Group ~fstn'cftMt.–In the table for thc values of Zu(p) each cotumn

rfprpM'ntsa completeset of Zo(p)s. It will bcseen that for every value of d,

the integers in thé cotumn of thé group of ordcr onc are thc targcst intcgera

in the table for their respective values of (p). Asidc front this limitation,

thcre is no obvions restriction on thé intcgcrs which occupy thé other places
in thc table. There is, for example, no evident rule as to the nutnbcr of

times nny particular integer may be repeatcd. Whcrc d is 5, thé number of

."ctsof integcrs whichsatisfy the above Hnutation is

5 X to X 20 X 30 X 60 X t:o = 2t6 X to"

Of thpsc two hundred and sixtecn million possibilities,all but nineteen arc

exctudt'd by thé group restriction on the permutations. \here d is 4, thé

correspondingfraction is ( t in6912. And sinceq(d) increasesrapidly with d,

it is probable thut (even though thé nutnber of groups of degree d also in-

creases with d), thé fraction in question rapidly becomcs stnaUcras d bc'

cornesiarger.

III. Molecules and Permutation Groups

Cot!~fc<< &c<Mvp<).M<~ecM<c<!(!n(<P<'rw)<<a<ton<f0t<–If a molecule bc

divided into a skeleton and d univalent substituents, sets of valucs for

Xv~p), X'vfp) and X'v(p) t"ay t)c experimentafly detcnnined, complete as

far as the difficulties in thc préparation of the substances will permit. Thc

all important fact which serves to link thé data of chemistry with the purely

mathcniaticat considérations outlined in the previous section is that every

set of Xv(p)s, X\-(p)s or X"v(p)s is identical (orat toasteompatibte)with the

set of Xo(p)s for some permutation group of the same dcgrcpd. In the whole

tnass of isomerismdata there docs not appear to bc onewell-provenexception
to this ru!e. The chance that this agreement for any singleskeletonmay bc

accidentât is negligible, as is indicated by thé very small fractions given

above. Henec the assutnption that at least one permutation group G can

be associated with every given skeleton Y, appears to be about as well justi-
fiedas any generalization basedon expérimentâtevidence.

Sincethere is only one type of compounddefinedby a sketeton V and thé

partition (d), it isamatter of indincrcncewhctherG bethought of as associatcd

with the ske!cton V or with any molecule determined by V and (p) = (d).

That is to i<ay,the group of the six carbon atom ring of benzene may equally

well be caUcd thc group of benzene, CoHe,or of hcxach!oro-bcn!!cne,CoC),.

Consequpntty, hereafter, the group G will be spokea of indiscriminatcly as

the group of the skeleton V, or as the group ofa parent substance detcnnined

by Yand (p) ==(d). Anyonetraincd in organiechemistry will probably find

it more famitiar to think of the d like substitucnts (where(p) =' (d)) as being

all hydrogen atoms, sincc it is customary to regard hydrocarbons as the

parent substances from whichsubstitution products are derived.

/t~)'ee~t€n<or Compatibililynf A''t<mcr:'ca<Da<a.–What is meant by the

agreenient or compatibility of a set of Zo(p)s with a set of Nv(p)s may be

illustrated by use of the table for degree four.



MOMKRMMAKO COMFtUUBATtON !04{)

Xu(4) =')

1X(,(~,j) *= ) is &complèteset of Zo(p)6where

Z(i(2,:) ='
3

Cis (oM)t

Xf:(~t) =33

Xo(',t,r,t) =6)

X~4) 1 )

Xv<3,i) t is a complete set of Nv(p)s where the

X~j?,z) = 3 skeleton V consists of twocarbonatoms

\y(ï,t) = 3 united by a double bond.

Xv('i) =6~~

);t)tytcnp,C:H<, is one example of a substance derived from this skeleton

when (p) is (4); tctrachtoro~thy!cne, C~Ch, is anothcr. The substances de.

rivt'd fromthis skeleton when (p) bas any other value may therefore bf

thou~ht of as substitution derivatives of ethytcnc (or tetraehloro-ethylene).

Hxaminationof the table containing ail groups of degreefour sttowsthat

tht-tH'oequations N~(3,:) = i and XV(2,2) = 3 taken simuttancoustyagrée

r'-spectivotywith the valuesof Xu(3,t) and Za(2,2) for no othprgroup beside

.((M.)<. The fact that for thé skeleton in question Nv(2,) is 3 agrees

with the valueof ZO(2,1,1)for the same group. But if, as matter of experi-

tfx-nt, \y(2,),!) for the skeleton under consideration wcre 2, this fact would

-.ti)tbpcompatiblewith thé group requirement though no longerin agreement

with it. Such a state of the experimental data might meantbat onc of the

tht'oreticatty possible substitution derivatives of ethylene had never been

prcparcd–due to inadvertence, lack of intcrest, or experimentaldiffieulties.

Hut if, for thé same skeleton, Nv(:) were found experimentallyto be 4,

this fact, taken in connection with the prcvious!y estaMishedvalues of

Xt(3,') and Nv(2,a) wou!dnot bc compatible with any groupof degreefour.

If Zc(3,i) is then Zo(2,t,t) cannot bc 4 and vice versa. As alreadystated,

throughout the range of chemistry no such data are known. It is always

po~ibtc to find a group which is at least compatible with the experimental

facts.

y/<cDc~mM<!<eM< Z~oMM'Numbers and Mo!ec!<!<!rGroup8.-The asso-

ciation of at least one permutation group with every molecular skeleton

in thé manner just describcd is attended with very wideconsequences. It

t~vesin terms of a permutation group Ha(p) the mathematicat analogueof

any set Sv(p)of isomersdetermined by thé skeleton V and the partition (p).

FurthermoreZn(p), the number of sets of transitivity in Ho(p), is thcsameas

X)(p), thc numbcr of isomcrs in Sv(p); and so any method of catculating

X(,~p)becomesa method of catcuiating Nv(p). This mcansthat formula (A)

"Aa a mattero(fact,noCMCwherethesixMomemrequiredbythepartition(t,)
havpailtjeenpreparedhaabeenfoundinthéMteratm'e.ForthecMewherethe fourdtHer.
t'ntsubstituentsarethehydrogenandbromineatoBMandthemcthy)andcarboxylradteab,
HeihteintiatsfiveMomencforme. Thebromo-MocrotonicacidhMapparentlynever
hct'ttprepared.Batsincethé<tand fomMoft~othchtoro-crotcnioandeMoro-Mocrotomc
Muti!areknown(videBeitstein),thenumbersixmayboconsideredtobeauOMenttywell
de.noMatrated.
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(p. to-ts) is a formula for catcutating the numberof isomersin anyset Sv(p)
wherethé group of the skeletonis known. Conversety,there arMesthe possi-

bitity of reversingformula (A)and determining the groupG froma complete
set of Xv(p)s. Combiningthese two processcs, it might be possibleto deter-

mineG front certain expcnmentattykno~vnvaluesof Ny(p), and then to use

this valueof G to calculate the other values of Nv(p). The valuesthus calcu-

tated could bc compa~'d with experimental resutts and would thus serve as

a check on thé correetnessof the détermination ofG.

In exactly the same way Ha'(p) and Xo'(p) are associatcd respectively
with 8'v(p) and N'v(p); also H<)'(p) and Za"(p) are associatedrespectively
with 8"v(p) and K'v(p). Hence fonnula (A) may be uscd in like fashion

to calculate N'v(p) and N'v(p); G' and G" might aiso be determined from a

sumcient number of valuesof N'v(p) and N"v(p) respectively. In the suc-

ceeding sections of this paper, these vanous operations wiUbediscussed in

greater detail.

Gfottpand Co~~<ra<tott.–But the most important consequenceof the

associationof a pennutation group with a moleculeis the light which this

associationthrows on the so-calledconfigurationof the moleculein question-
that is on the space relations of its component atoms. Evcty geometrical

configurationconsistingof d points which are subject to stipulated relations

of invariance détermines a permutation group of dcgrce d on these points.
But it is not true that an assembtyof d points and a permutation group of

degree d on these points determines a space configurationfor the assctnMy
in question. In thc first place, many permutation groups are compatible
with a numberof differentspaceconfigurations. Butwhat ismoreimportant,

geometricalconfigurationsare only one of a variety of ways representingor

ittustrating permutation groups. ïn fact, such a group has muchthe samc

relation to a space configurationas thc mathematicat taw of inversesquares
has to the physical lawsof gravitation (Newtonian fonn), the Coulomb law

of etectrostatic attractions and répulsions, the law ofthe attractions and re-

pulsionsof magnetic poles, etc.

Suppose that a system bc composed of two bodies,and supposethat an

attractive force inversely proportional to the square of their distance from

one another bc knownto exist bctween them. In default of further informa-

tion, no decisionas to the gravitationat, electrostatic or magnetic nature of

the force is justified. Nor can any item in the behaviorof thé system, thé

mathematicat analogue of which is inherent in thc abstract lawof inverse

squaresbe used to détermine thc physical nature of the forcein question.
The mathematical analogueof Nv(p) is Ze(p)-a property not exclusively

of the space configurationof the molecule, but of a permutationgroup on the

univalent substitucnts. And all suitable space configurationsas a ctass

giveonty one out of variouspossiblemodes of ittustratingsucha group. For

this reason, no infcrcncca~ito the spacc configurationof the skeletonor of thé

motecuiecan bc drawnsimply froma value of Xv(p)or even froma complete
set of Xy(p)s. It is true that a spacc configuration(rigid or non-rigid) is

likely to he available for use as an illustration of thc permutation group in
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((Ut'stion;it is true that ageometricatdiagramisusuallythe mostconvenient

)))fthodofplottingthcdata;but théfactthat the diagramis geometricaldoes

not imptythat the relationsplottedare spaeerelations. Toassumethat the

rotationsare spaccrelationscannotbe in conflictwith the knownvaluesof

Xv(p)(whicharcpropcrtiesof the group),but neitheris the specialassump-
tiunjustifiedbythesestatedfacta. Andthe continucdadherenceto a par.
ticularmodeofreprésentation,insteadof clarifyingthe situation,is apt to

n't))t in confusionbetweenthe propertiesof the phenomenaobservedand

thppropertiesof thé particularmethodof représentationadopted. Various

instanceswherethegroupof the moleculethrowsmorelighton its properties
thandoesits so-calledconfigurationwillbe pointcdout in thepresentpaper.

IV.DeterminationandAppUc~ttcaBofGand Nv(p)

C'<!<<'«/a<!<Mof theA')<M&erofUnivalenttSM~Mt'oK7soM<ers.–-Nv(p)has

bec!!definedas the numberof univalentsubstitutionisomersdeterminedby
théskeletonVandthepartition(p),takingaccountof structuralisomerism

and stereo-isomerism,bothdiantericand enantiomorphous.It hasalready
bM'nshown(secprecedingsection)that, sineceveryskeletonV is associated

witha groupG,andsinceeachvalueofNv(p)isidenticalwiththe correspond-

ingvalueofZv(p),formuta(A)(p. 1045)maybcusedto calculatethévalueof

Xv(p)whereverG is known. The formulaas givenis in its generalfonN;
but forcertainspecialcases,it maybcconsiderablysimplified.

If everyoperationofa pennutationgroup(exceptthe identity)involves

t'veryletterofthe group,thenthe "ctass"of the groupis equalto itsdcgree."
If a groupofthiskindistransitive,it mustberegular;if it is intransitiveand

basn setsof transitivity,it mustexhibita i :r t :i isomorphtsmbetween

ï) regulargroupson differentsets of letters. For this reason,permutation

groupsof whichthe c!assis equalto the degreewillhereafterbcreferredto

as "n)uttircgu!ar"groupa.
In multiregulargroups,everytype (t) of operationconsistsof identical

integersande is equalto d. Consequently,for suchgroups,everyvalueof

H mustcithercontainnegativeintegersor else it must be of the form

0,0.0,0. UndertheseconditionsK(p,t) (forall valuesof (p) and (t)) is

equa)to the numbcrofvaluesof R whichcontainno negativeinteger. For

tbislimitcdkindofgroups,formula(A)reducesto thc simplifiedfonn(B).

Zo(dna~ I
"-(~)'

d

` (B)Zo(d,,d, dt) '=-1
~~––– (B)Zo(dl,df, "d,)

"?)'?'" (~'

(B)

e c' ` 'IC

wh'rpn. is thc numberofoperationsof orderc in G, and c is any common

factorofg anddt,dï.d;. Kauffmann'sformulaefor the numbersof sub-

titutionderivativesof quinotiae,quinoxalineand naphthaienearc special
instMccsofthisrestrictedfonnula, (SeeNoteD).

='t'nrUustcchnicaluseofthcwordctMs,secMittcr,t;t:chfo)dt,andDi<:):<on:"FiMte
'mu))! p. 47,()9t6).
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Anotherspecialfonnof (A) appliesonlywhere(p) is (:). This

form(C)is

i
Xc

(i,1)-~
(C)Zo

g
(C)

Thesignificanceof formula(C) willbc broughtout lateron.

The~)f<e)'w/M()<<M<</«;CroupC.–Thc problemofdeterminingG from
certainvaluesof Xv(p)isusuallyofmoreinterestthan the converseproblem
just considcred.Thisquestionmaybc resolvedintoa séquenceofthrce

(i) Doesa completeset of Xv(p)suniquelydéterminea permutation
groupG?

(2) If so,is thp completeset of Nv(p)snecessaryfor thisuniquedeter-
mination?

(3) If the completeset of Xv(p)sisnot necessaryforthispurpose,how

tnanyand whichvaluesof Ny(p)arc suiBeient?

Thé itnportanecof the first questionis self-evident.Thereasonsfor the

importanceof the othertwo are as follows. For mostskeletons,the value
ofXv~p)becomesfairly(;rpatas (p)becomesmoreandmorecomplex.That
is to say,in mostof thechemicallyinterestingcases,d!/g is targe. When:G
is (a6c</f/)i.!forexampte,Z (:t,t,t) is 60;andto checkthisvalueexperi-
mentaHywouldrequirethe preparationand investigationof 60 different

compounds.It willprobablybe readilyadmittedthat sucha programis

usuallyout of the question. Consequently,it becomesimportantto know

just howmany and which valuesof Nv(p)are sufficientto détermineG

uniquely. In order to be of practicalinterest,the sumcientvaluesmust lie

amongthe lesscomplexvalues of (p) wherethe valuesof Nv(p)are small

enoughto permitofexperimentalverification.

y/MtS~M~coKe?ofLiteral Con/o~K«tt(y.–Théstructureof formula(A)
servesto indicatewherepart of the answerto thé firstquestionin the pre-
cedingparagraphis to be sought. Fromthis formula,it is ctearthat if two
or morepermutationgroups consistof equalnumbersof operationsof like

type, thcy must giverisc to identicalsets of Zo(p)s. Andonepart of the

problemis thereforethat of findingsuchsetsof groups,if any exist. Per-
mutationgroupswhichsatisfy the stated restrictionmustbe isomorphous

rcspectivctywith abstract groupswhicharc cither identicalor conformât.
But furthermore,they must exhibit an additionalcloserelationas pcr.
mutationgroups. Apparcntlyno name has everbecnappliedby mathe-
maticiansto sets of groupswhichexhibitthis relationship.It is suggested
that themembersofsucha set becalled"literallyconformal."

Themathematicatquestionsconnectedwithiitera!conformalityneednot
be discusscdin detail in this paper. It is hopedto treat themmoreadc-

quatelyetscwherc. Theproof that sets of literallyconformalgroupsexistis
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t'asy,but a scarchof thé tablesshowsthat tbcrcare not manyofdegreeless

than9. Probablythesimplestset ofthiskindis thefollowingpair.

1 = (obcd)<(e)(/) ÏI = {(a~)(cd)(~)}pos

confistingof theoperations consistingof theoperations
t i

a&.<!< ab.cd.ej'f

ac.bd.e.f ab.efc.d

<&c.e./ cd.o.&

J!othof thesegroupsofdegree6 consistof thé identityandthrecoperations
of type (~,2). It is thereforectear that both must havethe sameset of

Z<!<p)s.Consequently,ifa moleculewereassociatedwitheitheroneof them,
it wouldbe impossibleto décidefromthe set of Ny(p)salonewhichonewas

thegroupofthe moleculein question. ·

The existenceof literallyconforma!groupscertainlyshowsthat a co)n-

pk'tcset ofZo(p)sis notalwaysa meansof uniquelydefiningapermutation

(!Mup,and so the methodlosessomeof its mathematicalintcrest;but for

f'tx'mistryit isneverthclessof great importance. The reasonforthis is not

farto scck. Thestatementthat witheverymolecularskeletonthereisasso-

ciatcda permutationgroupis not likelyto be at fault, but its converseis to

.-aythc leastdubious. Indeedtheverynatureofchemicalsyntheticmethods

issuchthat it is hard to sechowthey couldbe used to preparemolecules

to correspondto certainclassesof permutationgroups. The dicyclicgroups,
for('xamp)e,seemto bechemicallyquitcout of rcach. It mayperhapsturn

out that the setsof literallyconfonHatgroupslie for the mostpart in that

dttssof groupawhichis chctnicaHyinaccessiMc,and if this is so, then thé

methodof dctcrminingG by its set of Za(p)s wiUbe of muchgreateruse

t'hpmicaUythan it is mathcmaticatty.The existenceof sucha possibility
callaattentionto thé urgentnccdforan abstract definitionof thé kindof

Ht-oupswhichis chemicaHyaccessible.Thissubject is, however,beyondthe

M'opcof thc presentpaper.

It basbeenshownthat literal conformalityis a suffieientconditionfor

a)))biguityin the déterminationofGfromits set of Zo(p)s. Whctherit isa

M'eesMaryconditionor notisstUtunknown,sincenocasesofambiguitywhich

arcnotalsoliterallyconforma!havesofar beenfound. However,nomember

"f any sotof literallyconformalgroupsyet discovercdappears to be asso-

ciatcdwitha knownmolecularskeleton,so that, for thé present,the whole

fjUt'stionof literal conformalityseemsrather académiefrom the chcmical

f!"intof view. Foreverymolecularskeletonsofar investigated,a complete
<<'tofXy(p)suniquelydeterminesG.

?'/«?.S;<'t'cM/r~MMof ~Vf(p)'Thc secondand third questionsraiscd

onp. to~ arc morecasitydisposedof. Mcrc examinationof Table II re-

vfittsimmediatctythat in manycasesit is not necessaryto havethé complete
s''tofXv(p)sin ordertodetermineG. But forthé numberofvaluesofXv(p)
.urncicntin eachparticularcase,norule bas yet beenfound. In thé table
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fordegrees, the last valueof Ny(p) (countingfromthe top) necessaryfor
the uniquedéterminationof C!is underlined.ThesuSicientnumbervaries
fromoneto six.

TheGroupG(~BenzcMc.–ThcmethodofdeterminingG frompartor ail
ofa setofNv(p)sandthcvalueof theresultsobtainedbythisprocéduremay
beitiustratedbya fewexamples. Supposethat theskelctoninquestionis the
sixcarbonatomringof benzene. Thend is6and

(i) K(~) -t 1

(2) ~(4,2) =33
(3) ~(4,) ~33

ThedegreeofGis detennined by d- in thé presentcase 6. Sincethcre
areonly56groupsof degree6, the choiceofG isthusrestricted. Equation
(t) showsthat G is a transitivegroup,andsinceonly16of thé groupsof

dcgree6 arc transitive,thé choiceof GisstiHfurthereut down. Ofthese16

transitivegroups,only 2, (oM~)cyc and (a&a<)[!,agréewithequation
(ï), andof thesetwoonly(oM~');! is in agreementwithequation(3). The

groupG of benzeneis thus uniquelydefinedby thèsethreeequations,and
furthervaluesof Nv(p)may thereforebe calculatedfromthis valueof G.
Thepredictedvaluesare

~(33) 3
N(3~,1)

= 6

~) = 10

N(2,2) = !t

N(2,t,t) = l6

N(a,t,i,t,i) =30
N(t,t,t,I,j) = 60

Theexperimentaldata are in agreementwiththefirstfourof theseéquations
andcompatiblewiththe last threc.~

Theconfigurationofthe benzenemoleculebasbcena matterofdiscussion
for the last fiftyyearsand the questionis stillfar fromsettled. But with

onlya smallamountof isomerismdata whichbasbeenalmostunquestioned
throughoutthat period,the groupG of benzenecanbcquicklyfixedbeyond
a shadowof doubt. Andfrom this groupmaybc derivedmuchof the in-
formationwhichit washopedto obtainfromtheconfigurationso longsought.
Moreoverthe groupmay be usedas a basisforcertainconclusionswhich
the configurationwouldtend to obscure. Thèsestatemcntswillbe sub-
stantiatedin thecourseof thepresentpaper.

The<7roMpC c~Ethane.-To giveanotherexampleof the resultswhieh

maybcobtaincdby usingthe groupG associatedwitha molecularskeleton
it isinstructivetoconsidcrthe sketetonconsistingoftwocarbonatomsunited

by a singlebond. Hered is 6 and ethaneisanexampleof the casewhere

tn Hx'htef'a"t~xikonderKoMeMtoffvcrbindttnjten"(3rdEdition)theroareliated
tenisomericfom):)ofnitro-amino.tolueneandelevenMomerieformsafdinitro-xylene.Xo
CMChMbeenfoundwherethefullnumberofNxteenformarequiredbythepartition

t, uhâveallbeenprepared.
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<;))='(d). Norigidconfigurationwhichaccountsforthénumbersofisomeric

substitutionderivativesofethanebaseverbeenfound. In orderto account
forthéexperimentaldata, it hasbeenassumedthat free rotationaboutthé

si))){!ebondjoiningthé twocarbonatomsof thé skeletonoccursinallthèse

Mtupounds.Thefact that no rigidconfigurationbas ever beenfoundis

huwcverno proofthat noneexista. That proofcan be obtainedby useof

thégroupGofethane.

Théequations N (s,t) *=t

N(4,2) = 2

N(4,t,t) = 3

N(3,3) a

uniquelydetermincthe groupG of ethane as (a6oc~h<. Nowevcryper-
mutationgroupis simplyisomorphouswithanabstractgroup,andthevcry
limitedclassesof abstractgroupswhichmay be IHustratedby rigidcon-

<i)!t!Mtionshavebeen definedbeyondquestion. The group (aM~f)~is

.<i)np!yisomorphouswithanabstraetgroupwhichisnota memberofanyone
ofthèsechsses. Henceas longasno changeismadein the isomernumbers

quotcd,it willbe mathematicallyimpossibleto finda rigidconfiguration
forthé ethanemolecule.

TheGroupG of C!/c~-Pen<OMe<A~cnc.–Sti!tanother interestingappli-
cationof thegroupconceptis as follows. The attempt hasreccnttybeen

tuade"to developfromthe symmetrysystemused by crystallographersa

systemapplicableto substancesinthe fluidstates. Suchanattemptimplies
thataxesofperiodsotherthan !3,4 or 6 canhaveno applicationto the

subjectmatterofsterco-chemistrysincetheyhavenoneto thesubjectmat-
tcrofcrystallography.

Thesubstanceknownas cyclo-pentamethylenehas the empiricalformula

t 'Hm. If Visthe nvecarbonatomringof thismolecule,thendis !o. Only
unetype of monosubstitutionderivativeof this compoundbaseverbeen
'fbtained.ThéexperimentaldatathereforejustifytheequationN~(9,;) ].
Hutif thisistrue,G is a transitivegroupofdegree10,andall suchgroups
'ntain operationsoforder5,~whichareto bcinterpretedgeometricallyonty
asaxesofperiods. Henceifnomolccularconfigurationcancontainan axis
"fppriodS,theremustbcat !easttwounivalentsubstitutionisomcrsderived
fron]thcskeletoninquestionwhcn(p) is (9,t). Until sucha pairofseparaHe
i~onershasbeendcmonstrsted,it wouldseemunwiseto attemptto force

"tereo-chemistryintothe narrowcompassofa systemrestrictedbytheHaüy
mtionalindexJaw.

?'AeGGmKpsofHcMM~otM~enes.–A fourthapplicationof thé group
conceptdcscrvesmentionat thispoint,but asit hasnotyet receivedthorough
iaYcstigation,it cannotbe givenany adequatetreatment in the present
papcr. Chemistshave longbeen accustomedto ctassifymoleculesinto

Weisscabet-g:Ber.,59,t~S (t9t6).
"Cote:Quart.Jour.Math.,27,40.4!.
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homotogousseries. Thestraightchain,saturatedhydrocarbons,forexample,

< formoneclearlymarkedseriesof this kind;the primary,saturated,mono'

hydricalcoholswith unbranchedehainsformanother. It is wellknownthat

in manysuchseriesthe first memberexhibitsanomaliesin behaviorwhich

di<ferentiateit fromall the othermembers.Fonnicacid,forinstance,iathe

on!ystraightchainsaturatedatiphaticacidwhichisa strongreducingagent.
Sinceeachof thé moleculesin sucha seriesisassociatedwitha permuta-

tiongroup,it isnatural to scanthe groupsofthéseriesthus definedto seeif

they do not possescommonpropertiesanalogousto thc commonproperties
of thpir respectivemolecules. Suchpropertiescommonto the membersof

someoftheseseriesare instantlyapparent. Moreoverthe groupsoftenshow

anomauMto match thoseof the moleeulesthemseives,for the firstmember

frequentlydiffersmarkedlyfromthe others.

Anexamplewill probablymakethis mattcrclearerthan a generaldis-

cussion,andforthis purposethéseriesofgroupaassociatedwiththe straight

chainsaturatedhydrocarbonsisasgoodaninstanceas any. Thereisa series

of permutationgroups(gh), (~), (~.t)'.M), etc., each memberof whichis

simplyisomorphouswiththe abstractgroupoforder2. If thégénérâtsymbot

~(~) be adoptedfor this series,then an willbethe degreeof any mombet-

group-n beingany positiveinteger. Thecaseo(~) maybeineludedin this

schemebydefiningit as the identitygroup.
LctG bethe symbo)for a seriesofgroups0;, G:, etc.associatedwitha

sériesofmoteeules.If thé seriesofmoleculesbethestraightchainsaturated

hydrocarbons,then Gis {(atcd~! ,,(~))< Forethane,n = o; forpropane,
n = t fornormalbutane,n '= 2 etc. Thatis

GE,)~n~ = Mc~ef)~

Op,
=

Ra&~),)]~,

Ox.t '<.n.
=

[(a!'<~<;f)..(~U)J'

Etc.

Thismeansthat the G groupsof all thé straightchainsaturatedhydro-car-
honsexcpptméthaneare simplyisomorphouswiththe sameabstractgroup–

namelythégroupoforder 18generatedasfotfows:

= B' C" = i

An A

Ac= B
Bc= A

<!M.~h.Mis (a&c<<')poswhieh isof order tï and consequentlynot simplyiso-

morphouswiththe aboveabstractgroup.

If, in thesymbolNv(p), Vbetakenas theproperlychosensketetonofany

motecufewhichis a memberofsucha seriesas theonejust mentioned,then

(p)maybcstated in terms ofn. Byformuta(A),~v(p) maythenbeca)cu-

tatcd. In this way there are obtainedexpressionswhichare functionsof n

and whicharevery simitarto certainexpressionsdevelopedby Kaunmann.~

Kauffmann:"DieYatenztehrc,"pp.tgo-'M(<9"). a

iri

t
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<! ch'ar that thf nnnf!)f!f)'otinn<.t tnn~tinMn~ nm !*tt)<mnn~m*t th~!t is clear that the considerationsmentionedare independentof thé
ttcnningagreementas to the c!a!<sof isomerato be enumerated,and soit ix
n'asonabtcto expeetthat under like restrictionsthe valuesofN'y(p)and
v(p) coulda!so becalculatcdin terms of n. But littlebasyetbeendonc
inthc wayof devciopingthèse formulae,and at presentit is meretydesired
to pointout the possibilityof suchexpansionwithout venturingany pre-
dictionas to theprecisenature ofthe resultsto bc attainedthereby.

V.DeterminationsandApplicationsof G' andN'v(p)
McM<o<«M<~~').(p).–N'v(p) has been definedas the numberof un-

vaientsubstitutionisomersdeterminedby the skeletonVandthépartition
<p),takingaccountofstructural isomerismand diamerism,but neglecting
t-nantiomorphistnby countingeachenantiomorphouspairasoneindividual.
liutevetTset ofN'v(p)8is in agreementor compatiblewitha setofZo' (p)B
inexactlythe sainewaythat a set of Nv(p)s is in agreementorcompatible
withasetofZr,(p)s.Henceall theprunedsymbolsG', Ha'(p),Zo'(p),S'v(p)
andX'v(p)havetneaningsexactlyanalogousto the unprimcdsymbolsalready
ooptoyed.Moreoverthe formulae(A), (B) and (C)are independentof the
dcfitlingagreementwhichfixes the class of i«omcrsto beenumeratedand
dt'tcrmincsthe group;they are thereforeas wellapplicableto thedetennina-
tionofN'v(p)as ofNv(p). A!sothey mayequallywellbcreversedandused
furthédctenninationofG' froma sufficientnumberofvaluesofN'v(p). In
f:('M'ra)themethodsofdetemMBingG and the resultsobtainedbytheuseofG
arcparalleledby a setofsimilarmethodsand resultsforG'.

y/teRelationsc/'G' andG.–Thé natureofG byitselfmaynotbeofmuch
intcrpst,but the comparisonof G' with G whereV isconstantisa matterof
Krcatimportance.Ïn the first place,since,

Ko(p)= Nv(p)and Zo(p) = N\(p)
then Za(p) Zu'(p) = Nv(p) N~(p)

MutXy(p) N'v(p)is the numberof enantiomorphouspairsin Sv(p). Its
analogue,Zc(p) – Zo'(p)is a propertyof the pair ofpermutationgroupsG
and G', and can thereforebe discussedindependcnttyof anyspacecon-
fifturation. ·

Inspectionofa]!theparticularcasesstudiedbas suggestedageneralpropo-
sition,namely,that thé dyadic nature of the enantiomorphousrelationE
atwayslimitsthe relationsof G and G' to two possibintics:

(a) G=.G'andg=g'

(b) Gis a subgroupof G' andg ==g'/2.
Buthofthèsepossibilitiesneedfurther discussion.

If G = G' and g = ); thcn He(p) = Ho'(p), Za(p) = Zo'(p),
S\ p)=S'v(p)andNv(p)=N'v(p)for allvaluesof (p). Thisimpliesthat there
ax'noenantiomorphouspairsinS\'(p) but hèretwoexplanationsarepossible.

<) Forall valuesof (p), every membcrx of 8v(p)is suchthat there
xi.<t<nosubstanceysuchthat xHy. 1
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(:) For all valuesof (p), everymemberx of Sv(p)is such that thct'e

existsa substancey suchthat x E y, but y is nota memberof Sv(p).
If statctnent(i) holdstrue, then no substitutionderivativeof the parent

substanceisa ntcmbcrofanen~ntiomorphouspair. Etbytcncisanexampleof

sueha parentsubstance. If statement (z)holdstruc,theneverysubstitution

derivativeof the parentsubstance(A)is enantiomorphouswitha compound
derivedby substitutionfroma differentparentsubstance(B). Thenatural

interprétationisthat (A)and (B) are themselvesenantiomorphous,andtheir

skcictonsmay likewisebe so considered. Dextroand laevocamphorare

examplesof such an enantiomorphouspair. Everyunivalentsubstitution

derivativeof dextrocamphoris a memberofan cnantiomorphouspair,but

no pair of cnantiotMorphsmay be derivedbysubstitutionfromdextrocam-

phor. Everyunivalentsubstitutionderivativeofdextrocamphorisa sketctat

isotnerof its enantiomorphderivedfromtaevocamphor.

IfGisasubgroupofC'andg = g'/z,thensiMe,accordingtoformuta(C)

Zo(t,t.t)=-d'/g and Za'(!i,!)=d'/g'

Xo (t,t.) :ZQ' (t,t. ï,t)

But (t,t.) is théonlyvatucof (p) forwhiehsosimplea relationalways
holds.

?7«?f~t~M~G' of jE'<Ao/)f.–Théuse of the valuesofNv(p)and N'v(p)in

connpctionwith oneanothcr often simptifiesthe determinationof both G

and G Forexample,if Vis a pairof carbonatomsunitedbya singlebond

N(5,.) = i K'(S,') = 1

N (4,a) 2 K' (4,:) = a

N(4,1,!) =3 3 N'(4,~) =~ 2

N (3,3) = a K' (3,3) a

These values of N'v(p) do not uniquelydétermineG'. The groups

(~:aM~'):<,(a~<)M, (o~cd~)~(obc<~)«and(oM~)!t all agreewiththé

figurescited. Butsincethe quotedvaluesofNv(p)uniquelydctennineG as

(abcdef),G' mustbcoforder36andmust contain(a6cde/)Mas a subgroup.
The group(NM~M,is the only groupof degree6 whichfulfillsthesere-

quirements,hencetheotherpossibititiesforG' areexcluded.It is true that

theseothergroupsmayalso be excludedby consideringthe morecomplex
valuesof (p) and the N'v(p)s associatcdwiththem,but the reasoningjust

givcncuts downthe amountof experimentaldatanecessaryfor the unique
determinationof G Theadvantageof consideringtogetherthe Nv(p)sand

N'v(p)sis thereforoobvious.

TheGroupG' <~Benzene.-The procedurejust outlinedleadsto somo

strikingresultswhereV is the six carbonatomringof benzène. Asbas

alreadybeenshown,the thrce équations

N (5,1) -=i

N (4,2) = 3
N (4,1.1) *=3

1~

1,
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m)iqup!ydetermineGas(tM<~), Supposethat g g'/z. G' mustthcre.
furcbea groupofdegree6 and order24 whichcontains (a~tc~, as a sub.
K'oup.Sinceit iswellknownthat nosuch groupexista,g ?tg'/j,,and thcre-
foreg =' g'. HenceG = G' and enantiomorphismis impossibleamong
univalentsubstitutionisomersderived ft-omone benzene. Thismay be
f'xptainedin twoways. Eitherthere isonlyonebenzene,andnosubstitution
dcrivativcofit isa memberofan enantiomorphouspair, or elsetherearetwo
i.skt'tctattyisomeric)enantiomorphousbenzenes,and everysubstitutionde-
) ivativpofeitheroneisa memberofa (sketetaUyisomeric)enantiomorphous
))ah-. It is the first alternativewhichcorrespondswith the knownfacts.
tti .~hort,for 8omeunivalentsubstitutiondenvativcsof beniicoeto exhibit
(.tumtionMrphismwhileothers do not is a mathematicat impossibilityas
tuneas thevaluesofNv(p)citedare not alteredby experiment.Thiscon-
ctusionémergesvcrypromptlyas soonas the groupsG and G' of benzène
arf.ronsidered.It has successfullyeluded many of thoBe~whofor over
hn)fa centuryhavearguedaboutthespaceconfigurationof thismolecule.

-S(<of T'raHM'<tf;'<~corresponding(o ~H<!n<WHorpAoMsPat'rs.–Perhapsthf-mostimportantresultobtainedby the simultaneousconsiderationof G
imdG' istheidentificationofthe pairsof setsof transitivityinH(,(p)which
correspondto the pairsofenantiomorphsin Sv(p). The wayin whichthis
i~'ntincationmaybcaccomplishedis ittustratedby the casewhereVis the
thrt'ccarbonatomringof cyclopropane.Here

K(S~) i N'(s,i) i
~4,~=4 4 N'(4,:) =3 3

Th~e data" identifyG as (a6c<~).and showthat G'~G. HenceG' is of
ordcrn and contains(a6~f). as a subgroup; it is therefore(<)M.
Xow(aM~). is generatedby the operations a6c.<~ and o<f.ce, and
~f<~)Mresultswhen(ooc~). is extended by the operationod.&e.qf.If

ab=A oe=D M=G ed=J J de~M
ac=B (~=E 6e=H ce=K <~N
ad==C 6c=F b/=I 1 ~==L <~0

thenHc(4,:)isgeneratedbythe twooperations
(') CHL.DIJ.EGK.AFB.MONand (~ HL.DJ.EG.AN.BMFO

H~4,!)istherefore of the type KCHL.DIJ.EGK) all (AFBMON).]
H(!a)isgeneratedby opérations(r) and (~)and EJ.DG.IK.AM.BN.FO
and is thercforeof the type KCHL,all (MJEGK.AFBMON),,]m. Ob.
v'ou.s)yit is the twosets (DIJ) and (EGK) in H~) whiehcoalesceinto
thcsingleset (DIJEGK)in H<(4,:). Henceit is these twosetsof transi-
t'vtty (DIJ) and (EGK)whichrepresentthe enantiomorphouspairamong<'K'fourisomersin Sv(4,2). To decidewhichof these enantiomorphsis

-3.M'~ 16, (1883); Soc.,53,¡III(rgg8);Meyeranc~Lühn:Der.,28,2795(tg9S)·

"f
~l'~h~S' cyclopropanedicarboxylieacidofwhichtwoM.memberaufunensntiomorphouspair.
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representedby (DU) and whiehby (EGK)is impossible,and smiitarty,if

any pair of enantiomorphsis consideredby itsetf,the distributionof for-

mulaebetweenthe membersof thepairisanarbitraryproceeding.

VI. GeneticRelations

Get!e<<cRelationsasAnalogues(~GroupProperties.-Thegeneticrelations

betweenadjacent Sv(p)shave beenshownto be type properties,and it is

thereforeofinterest to inquirewhetherornot theseproperties,likethe other

type propertiesalready discussed,havernathematicalanaloguesinherent

in thegroupsassociatedwith themoleculesinquestion,andareconsequently

independentof spaccconfigurations.Examplesasgoodas any are the rela-

tionsstudiedby Kôrnerwherethe skeletonVis the oarbonringof benzène

andtheadjacentpartitionsare (4,2)and(3,3). In thiscaseG is (abct~n.

~-(4,!) is3andNy (3,3)is 3.
If théoperationsof (abc<))! arewrittenout,firstin theCayleynotation

andthen ina moreexplicitform,thefollowingtableisobtained.

CayleyXotation ExptMtFonn

r a&cde/

a&c. &cae/d

ac~e cabfde e

<td.6e.~ de/o occ

ae<-db/ e/dtca

afbdce /<!ecat b

aMe o«ce/d d

ac.df c!'a/ed d

bc.~ ac&d/e e

ad.bf.ce d/eoct b

<!C.M.<~ ed/ooc e

qf.~e.cd /edcbo a

Fromtheexplicitformof theoperations,itmaybeseenthat the unordercd

pairad isreplaccdsucccssivciybytheunorderedpairsbeand<:f.This means

that the set

1 = (a~,<~)

representsoneset of transitivityin thegroupHo(4~). Similarly

II = (oe,cd,bd,ce,<~)and

III (ab,bc,oc,de,)

representtwo other sets of transitivityin the samcgroup. Andsincethere

arebut fifteenunorderedpairs,ZG(4.2)is 3.

In a likemanner,the completclyunorderedtripleabdis replacedby the

completelyunorderedtriples bce,acf,ade, c<y,abc,bcf,acd,a~, bedand

c~. Hence

IV = (<tM,bce,oef,ode, cdf,abe, a~ odf,bed,cef) j

)
r
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représentaa setoftransitivityin N0(3,3). Simihu'Iy
V = (ocf,abf,M, bdf,cde.a~) and
\'I = («oc~c/)

K'prpsenttwoothersetsoftransitivityin thesamegroup. Thiscomplètesthe
tistof2ocomptetetyunorderedtriples,and so~0(3,3)M3.

Thepairsof1appearonly in the triplesof IV; therefore1isadjacentto
t\' only. The pairsof II appearin the triplesof IVand Vbut not in the

triplesofVI; henceII is adjacentto IV andV but not to VI. Thepairsof
ttl appearin the triplesof IV, Vand VI; henceIII isadjacentto all thrce
<tfthesesets. Thèserelationsmaybe representedschenmticaMyby the fol-

tnwingdiagram. Andit willbe seenby referenceto p. 104:that the two

u

Er~ E3 CE

<)ia);ramsareexact!yanalogous.So in this caseat least,theadjacencyrela-
tionstjetweenthe sets of transitivityin Ho(4,2)and Ho(3,3)are the exact

anato~esof the gcnctiorelationsbetweenthe membersof 8v(4,:) and

~v<3.3).Andjust as thegeneticrelationsaresufBcienttoidentifyeachoneof
thc isomers,so the adjacencyrelationsarc suffieientto identifyeachoneof
thcsetsof transitivity.

If theunorderedpairsare labelledas onp. io5g, the groupHc(4,ï)isof
thc type[(CHL)a!!(DIJEGK.AFBMON),~as wasshownat that point.
Ifthécompletclyunorderedtriplesare labelledin a likefashionasfollows:

«;.<-= A' acd =.E' a<<f=1' o~ M' c~e ° Q'
oM= B' ace = F' aef = J' bde= N' <x~= R'
o&<;==C' a~ = G' M = K' 6<y= 0' a/ ==S'

= D' ade = H' &ce= L' bel = P' d~ = T'

thcnthégroupHo(3,3)isgeneratedby the twooperations
'j) A'T'. BT'G'H'L'R'. C'S'E'X'M'I'. F'Q'K/O'D'J'

B'C'. P'I'. G'M'. H'N'. L'E'. R'S'. J'O'. F'K'
andis thereforeof the type

i[<HT'G'H'L'R'C'S'E'N'M'I')M(F'Q'K'0'D'J')~]~(AT)}M
Thégeneticandadjacentrelationsjust developedshowthat
[) Thcset (CHL)representsI, the para compound.

12) Theset (DIJEGK)representsII, the orthocompound.
'3) Théset (AFBMON)rcprescntIII, the meta compound.
'4) Theset(B'P'G'H'L'R'C'S'E'N'M'I')rcprpscntsIV,thcunsymmctric

compound.
(5) Theset (F'Q'K'O'D'J') representsV,the vicinalcompound.
C)~Theset (A'T') representsVI, the symmctriccompound.

In thé casejust citcd,it is clearthat the mathematicalanaloguesofthe
Sfueticrelationsbetweenthe setsof isomersarc theadjacencyrelationsbe'
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tweenthe groupa.But therc is nothingin thetypeof reasoningusedwhich
restrictsthe groupsto whichit tnaybcapplied.Hencethe genetierelations
areingeneralanalogousto the adjacencypropertiesof thcgroups,andthere-
foreindependentof spaceconfigurations.

Genelie~f!ah'on<os~<pp~HfM<s/or~'e<s<y(p)s.–Thèse genetierela-

tions,liketheenantiomorphousrelationsprcviouslydiscussed,help to reduce
thenumberofvaluesofNv(p)aecessaryforthedeterminationof G. If (p,)
and (pb)are twoadjacentpartitions,it maywellbethat Nv(p.) and Ny(Pb)
are in agreementwith the correspondingZo(p)sfor morethan onegroup.
Let twosuchgroupsbeG;and Gr. Eventhough

Zo,(p.) = Zo,(p.)andZo,(p).)= Zo,(pb)
it is improbablethat the adjaceneyrelationsbetweenHa,(p,)and Ho,(pb)
willbethesameas thosebetweenHo,(pt)andHo,(pb).Andso if the genetic
relationsareworkedout for Sy(p.)andSy(pb),theymaysufficetoeliminate
eitherG,orG:. If the numberofgroupain agreementwithallknownvalues
of Ny(p)is large,suchgenetiorelationsmaynot be sufficientto identifyG

uniquely,but the numberof possiblegroupsis oftenconsiderablyreduced.
AswasmentionedinsectionIV,certainsetsof literallyconformaigroups

hâvebeenfound,the membersof whichcannotbedistinguishedbycomplete
setsofZn(p)s. It is interestingto notethat inall casessofar investigated,
eachgroupof this kindbas beenfoundto be identifiableby the adjacency
relationsoftheHa(p)s. That is,sofarasknown,anypermutationgroupmay
beuniquelyidentified,eitherby a sufficientnumberofvaluesof Zo(p)alone,
orelsebythesevaluesconsideredin connectionwiththe adjacencyrelations
bctweenthe Ho(p)s. It seemsprobable,therefore,that it is possiblewith
sufficienttypedatato defineuniquelythegroupassociatedwithanymolecular
skeleton."

Takingthe genetieand enantiomorphousrelationstogether, it Mfre-

quentlypossible(asin thecasecitedinfull)to establishthe correspondence
betweeneachisomerin S~'(p)and eachsetof transitivityin Ho(p), except
that onlythe pairof setscorrespondingto a pairofenantiomorphsmaybe
determined.It is not alwayspossibleto workout so completea systemof j
correspondence,but in cvery case yet investigateda large numbermay ¡

easilybefound.

C'Mand?'r<!M&DerivativesofEthylene.-Itis instructiveto examineacase i
wherereasoningof this sort is inadequate,in orderto illustratethe fateof

problemsin whiehconclusionsdrawnfromtype propertiesare insufficient
fora uniquesolution. If the skelctonVconsistsoftwocarbonatomsunited

by a doublebond, then

It bynomeansfollowafromthisstatementthatGuniquelydetenninesV. Forex-
ample,inthettioxaoanddithianmoleeules,ifVMMehosenthatd il 8,thenODio~u)ia
identiealwithGDXMon.Andotherinstanceawherewidelydi<fehngvaluesofVdetermine
thésameGmightbecited.TherelationsofthédMerentotteietonswhichgiverMetothe
sameGformanintricateprobleminconnexity.
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X (.)
= i N'(3,i) ~i 1 N'(3,!)

= t

X~~) -3 3 N'(~) =33 N'(:) = a
~) =3 3 N' (2,1,1) =3 3 N'(Z,) -2 a

X(.,I,Ï,l) -6 6 N'(!,t,I,t) = 6 N'(1,1,) 3 3

T)K'scdata detemineboth G and G' as (aM)4 and G" as («M)<. Since
thcrcareno twoenantiomorphousske!etonswhichcorrespondto the above
dofinttionof V, enantiomorphismis lackingamongthe substitutionderiva-
tin's ofethylene.

Theproblemto besolvediBthecorrelationofeachoneofthethrceisomers
i))Sv(?,!)withoneof the threcsetsoftransitivity inHa(!z). Thegroup G
i<Kcncratedby the operationsa6.cdand ac.bd;the operationacextendsthis
t:roup(oM)<to (o6c(!)<whiehis G". Let

ao = A <? = D
ae~B Me H

o<< == C cd = F

') hpnHG(:,ï) isgeneratedby the operationsBE.CDand AF.CD;it isthere-
forcthe group [(AF)(BE)(CD)]pos.This group contains threc sets of
(rHnsitivity–whiehagrees with N~(~,2) = 3. Ho"(2,2)is generatedby
m:.CD,AF.CD,andAD.CF;it is thereforethegroup[(AFCD),pos(BE)]dim.
This group containsonly two sets of transitivity-in agreementwith
\'v(2,2) = a. Theseresultsindicatethat oneof the threeisomersin Sy(2,ï)
i-=rctatcdbystructuralisomerismwiththe othertwo whicharestereo-isomers.
Andsincethesetwoarc not enantiomorphs,thcy must bc diamers. (BE)
is thp set of transitivityin Ha(?,!) whichcorrespondsto the structurally
rdatpdisomerin 8~(2,2);(AF)and(CD)correspondto thediamericpair.

Thenextstepis to decidewhichmemberof this paircorrespondsto (AF)
andwhichto (CD). It bas bccnshownthat the relationsof GandG"are
insufncientto establishtho eorrespondcnce.SinceG'= G', nohelpis to be
~btainedfrotnenantiomorphism.Henceit is ncccssaryto haverecourseto
thf ffcnpticrelations.

Acompletediagramof the geneticand isomcricrelationsbetweensub-
't titionderivativesofethyleneforallvaluesof (p) isgivenbelow..'t 't utionderivativesofethylene for all vatue!

'(4) N(p)=t 1 N'(p)=i 1

')')-(3.') N(p)=ï N'(p)~i 1

!"=(:) N(p)~3 3 N"(p) = 2

')"°(ï,t,t) X(p)=3 N'(p)=2 2

'==~) Xfp)=6 N'(p)=.; (
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The présence of a horizontal double arrow indicates a diamerie relation

between two isomcrs; thé absence of sueh an arrowindicates that the relation

is one of stmctural isomerism. The two diamers under discussionare 1and

11,and the table shows at a glance that there is in it nogenetic relationwhieh

serves to distin~uish ono of thèse isomersfrom the other.

Since the relations between G,G', and G" also fail to difïerentiate thèse

twosubstances, only one conclusion is possible. Sucha pair of isomerscannot

be distinttuished by any type property now known. And the saine is tme of

thé diameric pair III, IV. This conclusionis entirely in agreement with

experimental practice. Whcncver diameric pairs of disubstitution deriva-

tives of ethylene have bcen investigated, it has been necessary to fall back

on the spécifiepropertM'sof the motecutesin question in order to décidewhich

one is the cis and which one the trans isomer.

The ciassicexantple of this sort of a pair of diamers is the case of tnateic

and fumaric acids. Hère thé décision is basedon thé rotative tendencyof the

two dibasic acids to yield cyctic anhydrides. Of coursethis anhydride forma-

tion is a spécifieproperty of the two carboxylgroups. No décisionon similar

grounds is possible in the case of stilbene and iso-stitbenewhereno univalent

substituents with ring-fonning properties are present.
As to the value and pertnanence of conclusionsbased on such specifie

properties, it is sufficient to review the history of the tnatcic-fumaricacid

question. This pair of acids was first thoroughtydiscussedin 1889 by Wis-

ticcnus,~who decided that mateic aeid was the cis and fumaric acid thé tmns

fonn. Frotn that time on thc discussion bas continued. In 1926,Kuhn

puHished a paper gravcty questionin!; the corrcctnessof WisHcenus'sreason-

ing. His work called forth at least two controversiaianswcrs, to whichhe

replied with new arguntents supporting his previouspuMication. Areason-

able prediction is that argument on this subject willgo on until thé discovery
of a type property which differentiates the two substances in question. It

willthen cease once and for all, just as argument about the ortho, meta and

para positions eeased when Kômer pubtishedhis results in 1874.

Vn. StructuraMy Isomerle UnivalentSubstitution Isomers

7'/)e C«/o<~<<oKof A"')'(p).–T!te number of structuraHy isomerie sets

of univalent substitution isorners determined by a given skeleton V and a

given value of (p) has been defined as X'v(p). Andjust as a completeset of

Xv(p)s or X\-(p)8 usually detcnnines and is always compatible with a per-
mutation group G or G', so in like manner a completeset of N"v(p)susually

detennines and is always compatible with a permutation group G". Hence

formulae (A), (R) and (C) can bc uscd to calculate K*v(p) if G" is known.

Thèse fonnu!ac can also be revcrscd (as inthe precedingsections) and used to

détermine G* from a sufficient number of values of N*v(p). N"v(p) again
has its analogue in the properties of the group Hc'(p), and is similarlyindc-

pendent of the spacc eonfigumtion of the molecule.

WMtccntM:AbtMnd.math.phyMt:.Kh.sse~ctM.Akad.Wt&t.,M, t ()88?).
iuKuhnandEbehBer.,S8,9)9,zoa8; Mehenheuner:)49t;Boeseken:~70 ()9:5).
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TlieRelationsof<7andG'.–Thé relationsofG and G' to G"(whenVis
constant)offersomefascinatingand puzzHngproblems,mostof whiehlie
))cyondthe seopeof thc presentpaper. It is hoped to returnto themin a
tatt'rarticle. But onepartioutarinstanceofsuehrelationswillbcconsidered
insomedetailbocauseit showshowthe numbcrof isomersin Sy(p)whiehgo
tumakeupeachoneofthe subsetsin8"v(p)maybe determined.

WhcreVis the threecarbonatomringofcyctopropane,N~(4,2)is4and
X\-(4,?)isz. Oneof thesubsotsin8*~(4,2)eontainsthreeof the isomersin
~~(4,!)théothereontainsbutone. Forthis skeleton

N"(s,.) = r

N"(4~) = z

N"(4,) 2

N"(3,3) = 2

N'(3,~) 3

Thèsedata" are in agreementwiththe idea that C'cyd.Mp. is (oM~')«,
itKMUpofwhich(oM~). is a subgroup.~ As stated on p, ios9. (a&c~),
'whichisgencratedbyabc.defand ad.bfce)is the groupGc,.).ff<.p.M.The
upcmtionad extends(aMe/). (=G) to (aM~, (=G"). Onp. tosgit
WMa)soshownthat forthe valueofVhereconsidcrcd,Ho(4,2)isofthe type
t(CHL.DU.EGK)aH(AFBMON).L,.Where (p) is (4,2), the extending
opérationad becomcs AG.BJ.DM.EN,and Ha"(4,2) is of thé type
t(( 'HL)aU(CIJKGKAFBMON)~ Inothcrwords,theenectofextending
Hn(4,!)to Ho'(4.!) is to makethe three setsof transitivity(DIJ), (EGK)
andtAFBMON)coalesceinto thesingleset (DIJEGKAFBMON).Thèse
tiu'Msetsthereforerepresentthe threcisomerswhichare distinctas longas
i-tcrco-isomcnsmis taken into account,but which becomeidenticalw))en
thisfonnof isomerismis no longerconsidered.The fourthset (CHL)rcprc-
scntsthe ifiomerwhichretains its individualityeven whenstercoisomerism
isdisregardedandwhichie thusprovedto be structuratty isomericwith thc
utherthrec.

Since(DU) and (EGK)havealreadybeenshown,p. t059,to represent
a pairofenantiomorphs,the relationsdevelopedare sufficientto permitthe
correlationof eachoneof thc setsof transitivity in Ho(4,!)withoneof the
M'tncrsinSv(4,a),exceptthat thereis nomeansof decidingwhichoneofthe
'-nantiomorphouspairis representedby (DIJ):

Heasoningof the sort hereemptoyedis independentof the natureof V
!'n<)(p),and consequentlywheneverG and G* arc known,suchreasoning
'"aybeusedto déterminethe numberof isomersin 8v(p)whichgoto make

'4.) =2"eeMMbutti:Ann.,294,!3t (!897):(tteoKohnandMcndetc.
'ntm-h:~~OMtscheft.,42,24;(tQ2t).).
'"r (3,3)° 2 MeConradandGuthMtt:Ber.,t7, )86 (~84);ahoPerkinandIng:J.<tK-n).Sac.,t25,t8t6(~4).t' X'(3,2,))= 3 MeGoas,IngoldandThonM:J.Chem.Soc.,tM,3353(t923);ahm
~thu~:Ann.,294,) <2(t897);alsoStaudingeretal.:He)v.Chim.Afta,7,40<«924).

r TheothervaluesofG wbichareinagreementwththèsedataareexcludedongroundswhichwillnothorebediscussed.
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upeachoneofthe subsetsin S"v(p). Henccthèsenumbersareagainproper-
tiesofthe groupsG andG",andthereforeindependentofthe spaceconfigura-
tion.

Vm. Conclusions

Thepropertiesemphasizedin thispaperare the following:

(:) The number of univalent substitution isomersin the set 8v(p)
determinedbya givenskeletonVanda givenvalueof (p).

(2) Thenumberof enantiomorphouspairs in Sy(p).
(3) Thenumberof strueturallyisomericsubsetsin Sv(p).
(4) ThenumberofmembersofSv(p)in eachof thestrueturatiyisomeric

subsetsof Sv(p).
(5) ThegeneticrelationsbetweenadjacentSy(p)s.

AUthese five propertieshavemathematicalanaloguesinherentin the

groupsG, G' and G*and thereforeneedno considerationofspaceconfigura-
tion. Sincethesecompletethe knownlistof typepropertieswhichhavetodo
withunivalentsubstitutionisomerism,it maybcstatedthat the knowntype
propertiesrelated to such isomerscannot justifiablybe uscd to determine
thespaceconfigurationof the moleculein question. In viewof the factthat
the type propertiesmentionedareall expressedby purenumbers,thiscon-
clusionshouldoccasionno particutarsurprise.

Thegréâtmajorityof spaceconfigurationsin the chemicallitcratufeare,
however,basedprincipallyon just thcsc fiveproperties. In fact, werethe
conclusionsfoundedon suchdata eliminated,knowledgeof molecularspace
configurationswouldbe reducedto a smattfractionofwhatis nowsupposed
to be known. It wouldbe necessaryto rely entirelyon spécifieproperties
forinformationin this field.

Thereare, it is true, certaintheoriesbasedon thespecificpropertiesof
moleculeswhichbearonthe matterofspaceconfiguration.SucharetheBaeyer
strain theory, thc theory of steric hindrance,the dissociationtheoryof

Bjerrum,the théoriesof dipolemoments,bandspectra,etc. Thesethéories
havebeenreliedon to confirm(wherethey do not contradict)the evidence
basedon type properties. Whetherit is possibleto developfromsuchideas
alonea consistentsystemof molecularspaceconfigurationsis a matterof
individualopinion,sincethe questionis certaintyopento doubt.

If the term "configuration"(meaningspaceconfiguration)wereto vanish
froma largepart of ehemicaltheory, and the tcnn "permutationgroup"'
wereto take its place,sucha changemightwct)beregardedas astepforward.
tn thc firstplace,it is possibleto deducefromthe permutationgroupmost
of what bas customarilybccn deducedfromthe configuration.Secondty,
whatevcrcannotbc deducedfromthe permutationgroupcannotbededuced
fromthe type propertiesof the moleculein question,or at least not from
thosetypepropertieswhichhavetodowithunivalentsubstitutionisomerism.
Andsinceexperienccbasshownthat typepropertieshavefurnishedafounda-
tionfor reasoningverymuchsurerthan that furnishedby specifieproperties,
it wouldbc possibleby useof thc concept"permutationgroup" to distin-
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~uishcertainparts of chemicaltheory whiehare relativelycertainfrom
otherswhiehare relativelyquestionable. Thirdly,by fixingattentiononthe

permutationgroupsassociatcdwith a givenmolecule,it Mpossibleinsome
instancesto etioit fromthe facts more informationthan is obtainableby
cxeiusiveconsidérationof the spaccconfigurationusuallyattributedto the
tno)ecu!ein question.

Moreover,the useofpennutationgroupsin placeof spaceconfigurations
wouldputan endto muchof théconfusionwhichbas recentlyarisenin this
nctd. Formanyyearsthe determinationof molecularspaceconfigurations
htyin the handsof organicand inorganicchemists. The resultswhichthey
'thtiunedformeda systemalmostcompletelyself-consistentandofverywide

xcope. But reeentlyphysicists,using the X-ray spectrogramsof crystais,
andphysicalchemists,usingdipolemoments,bandspectra,etc.,haveentered
thefield;andthe resultsobtaincdby the newmethodsareoftenat variance
H'iththosepreviouslyobtainedunderthe guidanceof 8tereo-chemicalthéories.

A wayofescapefromthis dilemmais clear. If twoindependentinvesti-
f!(ttorsdeterminethé space configurationof the same motecu!ounderlike
conditionsand arriveat contradictoryresults,at least oneconclusionmust
t'c in error. Both maybe. But if the sametwo investigatorsset out to
drtcrminethé permutationgroupof the moleculein questionand arriveat

difTcrcntresutts,it is entirelypossiblethat both conclusionsmaybe correct.
.1tno)eca!eis associatednot withone but withmany permutationgroupa.
In thé presentarticle,the three which are most commonlyconsideredby
"rRanicchemists(thatisG, G' andG")havebeendiscussed.Nodoubtthnre
arcmanyothers. Whichofthèsegroupsemergesuponinvestigationdepends
onvariousconsiderationsamongwhich are the definitionadoptedfor the
tcrm"puresubstance"and thedefiningagreementas to thec!a~sofisomers
tobeenumcrated.Infact, everypermutationgroupsodeterminedis to be
rc~rdedas an aspectof the moleculeunder discussion. Occasionallytwo

f<jnnaHydifférentaspectsof onemoleculemay turn out to be the same(as
inthc casewhercG G'), but such instancesare the exceptionandnot the
))))< If twoso-calledconfigurationsof onemoleculearrivedat by different
nK'thodsturn out to bethe same,the identityrequiresexplanation.If they
turnoutto bcdifferent,this resultis onlywhatwouldusuallybeexpected.

Thedefinitionsofpuresubstance,and the definingagreementsas to the
ctasscsofisomersto be cnumeratedused(sometimeswithoutcxplicitstate-
tHent)by physicistsand physicalchemistsare not synonymouswiththose

''t)stomari!yused (alsofor the most part withoutexplicitstatement)by or-
Kanicehemists." Henceit is not strange that the newrcsu!tado not
akreewiththosepreviouslyregardedas weHestablished. If the claimis
nutdethat thesenewviewsaddto the knowledgeof the substancesinvolved,
it ii:dimcuttto sechowthis claimcan bedeniedor whyanyoneshouldwish
tndcnyit. But thereis no groundfor thé conclusionthat thc recentresu!ts
f'btainedby physicalmethodsinvalidateany part of the classietheoryof

stcrpo-chemistry.

Wciescntjerg:Be)-S9,t5t6(<9:6);Henri:Chem.Reviews.,4,tS?(t~?).
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IX.Notes

A.

In certaincases (and particutartyamongunsaturatedaliphatiecom-

pounds),wherethcre are only twodiamericstereoisomers,it is customary
to referto therelationbetweenthesecompoundsasoneof "geometrieatiso-

tnerism,"andto caUthe two substancesrespcctivctythe "cis"and "trans"

fonns. In othercases, whercthereare threestcreo-isomersofwhichtwoare

enantiomorphs,the third is commontycalledthe "meso"form. Amongring

compounds,thédistinctionbetweenthèsetwovarietiesof diamerismbreaks

down. Thé opticallyinactive,unresolvablehexahydro-phthaticacid may
be calledeitherthe eisor thé mesoform. Andwhenmorecomplexsetsof

stereo-isomers(suchas thé truxiHicncids)are considered,the unqualified
tenns meso,cisandtransceaseto haveanyuniquesignificanee.Onaccount

of the limitedapplicabilityof this terminology,it willnot be uscd in the 1

présentarticle,wbichaims at a treatmentas generalas cireumstaneeswill l

permit. Anytwostereo-isomersmustbceitherdiamericorenantiomorphous.
Whetheror not they happento fall withinthe limitedclassesto whichthe

abovementionednamesapply isa mattcrwhiehwillherebedisregarded.

B.

There is onesmattbut importantclassofexceptionsto thé rulethat the

numberof enantiomorphouspairsin Sv(p)isa typeproperty. Amongcertain

restrictedvarietiesof diphenylderivatives,this numberappearsto dépend

1
on thc specifienatureof the univalentsubstituents.The mostwidetyae-

ceptedthcoryonthis subjcetis that of Mi!!s. Ifhis reasoningis foHowed,

it is to bc predictedthat octabromo-diphenieacidshouldexistin enantio-

morphousfonnsbut that diphenicacid shouldnot. If the skeletonchosen

in both of thèsecasesbc the unitedcarbonringsof the diphenylmolecule,
then d is ioand (p) is (8,2). Asthe distributionof the 8 and 2 univalent

substituentsis alsothe same in each case,it is obviousthat the difference r!

in the nuntbcrofenuntiomorphouspairsmustbcdue to specifiedifferences

in thc univalentsubstituentsthemsetves.

Sincetherevolutionarynatureof MiUs*thcorybas not beensufficiently

rccognized,it is hopedto treat theseremarkablecompoundsingreaterdetail
1

later on. Forthe present, it isenoughto pointout that in this smaUclass

of cases,the symbolNv(p) hasno definitemeaning. In thèseinstances,a

knowtedgeofVand (p)is not sufficienttopermittheca!cu!ationofthe num-

ber of isomers. The additionalitem necessaryis probablythe numberof

hydrogen atomsamong the univalent substituents. Conscquentlysuch

compoundsare explicitlyruledout fromaUthat followsin regardto the

valueof Xy(p).
The ctassof compoundsin whichthe numberof univalentsubstitution

isomersceasesto be a type propertybasbeenextendedbeyondthe Mmits

~titb:ChemMtryandIndtmtty.45, 884,90509t6). Cf.aboMeMenhetmerand
H6hn){:Ber.,<0,t~5 ('9!?);MaMMeUi:Atti.Acead.Lince!,(6),6,60(t9~7). (
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of thediphenylderivatives.~Probablythe numberofinstancesofthissort

of"speciHcenantiomorphism''is destinedto increaseconsiderably,Never.

theless,for thepresentat least,the wholectassfortnsonlya smaUexception

to the generalrutothat the valueof Nv(p) is independentof the specifie

natureofthé univalentsubstituents. Andit is furtherto benotedthat oven

inthesecases,N\(p) andN'v(p)arc true typeproperties.

C.

Fromthispointon, it isnecessaryto assumeonthepartof thereaderan

understandingof the e!ementaryportionof the theoryof groups,as wellas

anacquaintancewiththe terminologyusedby worken}in thisfield. AUthat

isnecessaryin this linemaybeobtainedfromanystandardworkon group

theory."
Tousetheformulaehereindeveloped,it is necessaryto haveaccessto the

listsofpermutationgroupaofgivendegree. Eastoninhisbibliogmphygives

a resuméof the literatureinthisneld." AUthe permutationgroupsofdegrce

lessthan n havebeendetennined,andail the transitivepermutationgroups

(~fdegreelessthan 16likewise.The listsof groupsaregivenin thenotation

devisedby Cayleyand explainedby himin the Srstpapercited." Thearti.

elesnotedcontainatt that isneedfutfor a workingknowledgeof thesubject.

But, for thé purposesof the presentpaper,the numberof permutation

croupsofdegreen (n< 12)cannotbe taken just as Eastongivesit. Agroup

givenasofdegreen mustalsobeconsideredasa groupofdegreen + xwhere

xisanypositiveinteger. Hencethe followingtable:
_r

Degree Nmabwof Numberor Xumberof Xumberof

groupa(M groupsthere ~oxpsfas t{roup;(hN~
givenby eoMtdered) Degreo mvenby eunadered)
EMton) EtMtton)

1 1 t 7 40 96
t t 2 8 :oo 296

3 4 9 ~8 554

4 y 11 10 1039 1593
8 t9 '500 3~93

6 37 56
a _r_ .v.e al. !1. r,iniW n anwrna in i~ivni.ifv ·tn atilil~
A simple extension of the Cayley notation serves to identify the addi-

tional groups thus introduced. The symbol (<tM).(<-)(/) indicates thé group

(MM)<,usually thought of as of degrec 4, but here considered as of degree 6;

thé symbol K<)aU(~)]dim(c) indicates the group Ka~)aU(~)idim,

usuaMythought of as of degree 6, but here considered as of degree 7 etc., etc.

In this sensé, the identity group on five letters (for example) is (a)(b)(c)(d)(e).

Such symbols are used in Table II.

Mitb: J. Chem.Soc., MM,t~t; Kuhn and Atbfeeht: Ann.,4M,9': 465,~(t~S),
Se.:e.g. Mi)ter,BtichfetdtMd Dickson: "Theory and AppKeatioMof tttute Groupa"

tyGi.
KMton:"ThéConatmetive Devetopmentof GroupTheory," ))p.77,7~(t90~).

"(~ytcy: Quart. Math., 25,7), !37; Cote: 2e. 37~:27.M: t!'t'<-r:2~. 99,28, t93! M,

M4;32, 3~; Am.J. Math. 21, ~t!?:Pfoo. London ~tttth. Soc.,29, H3; 1. An).Atath.

Soc.,t, 67;Kuhn:< 26o.
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D.
Theformulaedevelopedby Kau~mann"forthénmaberofunivalentsub-

xtitutionderivativesofquinoline,quinoxalineandnaphthalenearealt special
casesof formula(B). Thegroupsareas follows:

Moteeute Group
QuinoUne (<!)(&)(c)(~(c)(/)~)
Quinoxatine (o~.c~)
Naphthatene (aM.t)<

AUof thesegroupsare nmitiregutar.
Thegroupofnaphthalenewillbeconsideredinmoredetailasan cxample.

It consistsof thefourfollowingoperations:

t

«b.M/.(;f.~
1(tc-M.A

<f~.&C.f/i.~

Thévalueofd is8 andthat of g is 4. In theequation

r
/~t r

nc~j'
Zo(df,d< ,d<)= S 7, -,––y-rrZo(dr,dt" "dr)

"(~'(t)'- ?'

i,

ehassucces.givelythe valucsof all the elommotnfaJetorsc aJnddl, d~dr.c hassueeessivetythe valuesof aUthe commonfactontofg anddi, d2 df.
Andsincc,in thecaseunderconsideration,g M4,ccanhaveonlythevalues
ï and4. But

H) = 1

n~==3
n<= o

andsothe termwherec is 4 alwaysvanishes. Thereisalwaysa term wherec
is t and ni is i nomatter what thc valuesofd),dt.dr, but the term where i
c is 2 and n is3 appearsonly wherethe set d),d~d( is composedentircly j
ofevenintegers. Hencethe formulafor the numberofnaphthalenederiva-
tivesbecomes

/8\j

Z.(d.,d,d,) =
,)+~ dr

ZG(di,d2, di)
t ( di! d2l

81

dil~ m + 4~
t l.

Zo(d¡,dt,d,)
4\d)'dt!df!/

4\/dt~/d<\j /df\

='/
8!

+ 3X4!

4~!d.d~/d,d,d;
u "i. <'90°':"D'eVateMtehM"pp.tay-oo,(tQ!));"XeuM
HMdw6rt.rbuchderChemie,7,s64.s6y(.905).See.ho~tinK:~on: (~ a, ,76,
(t894);andHey:Ber.,33,t9to()9oo).

v
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it beingunderstoodthat the secondterm is appliedonlywhered),d).d;
arcallevenintegers.ThisexpressionisessentiaUyidenticalwithKaunmann's

formula.
It is difficultto déterminefromKauffmann'spublishedworkjust how

gcneratasettinghehadinmindfortheformutachc used. Althoughhcducs

not makccxplicituse of the groupconcept,he speaksof thc "symmetry
unes" of his diagramsand recognizestheir importancein determiningthé

constantsofhisformulae. But hedoesnot say just howhe arrivesat thèse

constants. Thereis, forexample,nostatementof howhegot theconstant3
whichappearsin the secondterm of his fonnula for thé numberof naph-
thakne derivatives.The groupanalysisexplainsit by thc factthat there

are 3 opérationsofthc secondorderin thé group(o<«x/A)<.
Kaunmann*'doesmakcthe definitestatetnent that his fonnulacapply

onlyto inoteculeswhereno hydrogenatomlieson anysymmctry)ineofthé

diugram–whiehin his casesis the necessaryand sunicicntconditionthat

thc groupofthe skeletonbemuttircgutar.HereferB~'to the caseofbeniiene

(wherethegroupis not multiregular)asa moredifficultproblem,andstates

that in conjunctionwith HcHhe arrivcdat a formulafor the numbersof

substitutionderivativesof this substancealso. But accordingto a private
communication,this resulthas notyet beenpublished.

In developinghis formulaeKaunmannmakesuse of a functionF(n)
whichis suchthat

( i) F(n) = n!wheren hasanyreal,positive,integralvalue.

(!) F(n)*= wheren hasanyothervalue.

'l'othis functionheattachesgreat importance,and states (Benebte,p. ~t34)
that it willprobablysufficefor thésolutionof the problemofthenumberof

isomersamongparaffinderivatives.But in theopinionofthepresentauthors,
this functionF(n)or any similarfunctionis superfluous. In caseslikethe

formulaforthe numberofnaphthaienederivatives,its usemayboobviated

meretybydefiningcasa commonfactorofgandd),di. df. Amongparaffin
derivatives,similarsimpledennitionsserveto accompMshthesamepurpose.
The keyto thé problemswhiehKaunmannattacked is the theoryofper-
mutationgroupa,and the considerablesuccesswhichattendedhis efforts

is due to thé fact that he used in effectcertainprinciplesofgrouptheory,

althoughapparentlyunconsciously.The F functionwhiehhe introduced

tends to obscurethe essentiaHyDiophantinenature of the.problem;hence

it seemsbetterto avoidit.

If, however,it isdesiredto usesucha function,thé conditions(t) and (:)
citedaboveserveas a sufficientdefinition.Todefinethefunctionbytheuse

ofexpressionscontainingcontinuedproductsis an unnecessarycomplication.
It maybepossiMeto expresstherequiredF(n) in thisway,butthédevelop-
mentgivenby Kaunmann(Handworterbuch,Hell and Haussormann:loc.

cit.)isunintelligiblebecauseofthedivergenceof the infiniteproductsuscd.

""DieVateMtehre,"p. t:9 (<9tt).
<'Ber.,M,tt~ (~oo).
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X. Tables

Tabte 1–Valuesof K. The omittedvaluesof Kin thcupperrighthand

hatfof eachsectionof this table are at)equatto zero. In each columnof

valuesfor (t), the vacuousset of integerswhichrepresentthe identityis

indicatedbya dash.
Table II -–VatuesofZa(p). la thesectionfordegrcefive.thé underlined

numberin eachcolumnis thé last integer(countingfrontthe top) necessary
for the uniquedeterminationofG.

).

t

ÏABL El-VALUES OF K

}

2 1 1

3 6
"'–––––––––––

1 3 6

%~t
i l

.j_a 3 2 2
a

2.22 ) 2 0 2

4 ) 2 t 3 4 6 6 6

3 t t -) 1 5 ? 203060)20

2.2 0 2 5
4

3 2
j

2 2 22 2

5
41

j j
1

1-) 1 4 6 '2 24

<“ /-4
3
1 2 2 )1

1 ~=5
9

M/! t 2 <

/(P)
1

d=4
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TABLEI VALUESOFK
a 1
7 t 1
«,<a 0 t

< < t ts

6.9 0 0 0 t

5.: 1 < e <1

:9<< t< s

4,4 1 0 0 0 0 0 0 1

4.$ ) C 0 < 0 0 t <

o,t.a oz ce cotez 2
4.t ZZZZtOttZ: 1

_4_4 < M 4 ? t4t 4 < ? M
%<.ï e < etooocooez

<.a z<<zee44cce<4

~t.& < ZCatOtt ZC040t

9t <~<ae<$$<<e<a$< 6

<
<t a10M )t XM M M M « tM M <M M« M
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GERMAKÏfMXXXI.ALLOYSOFGEHMANIL'M:8ILV!R-

GRRMAXIU~l

BYT. K.BKIQGS,R. 0. McUUFt'tEANDL. H. WtLUSFORD

Part I. Introduction

~Vhcnthis investigation wasbegunin 19:5,noalloycontaininggermanium
had yet becn studied in detail. Sincethat tinK',however, Krott' bas con-
tributed un investigation of thé syntpma!uminuni-gennanium,and has been
able tu construct thé phase diagram for mixtures containingup to 60 per cent
of gennanium. The diagram indicatesthat thé twomctats forma simplecutt'c-
tifcrous spries of alloys in which the solid phases are thé individual cotn-

ponentf.
ïn a second paper Krotf gocs on to show that germanium may replace <

silicon in alloys sueh as duralumin, aludur, and lautal, with markedimpt'ove-
ment in their engineering propcrties. This discoveiy is interesting as sug- j
gesting a possibletechnicai use for gennaniumin smaUquantities.

Silver was chosen as the second component becausc the system silver-

gennaniutn was thought likely to prove a sin)p)"one,' and also because it
waspossiblethat germanium ntight improvethé resistanceof silverto tarnish

through the formation of a protective Stm of oxide. According!y,some of
the alloys prpparptt in the course of this investigation were tumcd over to
the Lnited States Bureau of Standards, with thé coopération of Dr. H. W.

(~itk'tt, and their resistance to tarnish measured. The results of this special
investigation have already been puHishcd.*

Part 11. Thermal and Metallographie ExamiiMtionof the Alloys
n

P)'epara<)OHof the Metallic <<'efm(tMtMm.

The metaUic germanium was prepared in accordance with the mcthod

of Dennis, Tressler, and Hance,~by rcducing the dioxide with hydrogen and

fusing the finely divided metal under sodium chloride to bring about coal-

escence. Sincethe metal thus obtainedmeltcdat 92 s" – théacceptedmelting

point of germanium being 058°–it wasconsideredto be contaminated with
–––––––––

MetaHundKM.,23,68a(<9t6~.
MetattundKM,23,684()926).
Thésyatemsilver-siliconconsistaofesimplecutettiferotNseriescontainingsilverand

aoiMcon'nchsolicisolutionas thésoliclphases.Cf.Amvaut:Compt.rend.,M7,859gt~ott).
Thé silver-tinalloysare morefomptexandeomprMeseveratMhdeotutioMandpossibly
thecompoundAgtSn. Cf.Murphy:J. ÏMt.Met.,3S,tSy(«):6~.

Jordan,Grenan,and Herochtnan:Technotogicl'aperU. S. Bur.ofStandards,Xo.
348(t92?).

J. Am.Chem.Soc.,4S,2033(<9:3).Thehydrogenwascarefullypurifiedinaccord.
ancewiththemcthodrecommendcdby theseauthon;andpuresodiumfMondewaslike-
wiseobtainedby preeipitationwithhydrocMoncacidand8u)Mc<~entrceryataUMation.

)]
t
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dissolvedoxide'and it wasaccordinglysubmittcdto the specialtreatment

rt'conttHcndedbyDennisandhiscoworkcrsfor theremovalofdissolvedoxide.

Thistreatmcntconsistsin repeatedlymeltingandfreezingthegermanium

in an atmosphèreof purined hydrogen. After 42 meltingsand frcczings

(hcmc!tingpoint,as detcrmincdin the apparatususedin thiswork,rose to

<)43",afterwhich90morefusionsbroughtit to 949°. Furthcrtreatmentdid

not changethe meltingpoint, and as a speetrographiecxamination'failed

tu dctcctanyappreciablequantiticsof impuriticsin themetal,it wasdecided

to usethe germaniumthus preparedin the studyofthealloys.

/~aft<t«)M<'f</<cAlloys.

Thesilverwasobtaincdfromthe PhiladelphiaMintandno appreciable

quantifiesofhnpuritiesweredetectedby spectrographiccxatniHation.Thc

firstalloywasmadeby adding thc desiredamountof silverto thé whok-

of the availablegct-manium(about 22 grams),and thealloywasthen sub-

mittedto thpmta!analysis. Whenthis was completed,part of thé aHoy

H-itsrcservcdfor chemiealanalysis,optical cxamination,determinationof

t-lectricalconductance,and Hoforth, and the residuewasused to prépare

thc secondaUoyin the sériesby the additionofmoresiivor. In viewof this

procédure,neccssitatcdby the limitedsupply of gcnnanium,it was not

practicabtcto rctum to an alloy less rich in silverwhencarryingout the

therma!pxaminationof thewholescries.

Thermal~HO~tJ!qf thcAlloys.

Thealloyswcrcpreparedand subjcctedto thcnna)analysisin specially

dMignedfumaceand cruciMes.~The metal in thc cruciblewasprotcctcd

aRainstoxidationby meansof a steadystream of purifiedhydrogenwhich

wastcdthroughthé coverof the cruciblein a quartzddivcrytube. As an

additionatprécaution,the metal in the cruciblewascoveredwitha layer

ofspeciattypreparedand purifiedsugarcarbon,anda secondlayerofcarbon

wasplacedover the coverof the crucibleitsc!f,thisoutcrlayerbcingpro-

tpctedwith a stream of nitrogen.

ThematehpdChromet-Atume!base-metalthermocoupleswerecatibratcd~

carefullyin the usualway. Care wastaken to cmp)oyexactlythe samefur-

naccequipmentand procedureas that whichwasuscdin the workwiththe

itHoys,particularlyas regardsthe amountof metalinthé crucible.Ascali-

Cf.Hittï:Z.anorg.Chem.,M,3' (t9").
CtmcdoutbyProfessorPapiahinthisLabcratory.

The furnaceconsistedofanetectricattyheatedalundumeruciblecontainedina M'oc!:
tmcked~tthSil-o-Cet.ThecrucibleswerepreparedfromAchesongraphiteclectrodes
undwerespeciaUytreatedwithhvdrotMoncacidandwatertorcmoveitnpuntMB,being
cxaminedspectrographicaHytjeforeuse. EachcruciblewMeouippedwitha opectatfy
<)<aij!ned,dtaetyfittinggraphitecover,containingopeningsforthémtroductionofbydro-
Kfttandfortheprotectiontubeofthethermocouple.

<ThéthennoMttpteindicatorwasa leedsandXortbrupportablethermocouplepyro-
nK'tfrwithmanualcoldjunetioncompensation.Thisinstrumentwaschccxedagainsta
TypeKpotcntiometerbeforettse. "Impervite"protectiontubeswereusedbeMusefused
't'tart!!tu)jc<icottapsedtooeasity.
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bratingsubstances,tin, bismuth,cadmium,lead,zinc, antimony,sodium

chloride,and silverwere employedand the calibrationcurvethus got was

usedin the subsequentwork.

In the detemunationof thé meltingpointofthe germanium,and in the

thermalanalysisof the firstthreealloys,direct(timevs. température)heat-

ingandcoolingcurvesweretaken. Althoughthemethodprovedfairlysatis-

factoryfor thèseaUoys,it wasthoughtbestto usea moresensitivemethod

with the subsequentalloysof the series. For this purpose,accordingly,a

sensitivegalvanometerwithlampand scalewasconnectedin parallelwith

the galvanometerof the potentiometerwhichwasused with the thermo-

couple. Duringthe coolingof the alloy,the potentiometerwasset so as to

displacethe indicator(a beamof light)!$or 20divisionsfromthe conterof

the scaleon the secondgalvanometer,andthe timerequiredfor thebeamto

passthrougheachfivedivisionsof thescalewasrecorded.Afterthebeamhad

passedthe centerand had reached1 or zo divisionson the oppositeaide,

the potentiometerwas re-setand the procedurerepeated. As it wasfound

that a swingthroughs divisionsof the scatewasequivalentto a changeof

4.0degreesin temperature,thé datanecessaryfora differentialcooling(or

heating)curvewerethus obtained.1

Samplingand/lKa!~MS< the~~N.

Sincegermaniu!nbasa muchsmallerdensitythan silverand sotends to

floattothe topofa melt fromwhichit issolidifying,it becomesbadlysegre-

gated'ina castbar. Samplingthesolidalloysforchemicalanalysistherefore

proveddifficult. Alloysrichin germaniumweretoo brittle to drillproperly,

and whenan attempt wasmadeto crushthe alloy,the germaniumwasre-

ducedto a finepowder,whilethe silverin the eutectic wasflattenedinto

plates.
These diSeutties in sampling,however,wereovercomeby removing

smattsamplesforanalysisfromthemoMenalloy. For this purposea special

<!amptingcruciblewas devisedforusewitha specialgraphite rodequipped

with small, cup-likedepressionsfor dippingup and retainingsamplesof

moltenalloyabout0.3 gramin weight,3eachofwhichsamplescouldbe used
–––––––––

1Carewastakentoatirthemetalthoroughlyduringeachrun;thisWMaceompliahed
hvmanipulatingtheprotectiontubeofthethermocouplesaa atirringrod. Ineverycase
thethennatatrettafoundoncoolingwereconfirmedbydeterminingheatingcurves,andthe
workwMrepeatedwithpMgMMive!ydiminiabingratMofcoolingandheating,untitthé
Mmetemperaturesweregotbythetwomodesofprocedure.

Cf.l'hotomicrograph11.ThiaMacastbarccntaining62atomicpercentofgermanium.
Primarygermaniumcrystabaresegregatedat thetopina matrixofnearlypureeuteetic.

Thémmp)in);eruciblewasmadefroma three-inchsectionof t.5inchgraphiteelec-
trode,intowhieha cylindricaldepremiononeinchiadiameterandoneinchdeepwas
clrilled.At thebottomof thisdépressionandalightlyen-tenter,a secondholet.s mehes
deepand3/8 inchindiameterwasdrilled.Thecoverofthiscruciblen'aslikothéone
usedwiththeeruciMeswhiehwereemployedinthethermalanalysis,exceptthatit was
fittedwithanextraopeningtopermitthéintroductionofthesamplingrod. Thélatter
cnMistedofa shortsectionof3/8inchgraphiterodtewhiehwasfittedagh(sshandte,
andintowhichnearthe lowerendwerednttedtwoomattetip-lik,dépressions,xjanting
downwardinordertodipupandholdthedesiredamountofmottenalloy.

<
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in itsentiretyfor a singtoohemicatanalysis. Carewastakento proceed'in
sucha wayas to insurethesamplebeinguniform,andtoeootit in an atmos-

phcrcofhydrogen.
WiththesampMngrod,concordantchctnieaianalyserwereobtained.For

cxan)p!e,duplicateanalysesofAlloyygave48.0and48.:$atomicpercentof

"i!vcr respcctivciy, while with Alloy 6, sampled by crushing and quartering,
the results were 36.9, <ts.z, and 39.9, and were therefore far from satisfactory.

The silver in the dipped samples of each alloy was detcnnined by Vol-

hard's method, the germanium being found by difference. The alloy was

'Thé alloy to be MmptedwMbroken up and placed in thé towefdepreastonin the cru-
")')e. and the protection tube of the thennocoupte. the delivervtube for the hydrogen,and
he~mptinKmd wereplacedin position, the latter bein~direettyoverthénarrowdepression

""tdinKthe alloy. The top of the crueiMewas coveredMth a protecting laver of Mtgar
'.<r)M(n.When the contents became liquid, the mmp!in){tod was forcedup and down in
the iowcrdépressionto etir the alloy, and after ten minutesof this, it wasraMedcarefully
~"tit thc eMpsfilled with at!oy wcre euapendedin tho middleof thé taw upper chamber

thc Krucibte,andthe samples for anatysMwere allowedto coolout of contact with the
r"!<of thé metal in the crucible.
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· _i _·
dissotvcd in a warm mixture of hydrogen peroxide (from pcrhydrot) and dilute

nitric aeid; this was then boik'd to remove the oxidcs of nitrogen and thé

excess of peroxide, after which it was titrateti with atmnonium thiocyanato

with ferrie atum as indicator.

.Vc<«Ho~«/~tt'e~MM'MatiM t~<~ /tHt~f.

Thé thennal analysis of each alloy was supplemented by a careful micro-

scopic cxantination of cast and annealed spécimens. Either reHef potishing

or etching' was used, the fonncr giving thé best results with alloys rich in

germanium, and the latter the bcst resutts with alloys rich in silver. The

photomicrographs were taken with cither a Leitz or a Bausch and Lomb

)))ctaHof:raph, equipped with yellow filter and panchromatic ptates.~

7'f 7'Af<-m«<Data.

Thc thermal data for thc who!c sencs of alloys are given in Table I, and

they have becn plotted on the equilibrium diagram, Fig. i. In obtaining

thcsp data thc tcmpcraturp of each arrest <vastaken to be the point where

thé invcrsc-ratc cooling curve (irst breaks away frotn the perpendicular.'

The thermal data indicate that the attoys of silver and germanium form a

iiitnpte cutpftifcrous series. Thc single eutectie tnixture metts at 6500 and

contains 74 atomic per cent of silver. The thermal data alone anord insuf-

ficient cvidpnct' to prove that the solid phases are pure gcrmamum and pure

jii)v{.–)!)st<*ad there may be one pure componcnt and a saturatcd solid

solution, or two conjugate solid solutions, These possibilities will be con-

sidered later. At any rate, there arc apparently no stable intennetatuc

compounds.

It will be noticed that the second arrest for Alloys t8 to 20 inclusive fa))s

considerabty below the average of the other cutccttc arrests (650"). This bc.

havior is nonnal for aUoys which are far removed from the composition of the

eutectic, and it is duc to the greatly increased lag in température between

the motten etiteetie and the thermocouple, this lag bcing caused by the phase

which is in excess crystallizing out and coating the protection tube before thc

cutcctic température is reached.

Puregermaniumwas etched t5 minutesin an aqueoussohttion containing S parts of

hydromnt)CMxideand 30 parts of concentretedhydrochtoricacid. The silveraHoyawere

etched, either by immersionin <:$ solutionof hydriodicacid until a filmof ailveriodide

had fonned (whtch was then dissolvedoff in concentrated pota~ium iodide), o)-by im-

mersionin a fairly concentrated sotutionof potaasiumiodidecontaining hydriodicacid.

Sincethe structure of many of the alloyswasdevetopedby reliefpotishing,the surface

ofthe germaniumcrystals wasat a alightlyhigherlevelthan thé eutectie whiehsurrounded

them. \'eUow)i)!htwMthereforeemptoyedtogivc~reat<-rdcpthoffocus. SmcemMt

of the structures werefairly coarse, the tossof resoivtnt:power through the useof yellow

light wasof minor importance. Panehromaticptates were used so M to obtatn the neceit-

sary senativity to yettow)i):ht.
'ThM is thé to~icatmethod to use, sincethe first break in the coolingourveindicates

an évolutionof heat within the alloy, and this in tum can only be eaused by a change of

phase,or in other wordsby thé alloy startingto freeM. The peakof the curve,whichrepre-
sents theminimumrate of coolingfor the alloy,maycorneat a somewhatlowertemperature
than the freexingpoint, and willdo so in a binaryalloy not of eutechocompoNttO)),bceausc

the crvstaMiMtionof one of the constituentschangesthe compositionof the liquidphase,
and thus toaeM progressivetythe temperatUMof solidification. Kvcn in the case of an

eutectiearrest the peak mayt)e at a lowertomperaturcthan the eutettic point if there )s a

differenrein température hetweenthe alloyand the hot junrtion of thé thermorouple.
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TABLEt

Thermal Data

Alloy CotnpoBitton Température(°C)
(*<um))er) (Atomicper centsilver) HcstArrest SecondArrest

(Germanium) 0.0 949 –

i i.zi 937 (Not determined)

5.50 9~5 (Not -determined)

3 7.6$ 913 (Not determined)

4 !9-7 876 651

S 29.22 8s5 649
6 38.2 830 6s2

7 50.3 797 650
8 60,2 7S3 649

9 64.3 740 653
'o 67.22 7:s5 649
tt 69.2 70$ 6$~
a 7:.4 680 650

'3 73.0 665 651
!4 74 o 650 650

!5 75.3 66o 651
t6 81.4 7:s 647

!7 87.1 8ï: 646
i8 91.2 870 64:

i9 93 896 640
20 9S.3 91~ 625
sir 96.99 9~Sg None

22 98.5g 953 Xone

(Silver) !oo 96' –

Onthe other handit is desirableto ascertainat whatcompositionsthe
t'utccticarrest disappearsin a givenseriesof alloys,forin this wayonecan
detenninewhethersolidsolutionsarc fonnedand,if they are, withinwhat
)i<nitsof compositionthcy lie. Since it is not easy to dctectan cutcctic
arrestnear the twoextrêmesof the compositiondiagram,Tammannlhas

fuggestedplottingthe duration of the eutecticarrestas a functionof com-

position,and estimatingby an extrapolationthc compositionat whichthe
durationfalls to zero. Successwith the methoddemandsthe maintainance
uf constantconditionsfor every alloy, and as Desch2bas pointcdout, re-

(Iuiresa compamtivelylarge quantity of material. The last requiremcnt
prectudedthe applicationof Tammann'smethodto the presentsystem,and
noattcmptwasmadeto useit. Consequently,forinformationon theexist-
enceand timitsofsolidsolutionsof silverand germanium,it wasncccssary
to relyentirelyuponmctaHogrttphicevidence.

Z.MM)<f;.Chem.,37,303(t9o.;);45,9'4(t~o~)4V,~t ( t<)os).
"MettHQfjmphy,"3og(!99tj.
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Thé meltingpoint of germanium,as determinedin this investigation,

appearsto bc low(Cf.Table I). Biiti! workingwithsmattamountsof the

meta),foundthe meltingpointto be058"± s*inanatmosphereofhydrogen.
Dennis,Tressler,andHance'obtained958.5",incloseagreementwithBiltz.

LikewiseMûUer,Pike, and Graham'reported959*as thé températureat

whichgermaniumbeginsto flowin an atmosphereof hydrogen,whichtem-

perature they take as the meltingpointin hydrogen,the meltingpoint in

vacuo beingsaid to be 97$". Of thesethreedeterminations,the onlyone

tnadewithareasonablylargemassofgermaniuminaccordancewithstandard

practiceistheonereportedbyDennisandhiscoworkers.
Afterthe publicationof thepresentinvestigationin the formofa thesis,

a specialre-determinationof the meltingpointof germaniumwascarried

out by Mr. F. H. Roningeraspart ofhisworkinSeniorResearch. Afresh

sampleofgermanium,after beingtreatedin hydrogento removeoxide,was

put into<tpurifiedgraphitecrucibleandcoveredwithpurepowdcredgraphite,
the wholebeingplacedin a specialquartztubeheatedinan electricfumace.

The quartztube waselosedat its lowerend,andwaslongenoughsothat it

extendedsomedistanceabovethé top of the fumace. The openupperend

of this tube was fitted witha stoppercontainingthe inletfor thé hydrogen
and the protectiontube for the thermocouple,the latter havingbeenpre-

viously catibratedagainst a standardthcnnocouptebearinga recentcer-

tificate fromthé Bureauof Standards. Withthisapparatusandequipment
a very satisfaetorycoolingcurvewasobtainedand the meltingpointwas

foundto be955" 2.5".

Accordingly,in view of the findingsof previousinvestigators,and the
tater workof Mr. Roninger,the meltingpoint(949")recordedin this com-

municationis very probablyslightlyin error. It seemslikelythat thé ger-
manium becamesomewhatcontaminatedwithoxidcwhitethemeltingpoint
was beingdetermined. The errorhoweverdoesnot seemgreat enoughto

affectseriouslytheequilibriumdiagram.

~o<om!'cro~rn~/i!'c~Ha~sM.
Duringthe investigationphotomicrographsofeachalloywereobtained.

Someof these accompanythis article. Photomicrographsi to 8 inclusive
sufficeasa surveyofthe wholeseries,as follows:-

Photomicrographt Alloy3,atomicpercentsilver= 7.65

Photomicrograph – Alloy6,atomicpercentsilver= 38.:

Photomicrograph3– Alloy8,atomicpercentsilver= 60.2

Photomicrograph4 Alloy13,atomicpercentsilver= 73.0

Photomicrograph5 Alloy14,(eutectic),atomicpercentsilver==74.0

Photomicrograph6 Alloy15,atomicpercentsilver= 75.3

Photomicrograph7 Alloy16,atomicpercentsilver= 81.4

Photomicrograph8 – Alloy!7, atomicpercentsilver= 87.!

Z.anorg.Chem.,72,.}t3ft<)n).
Loc.cit.:J. ;\m.Chem.Soc.,45,9033(t9:3).
Proc.Am.Phil.Soc.,65,15(t<c6).
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StU'KRGEKMAKtUMALLOY8 to8<).iI'

Thissériesof phototniet'ottraphswasobtained fromthé castalloys,slowly

routed,the magniScationbeingas diameters.

Photomicrographst to 4 inclusiveshow c!eaHythe crystalsof prittrary

K''nn<tniutnitnbeddedin eutectie(usuallydarker than the pritnarycrysta~).

i'tMtomicrographs6 to 8 inclusiveshowlight-coloredprimarycitais like-

Mi.wsurroundedby eutectic,but in thcsc casesthe primarycrystalsconsist

notof silver,but of a solidsolutionof germaniumin.sUver,in whiehthe

fto'Maniutncontentliesbetween6 and 7 atomicpercent. Photomicrograph
showsthe practicallypureeutectic.'

.awP~~ .~rrmN~

PLATEIII. Photomierographs

Photomicrograph9 bringsout the duplexstructureof eutecticin which
thcprimarycrystals(in thiscase germanium)are imbedded.It represents

Attoy6(silver= 38.2atomicpercent) magnifiedto 100diameters(Cf.Photo-

ftticrograph for thc samealloy at 25 diameters). Photomicrographto

showsbeautifullythe characteristicstructure of the eutecticwhenvery

hit;Mymagnincd(250diameters)and whenetchedwithhydrogenperoxide.
j'hototnicrogfaphu is a sectionof a cast ingot of Alloy4 (silver = !Q.y
atomicper cent), and showsthe segregatcdcrystalsof primaryt{ermanium
inthéuppcrpart (magnifiedto 3 diameters).

Wenoweotneto the questionofsolidsolutions. Photomicrograph13for

A))oyt9 (silvcr= 03.: atomicper cent), castand slowlycooled,consistsap-

parpnttyof two phases. Thé high magnification(too diameters)ho~vever

btingsout c)eartythé factthat thc primarycrystatsare coreft,that is to say,
thccrystatsarc not homogeneous,and the lightercentralportionsare richer
insitvcrthan thé stightiydarkeroutcr areas,the darkmateriatin the inter-

Photomicmgtaphs4 and6ared!stinct!vditïcrentinstnx'turefromthepun*eutectic
t'hotomifrotcmt'h5~ thoughthealloysffotnwhichthcyweretakendiffe)-fmmthé
"ttwtif'aHnyta théextentofontyoneatt'mtfpercentofMtver.Thé(tiHcrcnces,homcvcr,
:'? t-MitysufHcienttodéterminewithinnamm'Hmitsthecompositionoftheeutecticandit

''videntthatwehavehereaverysatisfaetoryconnrmationofthethennalanatysM(Cf.
'hcdatafortholirstarrest!)inTabtcï).
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sticesbeingeutectic. Sincecoringmaybe characteristicof theformationof

solidsolutions,la solidsolutionofgermaniuminsilverisindicated.

Photomicrographsof the rapidlycooledalloyshighin silver(Alloys18

to 22inclusive)all showedcoredcrystals,provingthat the primarycrystats
consistof a solidsolutionofgermaniumin silver. Tofindthe approximate

compositionof the saturatedsolidsolutionat theeutectictempérature,these

alloyswerenextanaeated*forsomehoursjust belowtheeutectictempérature,
soas to bring the systemas a wholeinto equilibrium.Photomicrographs
werethen takenfromthé annealedspecimens.

Photomicrographs and !4 showeteartywhathappened. The former

representsthe rapidlycooledalloywithits coredcrystalssurroundcdby a

little of the eutectic. The latter showsthe samealloyafter it had been

annealedfor 240hoursat 640";it bas becomepracticallyentirelyhomo-

geneous.
These two photomicrographsweretaken fromAlloy19 (silver'='93.:

atomicpercent). Alloys!0 to 22inclusive(allricherinsilver)becamehomo-

geneousafter beingannealed,and a specialalloy (icA, containing93.7
atomicper centofsilver)becamepracticallyso,but Alloyr8 (silver=91.2
atomicper cent) did not becomehomogeneous,the eutecticbeingplainly
visibleafter long-continuedheatingat 640". Wecan thus concludewith

reasonablecertaintythat the limit for the solidsolutionlies between93
and94atomicpercentofsilver,or inotherwordsthat silversaturatedwith

germaniumcontainsbetween6 and 7 atomioper cent of the latter metal

just belowthe eutectictempérature.
Thé possibilityofa secondsolidsolution-oneofsilverin germanium-

was investigatedin a similarwaybut not so carefully. The preliminary
evidencewasall againstthe existenceof sucha secondsolidsolution,for

indicationsofcoredcrystalsin thegermanium-richalloyswereneverfound.

Howevcr,Alloyï (Sitver'='1.21atomicpercent)wasannealedfor t20hours

at 640*. Photomicrographï2 showsthisalloyafter beingannealed. ït is

still definitelyheterogeneous.Silverthereforeappearsto be insolublein

crystalsof gennanium.3
Some photomicrographsshowedthe eutectie to be granular (cf. the

eutectie in Photomicrograph9) and others showedit to be angular (cf.

CoringMduetothefactthatthesystemi8notinequilibrium.IfMalloy,whichunder
equilibriumconditionscocsiatsentirelyofa homo~eaeouftsolidsolution,becooledrapidly
coringmaytakeplace,thatcomponenttheadditionofwhiehtothemeltbnngeabouta
lowenngof thefreeaogpoint(inthiscaMgermanium)tendingto belowin théconter
ofthecryatah(thefirstparttoseparateout)andhighin théouterportions.Thissegre-
gationmayresultinthemeltpassingthélimitofcompositionforthehomogeneouasolid
œtutionas thesotidphaM,inwhiehcasea certainamountofeutectiewillformandthere
wiMbeashorteutechearrest.ThisbashappenedintheeaaeofAUoyto.

Théalloyaongraphiteblockswereannealedinpurifiedhydrogen.Thethennocouple
ina thin'waHedquart!!tubewasplacedcloseto themetal.Afterbeingannealed,the
apecbncnBwerechiuedaaquicMyaapossiblebyremovingthéupperha oftheheating
unitofthecombustionfumace.

Thésystemsilver-germaniumiesimilarin thisregardto thesystemsilver-tin,Tin
fonnssolidsotutioMinsilver,buteilverdoesnotdoeointin. Cf.Murphy:J. taat.Met.,
35,toy(taa6~.Ontheotherhand,silverdissolvesatighttyincryatalsofaiticon,butsilicon
Hsaidnottodiœotveincrystalsofsilver.Cf.Arrivaut:Compt.rend.,t4?,859('oo8)..
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Photomicrograph!o). Whetherthe euteeticisgranularor angulardepends

uponthe rate of coolingand uponthc natureof the componentwhichis in

cxcp88.Slowcooling(Photomierographio) givestheangularform. When

thc constituentin oxcessis thé solidsolutionof germaniumin silver,the

eutectieappearsto begranularunderall conditions.

Part111. ThéEtectdcalConductanceoftheAltoyafromGermanium

tothe Eutectic

Attheoutsetofthisinvestigationit wasthoughtworthwhiletodetennine

théeiectrica!conductanceof thealloys as a furthermeansofaid in inter-

pretingthe thermaldata andinconstruotingthéequilibriumdiagram. It is

wc)tknownthat thé conductance-compositiondata an~orda basis'for de-

tectingtheprésenceofintermetaUiccompoundsandsolidsolutions,and en-

ab)eoneto fixforthelatter the limitingcompositions.
The systemsilver-germaniumis a somewhatunusualone,inasmuchas

thprpisan enormousdifferencebetwecnthe conductancesof the two com-

ponents–sitverhavingthe highestconductanceknownandgermaniumhaving
oneofthesmaUestwhichisascribedto a metal,so*caMed.Thisfactisbrought
out inTableII. ·

TABLEII

TheSpecifieConductancesofSomeMeta!s

~tetat SpeciScConductance(o'-zs')
Horon 0.5 X :o'' (Weintraub)
~iticon 6 X17
< iormanium u. to 13.3

(!raphite 4 X lO'to 20X 10*
Tin 87X !0*

~tfvcr 6oyX 103

Theconductancesof allthesilver-germaniumalloyswerenotdetermined,
butenoughweremeasuredto establishthegeneralformoftheeurvebetween

fonductanceandcompositionfromgermaniumto thoeuteetiealloy(silver'=

74atomicper cent). Beyondthis point the conductancebecameso large

that, withthe experimentalequipmentthen available,it provedto be im-

praeticatto carrytheworkfarther. In view,however,ofthe fact that ger-
maniumformsa solidsolutionin silver it wouldbe interestingandinstruc-
tiveto determinetheconductancesof the silver-richalloys.

Theconductancebarwaspreparedbycastingthealloyinamoldofalumi-
t)U)noxide*and shapingthé cast bar withan abrasive. Ségrégationwas

prpventedby rapidchilling. The dimensionsof the shapedportionof thé

harweremeasuredwitha Brinellmicroscope.

Cf.Tammann:UATextbookofMetaHop~phy,"~93(1925).
C(.Dennis,Tremter,andHance:Loc.cit.;J.Am.Chem.Soc.,4!,2033(t~s).
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In theactualmeasurementoftheresistanceof the bar,the latterwasheld

nrmiybetweengraphiteblocksmadeto pressagainsttheendsof the bar by

meansof helicelsprings. Thestorage-batterycurrentwasledfirstthrough

a standard résistance,thence through thé conductancebar, and nnaUy

througha variable controlrésistance. The potentialdifférenceswerede-

tcrntinedwith a precisionpotentiometer.'
The conductancedataareassembledin Table III.

TABLEIII
.1.

Conductance Dttta

Conductanre Bar SityerContent of Alloy SpecificConductance

(Xumber) Atomic Percent VolumePercent Actuat Cak'uhted

(CermMtUtM) o o t3.3 13.3

te t.o8 0.83 59 3000
? 5.50 4.29 398 igooo
3e 9'5 7-" 435 33000
40 18,5 14,7 "S7 ~9000

5 29.2 23.8 1485 !t4ooo
6c 31.4 25.6 '905 123000
yc 58,3 51,6 7~o 249000
S 6o.2 53.5 8656 258000

t4(cutpetic) 74.0 68.4 14100 332000
(Silver) 100 too (607000)' 607000

In additionto theconductancesas actuallymeasured,this tablecontainsfor

eomparisonvaluescalculatedonthe assumptionthat thespécifieconductance

of a binary alloyshouldbea linearfunctionof its compositionby volume,

in accordancewith thc lawof simplemixtures.'$ Thesecalculatedvalues

appear in the lastcotumnofdata.

Ilegarding the relationbetweenconductanceand composition,Jeffries

and Archer*say:In alloyswhichare aggregatesof two or morecon-

stitucnts it is a fairlygeneralrulethat the specifieconductivityis a.linear

functionof thc compositionby volume. That is, an aUoyfunctionsc!cc-

trically as though its variousconstitucntswere groupedas continuous

parallel conductors. Thisrule is perhapsnever morethan approximatety

truc, and there are someexceptionsof a vcrymarkednature. It isobvious

for example that an alloywhiehcontainsa constituentof very low con-

ductivity,in the formofa continuonsnetwork,wiUbca poorconductoras

a whole,no matterhowhightheconductivityofthe discontinuousconstituent

Kachendofthéahapedpartoftheconduftanrebarwascncirctedaccumtctywitha
narMw);moveandinthist~noveafineptatinumwirewastightlyt~-iated.ThiswireWM
conneetcdto théterminabofthepotenttutneter.

Xotmeasuredinthiswork.
'Cf. JeaMef!MtttAr<-her:"ThcMcncpofMetab"338~'?'4).K' (Mathewson):

"TheEtctnentsnfMetaU());mphy,"!4a(t909);Ruotettoom:"DiehcteroKenenCiteichKe.
wif-htc,"2, )t!()(t<)o.t.).

<Loc.rit.
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withinthenetwork.There{a,then, a conditionwhichManalogousto a series

eonnectionratherthana parallelconneetion,andtherésistanceofa number

ofconductorsarrangedin seriesis equa!to the sumof theindividualresist-

itnccs. Evenwith this type of structure, however,the generalrule holds

approximatetyif the specifioconductivitiesof the variousconstituentsdo

notdiffergreatly."

L'nfortunately,theconductanceof thesecondphysicalconstituentin the

sitvcr-germaniumaUoys–i.e.thesilver-richsolidsolution-wasnotmeasured

forthe reasonswhichhavebeenstated, so it is notpossiblefor us properly
tf)test thé rule referredto in the precedingquotation. However,untcssthe

f!nnaniumin the saturatedsolid solutionproducesan enorrnousdecrease

inthéconductanceofthe sitver–somethingwhichofcourseisnot impossible
-it seemsprobablethat the aHoyspossossanabnormaUysmaUconductance

anddonot corneevencloseto followingthé rulementionedby Jeffriesand

Archer. One may thereforeconclude,not unreasonaMy,that the alloys
whichwehave investigatedconsiste~entiaUyof a networkin whiehthé

continuousconstituentis a poorelectricalconductor,andthereforemustbe

thcgermanium.1

Theconductancedata for thèse alloysare notofmuchhelpin fixingthé

]i)ititsfor the formationof solidsolutions. In accordancewiththe rule first

cuunciatedby Le ChateHer,'the additionof a secondcomponentin in-

crcasingincrementscausesthe electricalconductanceto pass through a

minimumif a solidsolutionis forrned. Sincethereis nominimumin the

conductanceas oneadds silverto germanium,thcreis noindicationin the

conductancedata that silverformsa solidsolutioningermanium.In view

«ftheexceedinglysmallconductingpowcrofgermaniumandthe extremely

)!rpatconductingpowerof silver,it seemsscarcelylikely,however,that there

w'utdbca minimumconductanceevenif a solidsolutionwereformed,and

;;utheconductancedata shouldnot beconsideredasconclusiveevidenceone

\v:tyor the other. It is best to placechiefrelianceonthemicroscopioevi-

dence,as wehavedonc.

Owingto experimentaldifficultiesthc conductancesof the silver-rich

attoys,in whichthere is withoutdoubta solidsolution,werenot measured.

TbpLeChatelierrutewouldundoubtcdlyholdhere,andweshouldexpectto

findthcsaturatcdsolidsolution(Alloyrgor igA)havinga relativelystnaH

conductance,eventhoughit containsfrom93to 94atomiepercentof silver.

Thispointshouldbc investigated.

Thct'caremanyfamiliarinstancesoflowfonductancewhenoneconstituentiaa poor
c)'tricatconductor.Forexampte,sutphurtowersthéconductanceof copperoutof
:dtproportionto théquantityaddedt~ecause*hepoor)yconductingaulphtdcwhiehis
f~rMu'dcoatsthec)-y<tabofcopperand ocKhuen!themtosomedepwdMfontinuoue.
).i):ewiMwhencoarseparticleaoftunt~tenareeoatedwithfineparttetcsofthoriathe
~(mpreisedmixtureconductspoorty,butontheotherhand,ifeoaNeparticlesofthona
Mr''f-oatcdwithtungttcn.themixtureconductsweH.Cf.t'ink:~tet.Chem.Mng.,tS,
4'~<)<))<;).Webavea similarthingwithgelsof thecolloidalmetals.Cf.Briggs:J.
)'hy:Chem.,1?, «9'3).

Cf.Hue)-(Mathewson):"TheKtcmentsof~tctatiogMphy,"(tooo).
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Part IV. DiscussionandMisceUaMousObservations

The characteristiesproutingof gennaniumdiminishedas silver was

added. After Alloy4 no further sproutingwas observed. Likewisethe

alloysbecamesteadily lessbrittleas the silvercontentincreased. It was

impossibleto fracturethe eutecticattoyin a mortar.

Themeasurementofthe tamish-resistance,to whichréférencehasalready
beenmadeinthis paper,wascarriedoutbythe BureauofStandardsthrough

courtesyof Dr. H. W. Gillett. The resultswhiehwereobtained,however,
werenot favorable,sincethe additionof germaniumappearedto increase

ratherthan to diminishthe rate of tarnishof silverin the sodiumpotysut.

phidesolutionwhichwasusedin the tests.

The resuttsof this investigationshowthat the alloysof silverand ger-
maniumforma simpleeutectiferousseriesbetweenthé limitaofoand 03-94
atomicper cent of silver,the twophasesbeinggennaniumand a solidsolu-

tionofgermaniumin silver,thelattercontaining6to 7percentofgermanium
whensaturatedat theeutectictempérature(650*).Thereisnoindicationof

silver-germaniumcompoundsin the solid.

We shallnow comparethe systemsilver-germaniumwith the systems
silver-siliconand silver-tin,for both of which the equilibriumdiagrams
havebeendetermined.1Accordingto the most recentwork.onsilver-silicon

(byArrivautin 1908),thissystemisalsoa simpleeutectiferousseriesbetween

asolidsolutionand oneofthepurecomponents,in thiscasesilver. However,
asArrivautrelieduponpurelythermalevidence(disappearanceofthe eutectie

arrests)anddid not supplementthis withmicroscopicandotherevidencehis

conclusionsabout the formationof solidsolutionsare unrcliable. Onecan

sec,neverthetess,that the systemsilver-siliconissimilartothesystemsilver-

germanium,whichisexactlywhatone wouldexpect.

Thcquestionwhethersilverand siliconformcompoundswasfor longa

matterof dispute. In i&;8Wôhter'passedsiliconhydridethrougha solution

of silvernitrate and obtaineda black precipitatewhichhe thought was

sitversilicide. In !889Warren~heated potassiumsitico-nuoride,metattic

sodium,andsilverandobtainedwhatheregardedas silversilicide. DeChal-

mot*also thought he had preparedthe compoundby heatingsand, lime,
charcoatandsilver. OntheotherhandMoissan,'aswettasVigoureux*denied

the existenceof silversilicide,andtheirpositionseemsto havebeenjustified

bytheworkof Arrivaut.

In viewofthe similaritywhichexistsbetweensiliconandgermanium,one

wouldnot expect, therefore,to finda silvergemanide. The equilibrium

diagramreportedin this papergivesno evidenceof sucha compoundor

Cf.Arrivaut:Comptesrend.,147,859(t9o8);Murphy:J. Inst.Met.,3S,tSy(t9:6).
'Ann.Chim.Phys.,54,2M(t8s8).
'Chem.Xews,M,5(tSS?);67,M('896).
<Am.Chem.J., t8,95(t896).

Comptesrend.,t2t, 625(t~g);139,1299('904).
< Compterrend.,144,1214(t907).
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compounds,andin the tightof the outeomoof the controverayaboutsilver

siticide,wefeet surethat nocompoundhasbeenmissedinourwork.

Murphy'sinvestigationof tho silver-tin a!!oysis very complete. It

indicatcsthrec solidsolutionsand a eutecticbctweenthe gammasolution

andpuretin. The gammasolidsolutionexistabetweenverynarrowtunits

ofcompositionand Murphyconsidersit to containan interrnetalliecom-

poundhavingthe formulaAgaSn. Asa matter of fact there is vory little

évidencethat this compoundreallyexists.

If Af~Snbe excludedbecauseof insufficientevidence,it maybe stated

thatneithersilicon,northc sub-groupconsistingofgermanium,tin, and lead,

formscompoundswithsilver. This fact is in accordaneewithTammann's'

wcM-knownsecondrule,whichstates that an elementingeneraleitherfonns

compoundswithall themembersof a givensub-groupin the PeriodicTable,

orclscit formscompoundswithnone.

Thevarioussystemswith silver showthat germaniumis intemediate

tx-tweensiliconand tin, just as it shouldbe. SilvermayhoMin solidsolu-

tion26atomicpercentof tin, 7atomicper centofgermanium,ando atomic

pcrcentof siticon* Germaniumand tin are unableto holdanyappreciable

(tuantityof silverin solidsolution,and it seemshighlyprobable,therefore

thatArrivaut'ssolutionof silverin siliconis doubtful.In all threesystems

thcliquiduscurveisofthe same,or nearlythe same,simpletype.

Germaniumappearsto resemblesiliconmorethan it doestin as regards

thétypeof crystab whiehit formain thèse alloys. Theprimarycrystalsof

germaniumappear in the photomicrographsto hâve clear-cutcrystallo-

Hraphicfaces. This isalsocharacteristicof siliconbut isnot sooftin'

Part V. Summary

Thesatientfeaturesof this papcrmay bc summari:!edas follows:

(t) The equilibriumdiagramfor the systemsilver-germaniumbasbeen

dcterminedfortempératuresbetween600"and 1000".

(2) The diagramis basedbothonthermalandmetallographiedata.

(3) The solidphasesin equilibriumwith the meltare puregermanium

anda solidsolutionofgermaniumin silver. Thelatterwhensaturatedeon-

tainsbetween6 and atomic per centof germaniumat 650".

(4) Germaniumand silverfonn no stable compoundsat these tem-

pératures.

(5) Thealloysforma simpleeutectiferousseries.Thecutectietempera-
tureis650°andthe eutectiecompositionis 74atomicpercentofsilver.

X.anorg.Chem.,49,113('906),ss, 9:9(1907).
ThouchArrivautdoesnotreengnizea«ottdsotutionofsiliconinsitve)-,hewouHpro))-

ithtvhaveoverlookedadiluteonehadit beenformed,sineehereliedentirelyonthennM
'htta.

Xotethephotomicrogmptxforthesystem8ikon.mt)!))esiumeivenbyVot{d:Z.tnorK.
Chom.,Cl,46(t909),eonpM-edwiththoscfortcad-tinbyUegeM:Ibtd.,M,aoy( t~).
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(6) Théspecificeteetrica!conductanceof someof the a)!oysbas been

tncasurcd. The conductancesare surprisinglylow and the conclusionis

drawn that in the fine-structureof theseparticularalloysgermaniumpre-
donnnatcsas the eontinuousphase.

(7) Thésystemsilver-germaniuinhas tweucomparedwith the systems
silver-siliconand silver-tin. Germaniumis intermediatebetweensilicon

and tin as regardsthe propertiesof thesilveralloys.

(8) The authors wishto expresstheir tndebtednessto ProfessorL. M.

Dennis,whoplacedat theirdisposa!the suppiyof germaniumwhiehmade

this investigationpossibte,andalsoto ProfessorC. W.Masonforassistance

in the metallographicwork.

Oo'MfHL'm'«rst<
.~arc/t,M~



AN ATTEMPTED MEA8UREMENT 0F THE PARTITION COEFFI-

CIENT 0F A COLLOID, GELATINE, BETWEEN TWO MQUIDS

BY ROWLAND MAKCfS WOODMAN AND PATRICK HUGH GALLACHEB

Not manycasesare knownwherea colloidisappreciablysolubleto give
sometype of solution,pseudoor truc, in two liquidawhichare immiscible

or nearlyso; the system cresylicacid-gelatine-water,however,furnishesan

pxamptc.
Gelatineis solublein water to givea characteristiccolloidalsolution;it

isalsosolubleinthé mixtureof cresolsknownascresylicacid,'but whether
or not this solutionis truc or pseudo,or isdueto the formationof comptex
compoundssuchas cresates,is a mootpointat present. Sincethe authors
had not the facititiesfor solvingthis question,it wastacitlyassumed(Ma

.f/a/'<M~point that the solutionwastrue, and hencethe problempresented
itsetfas the distributionof a solutebetwcentwoliquidswithoneof whichit
formsa true solution,and with the other,a colloidalsolution.

It will readilybe perceivedthat as tho determinationof the partition
coefficientof a substancenecessarilyentailsshakingtogetherthe two irn-
tnisciMeliquidsolvents and the commonsolute, difHcuttieswill be en-
counteredbceauM;of the tendencyto emulsionformationwhenthat solute
is a colloid;the present systemyieldsemulsions,and the methodusedfor

surmouatingthisdifficultywillbedetailedlater.

ExperimentalandResults

Emutsionformationin this systembasbeeninvestigatedpreviously,and
basbcenfoundto bc compticatcdbythe formationofdualtypes,sometimes
evenwhenthc relative proportionsof the three constituentsare kept the

stune.' Theexperimentswereextendedto inctudethesecomplicationsin the

hopethat knowledgeof the mechanismof the formationof emulsiontypes
wouldbe gained.

Theformerexperimentsdemonstratedthat cresylicacid-in-wateremut-

siuns,cspeciaUywhen prepared dirccMy,wereusuaHyunstable,(probably
"wingto the presenceof unemulsifiedaeid),crackingand completelysepa-
Mtinginto twolayersin from6-~4hr.~

Advantagewastaken of this fact: emulsionswerematieby Kcnttepartial
rotation~of 50o.c.lots of an aqueoussolutionofCoignet'sGotd.Labetgela-
tine (thesolutioncontaininga knownamountofnitrogen),with5oo.c.tots
<;fcrcsyticacidin 100c.c. cyHndcrs,foUowcdby vigorousshakingto ensure

Ktoeks:"Brit.Ass.C«!h)i(tMeports."t, 74(tt~ty).1-
WoodtnM:J. Phys.Chcm.,30,658(t926).
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partition.' Acid-in-wateremulsionsresuited;thèse–ta generaleven more

unstablethan correspondingemulsionsobtainedin previousexperiments,'

nodoubt becausethe gelatineusedhadonce,duringits history,beenheated

at !oo°C.forsometimeto dry it-broke usuallyin !/2-t hr., and wereat.

lowedto separateoutcomptctelyin a thermostatmaintainedat 13.5±o.ïs"C.,

nitrogendetenninationsthen beingmadeon definitevolumesof the ctear

layers.
In parallelexperiments,the water-in-acidtypeof emulsionwasmadeby

knownméthode and,afterallowingasufficientperiodoftimcforfull"crcam.

ing," (whichcreaming,in the caseof this type,isupwards,as cresylicacid

isdenserthan the water-in-acidemulsioncream~),samplesofthe acidunder-

layerwereanalyzedfornitrogen;in theseexperiments,of course,estimation

of the nitrogencontentof the aqueousphasewas impossible,as the watcr

waswhollyemulsified,the water-in-acidtype beingthe perfectand stable

formof this syBtem.'In the caseof this typealso,a smallamountof the

gelatinemust havebeenadsorbedat thc dinericinterfacesof the emulsion

creain.

The workon the water-in-acidtypewasconductedwith the notionof

ascertainingif anysignificantdifférenceexistedin thé concentrationsofgela-

tinein the aeid layersfor the twotypes,thusindicating,indirectly,whether

ornot alternativedistributionsofthecolloidwerepossibleinthe system.

~<t'm<)<<oMofnitrogen:Anatysisfornitrogen,whichis thebest methodof

estimatingsuch a substanceas gelatine,wascarriedout by the following

methods:initial ctnutsifyingmediaof aqueousgelatineand aqueouslayers

ofcompletelycrackedemulsionsweretreatedbythe directKjeldahlprocess.

Cresyticacidlayersgavemoretrouble,and,afterrepeatedtests,it wasfound

thatthe nitrogencoutdbeestimatedwithcertaintyonlyafterdistillingoffthe

acidin stcttm thiswasdoncasfottows:about4o-Soc.c.oftheacid layerwere

placedin a 650c.c.PyrexKjeldahl"cooking"flask,a littledilutesuiphunc

acidadded to tmp any evolvedammonia,and the acid wasdistilledoff in

steam. By regulatinga nameplacedunderthe nask, it wasfoundpossible

tonnishthesteamdistillationwitha residueofaboutten c.e.ofclearaqueous

médium,a straightforwardKjeldahl,usingthesameflaskforthe "cooking,"

thenfoUowing.
BIankexperimentsmadeforthepurposeofcorrectingthevariousresults

obtainedwere:(:), the ordinaryKjeldahlblank,the processesof "cooking"

anddistillationbcingconductedin the absenceof addednitrogen,in order

tocorrectdeterminationsmadeonthe initialaqueousgelatinesolutionsused;

(:), a similar blankusing35 c.e.of watcrsaturatedwithcresylieacidat

tj.5"C., correspondingto nitrogenmea-surementsmade on aqueous!<~ers;

(3),on the steamdistillation,"cooking"andammoniadistillationof 50c.c.

ofcresylicacidsaturatedwithwaterat t3.5°C.,correspondingto the cresylie

Atnrsttheseemutsionaweremadeinfivelotsof:o(-.c.each,tocorrespondexactty
withthetreatmcntgiveninthcprevioMinvestitcation.'t~tcr,it wasfoundthat50c-c
lotsofeachphasecoutdheusedmthoutanyeffectonthetypeformed.

Woodman:toc.cit.
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aeid-Iayers;and, (4),similarto (3), using~sc.c.of water-saturatedcresylie
acid insteadof 50c.e. The differencebetween(3) and (4), a very small

blank, then correspondedto 25 o.c. of water-saturatedcresyHcacidgoing
throughthé processof steamdistillation,"cooking"and ammoniadistiHa-

tion.'
Theresultsaregivenin TableI:

y<~esonthepreparationandtreattnentofthecmMMoM.'

~mutstons1,oKcf Gelatinesolutiono.o6ts%as regardsNt, and 47
hr. old. The températureof preparationandstoragcof the emulsionswas

:5"C.;at this temperature,aUmethodsof treatmentseemedto givethe W

in C type,' no doubtbecauseof the fact that heatingof a gelatinesolution

rnayberegardedasa reversâtof the ageingeffect,:s'39"C.seemingto bea

rathercritiealrangeof température.' TheC inWtype,therefore,wasmade

indireottyby re-shakinga Win C type.'

Subséquentexperimentswereconductedina thermostatat !3.5 ± o.~s"C.,
to avoidthispossiMetemperatureeffect.

SamplesofthecrackedlayersfromthéC in Wtype(no.t), wereseparated
foranalysisafter y hr. The cresylicacidcontinuousphasesof the W in C

pmukions(nos.2and3),wereanalyzedafterallowing31hr.forfut!creaming.
EMM!s!OMand Ageof gelatinesolution(0.06:5%Nt), $! hr. Tem-

perature!3.s"C.EmuMons(Win C),allowed27hr. forcreaming.
EmulsionsC, 7, 8 and Gelatinesohttion(containing0.06tS~N:),

72hr. old. Temperature!3.5°C. Originally6 and 7 wereperfectWin C

types,whichcreamed,and 8and o C in Wtypes,whichcompletelycracked

and separatedin 30min. Theywerestoodat i3.5*C.for :t6 hr., and were

thenvigorouslyrc-shaken,all fourgivingthé Cin Wtype* No.8gave,on

re-shaking,a perfectC in Wemulsion,a resultobtainedontwooccasionsin

previousinvestigations,'theothprthreegivingtheusualunstaMeCinWtype.
This perfectC in W type showedgreat stability,indicatedby the very
-4owcreaming(<~OK'Mt<M~);it was hopedthat the emulsionwouldcream

completely,and that a nitrogenestimationonthe supematantexccsacon-

tinuousaqueousphasemightshowa significantdifférencefromestimations

got fromaqueouslayersof crackedC in Wemulsions,wherediffusionsof

Kptatincmighttakeplaceduringthe timc aUowedfor the layersto exhibit

non-turbidity. Unfortunately,the creamingwasso slowthat, evenafter

48hr.,whentracesofaciddueto crackingbegsntoappear,the Jowerportions
ofthesupematantaqueousphasewerestillvcrymitkyandunfitforsampling;

in o6-tïohr.théemulsionwasentirelycracked,and,therefore,allfourcxperi-
mentsresolvedthcmsetvesintoanalysesoftheerackcdlayers.

JStKMMoMs10, 11 and Gelatinesolution(o.o6fs%N,),2:6 hr. old.

Tonporature,!3.5*'C.Nos. 10and n wereCin W,andno. 12wasWin C.

XitrogcncouMnotbedetectedinthécresylicacidbycarefatty-tonductedLaMaigne'!)
tests

\VinCindicateswater-in-fresyticacid,andCinWo-Myticacid-in-water,emulsions.
Woodman:)M-.cit.;J.Ap-ic.Sei.,t?, 44(!<?/);J.Phys.Chon.,39,88(<929).



ItOO ROWLAXDMARCU8WOOOMAKAXDPATR!CKHUGHaALLAGHEB

1

~f3~
T~ë~
S Sf.. 'e o 't <o9
5c'ë"S~ o' o 0':?'

t.Jpj
N ) ) t i ) t t3)o ? !Pt tSS 8

~~M~S c 0 0 0 0 00 0'

'S-a.'§S
~3-S~

~~Sc o S5 o oo
"a~ <3c f(tttttftttf~?t't ~')"?)t~~

§~-ë~ H H H ) o! o o )
?f f &y

{~E.S 0 0 0 0 00 O

e s

"t. i~
t~. O'~MM~'O't' '1' '< *< M9g

~3-S*
o)t))o8 S~§!§)8))

1 9 (8i)§a 8
~3 OtfftOO'~OOOtOtotf

0)0) f00

0 00~00000 p 0 0 00

.S 'j- t~eo *t00
o«t*.o'o'<: M'û C< « M «)a9 < t M M '0'9 ë M–c~OtOeot~.OOM~HM~~c'MMfM'

'KsS' M'n'ttM*)-t-MMtn«~M'~««eeoeoo'M'nMM

ooooooooooooooqoooooooooo
O

0
V!

ooooooooooooooooooooooooo

~.S<, H s:U C~C~O 0~0

~iE~'B Q.gx m .g.S.S.g.g: .g .g.g.g~ .gs

~J!~J'
~u~ o ~o~ u

OL. MMM)M<00

?'?!' ? ?~

's

S_
H

'M'K'0<

M

1 I
MK 90 ~M M

0

q

i~ · PG'~ ti7 v! V'S 1~

G

i~!? ) t t )))))))i ).oooo. o3.8oo

~>X~
~M..W~M

~Ct' 4 t-.t-~t~t)<')'')n'0<X)-t-'t'<f't't *t*<t 'toc M
~SS ~)'M)Mt– t-OOMMHM N ''tftMM't't
S tt M tt M M)

S". !)))))))))!)000000 0 000000 0

-'g c" !))!!)!t!nu~MM)'~ M'~MMu~M

6

M u~ t- 0
e* o

w
o~E: o- o"

0 0 0 0

'5–-

c S N M M~c t'*9c e'o*<o ~« o' o *< M 'o *<-
~K'S z -FtNMMM N

§ i

S i

§

I i!s- jp

t!~

~J

~~a ô

~i~

~.s§~~p~Ci'aJ

~i~s'

~SJ~cT-

~H»_a



PARTtTIOS COEFFtCtKNT OF t!KMT)NK tôt

TheC in W type, which broke completelyin !/t hr., wereseparatedas

quicklyas wasconsonantwithnon-turbidityofthe layers(3hr.),in thehope

that any redistributionsof gelatine taking placeafter crackingby dif-

fusionprocesses,etc.,might be averted to someextent. Ko. t2 wasalso

sampledMsoonMthé acid continuouslayerwasquiteclear(24hr.).

A'MM~t'OMs~3and Gelatinesolution(containingo.6tS%N2),504hr.

utd. Oneemutsionof eachtypewasmade;previousexperunentshad demon-

stratcd' that witha twomonths' oldsolutionofgelatineof similarconcen.

tration, the C in W type is alone possible,howevervigorousthe shaking

given(by hand), and it was thought that sotnedifferencein distribution

of thé gelatine mightbe noticed in preparingthe two typesof emulsions

froman agedsolutionof gelatinewhichwasnot, however,sooldas to give

theone type only. Gentletreatmentwasnotnecessaryhereto producethe

Cin Wtype; in fact, the shakinggivenin bothcaseswasapparentlyexactty

similar,and thc formationof the W in C type musthâvebeen, to some

extent,accidentai.No. j~ (Cin W),wasscparatcdafter!?.! hr.,andtheacid

layerof !4 (WinC) wassamptcdafter?4hr.

EMM<~)ot<sM,16, 17,18, 19,20, 21,22, 23<!M~ Theseexperiments,all

at '3.5"C.,wercmadewitha newsetof gelatinesolutionsofvaryingconcen-

trations,so that differencesin distributionofgelatinewhenvaryingamounts

ofgelatinewerepresentin the systemcouldbenotcd.

The volumesof the liquid phasesusedfor makingthe emulsionswere

inait casesexactly50e.c. (thisappliesalsoto emulsions13and t4), andthe

C in W types werepreparedin cylinderscalibratedas perfectlyas possible,
w that the volumesof thé crackedlayerscouldbercad with tolerableac-

euracy thus, by comparingthe gelatineactuallyused in the experiments
withthat foundby calculationfromexperimentaldata, somenotionof the

trustworthinessofthe methodsof estimationwasobtained.

Ko. s wasa Cin W,andno. 16a WinC type,preparedbyusingineach

case50 c.c. of a ~4hr. old solutionof gelatinecontaining0.0305% the

layersof 15 wercanalysedafter 6.5 hr., and the acid underlayerof t6

Mfter28hr.

Nos. !? (W in C) and t8 (C in W), weresimilarlypreparedusing24hr.

otdgelatinesolutioncontainingo.o9~%N:; the acidunderlayerof was

allowed72hr. to clear,and the crackedlayersof t8,26hr.

Nos. 19,20,2!, and 22wererespectivtyWin C,C in W, Win C andW

in C types, analyzcd7a, 69 and 70.5hr. aftermaking,madesimitarty

froma 24hr. oldsolutionofgelatinecontainingo.o6io%N!.

Extraordinarycare had to be exercisedin preparingthc C in W types

withall concentrationsof gelatinein these lastexperiments,possiblyowing

to the newnessof the solutions(24hr.)'. Xos.23and 24,however,bothC

in W types made simitariyby usingthe 48 hr. old solutioncontaining

o.o6to'%N!(thé layersbeingseparatedafter2.5and2.75hr. respcctivety),
werecasierof preparation,cvidcnttybccuuseof the greaterageof thegela-

tinesolution.'

Woodman:toe.cit.
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DiscussionofResultsamdTheorettcat

In previouspapprs,~the hypothesisbasbeenput forwardthat the typeof

emutsionformedma.systemis regulatedto someextentbythe partitionof

the emulsifierbetweenthe twoliquidphases,this partitionfavouringthat

liquidphasewhichis the usualexternalphase. Théemulsifiertnaybe sotu-

blein eitheror bothof thephasestogivesomekindofsolution,true or col-

loidal,or, in the limit,maybemeretywettedby oneor bothof the phases,

preferentialwettingthen determiningwhichliquidwillbetheexternalphase.

(On the assumptionthat no substanceis absolutelyinsolublein a liquid,
and that, therefore,wettingofa solidsurfaceinvolvessolution,then a par-
titioncoefficientmustexist,and willbe in favourof that liquidwhichwets

preferentially).
The type of emutsionformedin systemscapableofyietdingdual types

maythenbe inHuencedin twoways:in the firstplace,supposethe partition
coefficientto bo greatlyinfavourofonephase(asis probablythe caseinall

emulsionSystems);then increasein the volumeof the phase less rich in

emulsifier(assumingother amountsin the systemkept constant,and that

the ordinarylawsof partition-and, inparticular,the simplelaw- holdfor

colloidsolutes), willresult in relativelysmallchangesin concentrationin

both phasesand in absoluteamount(decrease)of emulsifierin the richer

phase,anda smallbut relativelylargechangeinabsoluteamount(increase)
in the lessrich phase. Thus,althoughthe partitioncoefEoientremaincon-

stant, the ratio of total amountsofemulsifierin the phaseswillalter con-

siderabtyin favourof thé lessrichphase;this change,takcn in conjunction
withthc greater smashingactionofthe lessrichphasedue to increasein its

volume(diluteemulsionsare alwaysmoreeasilyformedthan ooncentrated

emulsions,intermittent shakingor "mayonnaise"methodshavingoften to

beresortedto in makingthelatter), maycausea typeofemulsionin which

the phaselessrichin emutsineris theexternalphase;altérationof the phase
volumeratio in theother directionwouldfavourthe othertype.

In the caseswherethe constituentsof a system,thoughpresentin the

sameproportion,can, by differentmechanicaltreatments,ageingof one

phaseor of the system,re-shaking,etc.,giverise to both types, then some

temporaryor permanentnewpartitioncan be inferred,possiblyfromsome

suchcauseor combinationof causesas altérationin pH, altérationin col-

toidatpropertiesor state ofthe emulsifierif a colloid,temporaryprevention
ofthe establishmentof thetruepartitiondueto adsorption,etc.,or formation

ofnewemulsifiersbyréactionstakingplaceinthe system. Thèsedifférences

in partition may be quite significant,and yet unmeasuraMechemically,
for expérienceteachesthat muchthegreaterproportionof the emulsificris

presentin one phase, a verysmallabsolutechangein the amount in the

otherphasethus producinga finitedifferencein thepartitioncoefficient.'

WocdtnM;toc.cit.:J. Phyo.Chem.,33,88(t~9).
Brigp: J.Phys.Chem.,24.t2o(t9M);WoodmM:J. Porno).Hort.Se: 4.95('9'!)'

WoodnMn:J. Phys.Chem.,33,88(t9<9).

<
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C!ayton'basstatedwithregardto thé systemnowunderexperiinent,and
insupportof the viewthat a givencmulsifiercanpromoteonly"onetypeof
emukionwith any twogivenHquidsto beemulsified,"that thé eolloidality
of the solutionsusedis opento investigation,andthat the relativeamounts
ofgelatine-waterand gelatine-cresylicacidcomplexespresentin the system
may playsomapart, as they may be alternativeemulsifiers.Thèselegiti-
matecriticismswereanticipatcdand dealtwith to someextentproviously.2
It isgenerallyconccdedthat an aqueoussolutionofgelatineis colloidal;thus
thoughgelatinecan exist in water,likea crystaUoid,as solutionsof single
molecules,it oan also bc associatcdto a great extentcven in very dilute
solution.' Moreover,it may be postulatedthat the singlemoteouteof a
protcin"is sufficientlylarge to showthe beginningsofpropertiesassociated
withmattcr in the mass,i.e., thé molcculespossesasurfaceand forma dis-
pcrsedphase in the sohttion/" and,for this reason,it has previoustybeen
statedthat a so-calledtruesolutionofgelatine(molecularweight10,300*),–
in the senséthat thé solute is not associatcdto any great extent–such as
cfesy!icacid gélatinemightbe, willexhibitcoHoidaUty.~This reasoning,of
course,canbe appliedwithgreaterweightto anycomplexesofgelatinefound
in the system. Finally,Ctayton*expressesthe viewthat an "emulsifying
agentmust be colloidalin nature,"agenerallyacceptedopinion' It.might,
therefore,be better to amend the previous!y-expressedaimof theseexperi-
ments,and state that it refers to the partitionof a colloidbetweentwo
liquidswith whichcolloidalsolutionsare fonned.

ThesecondcommentofClayton('oc.cit.),referringto théposaiMeforma-
tionofgelatinecomp!exes,'is muchmoredifficultofproofor refutation,but
a greatdeal canbesaidin its favour;as,however,workis nowbeingcarried
out withthe ultimatenotionof definitelyfixingthe emulsifieror emutsiSers
in thissystem,andas the objectof the presentexperimentsis not relatcdin
«nygreatdegreeto this question,argumentforor againstthis commentwill
bc leftto the future. Sufficeit to say here,that, ovenif complexesof any
kindare formed,a partition(or equilibrium)ofemulsifieroremulsifiersmust
exist to give the experimentalelasticitypossessedby the system;as it is
usual'in aMcasesof partition to expressthecoefficientas the ratio ofsome
powersof the concentrationsof thedrysoluteilgelfinthephases,irrespective
of thé possibleoombinationof soluteand solvent,orof associationofsolute
(solongas the complexdoesnot settleoutasa separatephase),this treatment
is followedhere.

Ctayton:EmubioMtandThei)-TechnicatTreatment,"p.31(t9a8).
Wooaman:toc.cit.,p.669.
JofdanHoyd:"ChemiattfyoftheProteiM,"p.tgy(t9<6).
JordanLtoyd:"ChemiatryofthePmteiM."p.a<o(t9t6).
Jordan Biochem.J., 14,)47(t9ao);16,530(t9M);Cohn,HendryandPren-

HfM:J.BtoL8e~63,Mt ('995).
Ctayton:"RnubtonaandTheM-TechnicatTreatment,p.ta6(t9:8).
Woodman:toc.e!t.,p. 669.
Tattinga fewrandomcases,partitioncoefficientsofa!c<thot.pyridine,acida,eMessncha<ammonia,sulphurdioxide,etc.,andanhydrouaaubstanceswhichformhydrates,hetween~-aterandan :n)mMeibteaotvent,areeatcutatedwithoutreferenceto poNibtei-uhtte-eotventcomplexes.
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The resultsgivenin Table1indicatcthat, in this system,any successfut

and accurate déterminationsofa partitioncoefficientwill, in view of the

expérimentaidifficultiesinvolved,beimpossibleorextremelydifficult. They,

however,at thé sametime,proveconclusivelythat the partitionis greatly
in favourof the cresylieacid.

Thé concentrationsfoundintheacidareas consistentas canbeexpected,
the averageof ail resultsat t~.s"forinitialaqueousgelatinesolutionso.o6t5
ando.o6!o% asregardsnitrogenbeing0.0513±0.000$;but, thoughtherange
bctween the extremenitrogendetenninationsfor aqueouslayers is only
o.oot% nitrogen,themeanpercentageis 0.0007± o.ooo!,andhencecatcuta-

tion ofpartition coefficientsfromsingleexperimentsare liableto greatvaria-

tion.1 These largerelativeerrorsare due to thé fact that the amountsof

gelatinein the aqueouslayersaresosmallas to bc inestimablewithacouracy,

beingmuchsmallerthan thepossibleerrorofestimation.'=

Asthe errors in the measurementsof thé aqueousconcentrationsare so

gréât, it is useiessto expecttemporaryor permanentvariationsin thé par-
tition, suchas the analysesofbothtypes,the re-shakingand ageingexperi-

ments,etc.,weredestinedto show;it has bcendemonstratedetsewherc*that

thesevariationswouldnotnecessarilybegreat, anda moderateexperimental
error mighteasilyswantpthem. For this reason,the wholeof the results

foranyparticularserieswasgroupedtogetherfor trcattnent.

TABLEII

Conrn. of ini- Average Xo.ot Average of Partition coefft.
tial 50 c.c. concn. of estimationsconcn. of estimations =

ofaquemM getatinein getatiucin ~Xtinacid
gelatine ttsed. cresylieadd water.

,––'–
~.X~: C;): (%X,): ~'nwater:

0.0305 0.0:66 x 0.0004~ 67(t3.5°C.)

°~<
0.05:3~0.0005 o.ooo7±o.ooot 9 73('3.5°C'.)

0.0u!0/

0.0615 0.0520 3 0.0007 r 74(25"C.)

0.0977 0.083: 3 o.ooiz 69(t3.5~C.) c
The standard error of thé meanis given throughout, [ ± (Sd'/n (n – t))). The

probable error of thé mean is 0.674timesthis.

That nothing is wrong with the methodsof estimation, and that the whoto fault lies
with thèse small aqueous concentrations,can be pcrceived by comparing thé amounts of

){e)atineput in thé system with thnsefound hy expenmetttat data; TaMe t shows f~mt n
jmrecment for those CMeswherethis catcutation is ooMtMebecause of thé votumes of the
cnn'ked layers of thé C in W type heing)(nown.Thé expérimenta had to Ire continedto

attueous Mtat!nc sotutioM of initiai concentrations te<!8than o.)%\< approximatety he-
(-aui!cof the possibitityof gelformation. Thé phase vohtne ratio waanot a)tcrt'd in favmtr
of the water, so as to gettar~r aqueouavotumeaforanalysis), as thon the dual types woutd
not have been potBibfe(Woodnmn:toe. cit.) Thé formation of différent types at other

phMe volume ratios might bc explainedcither by thé formation of eetatinc eomptexM,
yictdin~ différent emutstners, or by the partition hypothems, as explained prevtotMty.
Assumtngthe first exptanationcornft, t<M))M<Mtcemun!)?"<' "n <AeMconft,as an excess
of either sotvent wouid indirate a tjreater total amount of ftetatine in association with
that sotvent in a freeor combinedstate, and hence an equitibrium in faveur of that aoivent
as continuons phase.

Woodman:J. Phys. Chem.,93,88 ()0ïo).
t'atcutated by the method shown!atcr.

e

H

(
t
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The actualexperimentalpartition coenictenta,assummgthe simplelaw

of distribution,and that, therefore,thé gelatineis associatedto the mme

cxtentin both (eolloidal)solutions,are as inTableII:

Theseare quite reasonabtynear in orderof magnitudein viewof the

expérimentâtdinicuttiesinvolved,and tendtoshowthat thestateofassocia-

tionof the gelatine,whetheras complexor not,isthesamein bothsolvents;

it shouldbc noticed,however,that an additionalaqueousnitrogendeter-

îninationmight,in any of the aboveseries,havedestroycdthe agreetnent

completcly.
Anotherexplanationof the rcsuitsis evident:thé concentrationsof the

aqueousgelatineare 80smallas to be negtigiMc,fortheyfallwellwithinthe

limitsof experimentalerror, and henceit couldbestatcdthat thé partition
t'<innnitctyin favourof the acid, !e., that theaeidcompletclyextractsthe

KpMnefromitaaqueoussolution.

In this caseit wouldbe difficultto explaintheformationof the C in W

typeby re-shakinguntessadsorptionfrotnthe<~rm!~phaseto the dineric

swfacewcrcpostulated;and that thisnotionoftotalextractionbythe acid

).<!probablyquiteerroneouswillbeperccivedfroma considérationofthesolu-

hitityof crcsyHoacidinwater. Thecresytioacidusedwassolubleinwaterto

aboutT.spercent.at roomtempérature assutninf;,therefore,that thc soh)-

hitityof cresyiioacid in water in uninflueneedbythe présenceof getatine,'
andthat the totalconcentrationof gelatineasgelatine,associatedt!o)atineor

p'tutinccomplexesin the ~<sM!M<!acidis essentiattythe samcas that in the

cn'syticacidlayer,then the percentageconcentrationof totalgelatinein the

aqueouslayerwillalwaysbc t.s/too = 1/66.6ofthat in the acidlayeras a

W//«'MMM.
Thismeansthat a definiteminimumofgelatineis alwayspresentin the

:«)ucouslayer,andrulesout thé possibilityoftotalextraction~if, now,the

p'tatinein thedissolvedacidis in the samestateofassociationas that in thc

!K'idlayer,so that thc simplelaw of distributionholds,and if theminimum

amountsof gelatinesoealculatedin the aqueouslayersare regardedas thé

true amounts présent–thèse minimumamountsagrée ve~ weUwith

theexpérimentaiamountsin thc fact that theyarealsomuch)e.~than any

<)uantityofgelatinewhichcouldbcmeasuredwithaecuracy–thenthe parti-
tioncoefficientis66.6in favourof thé cresylicacidphase,a numbcra~rceing

n'asonaMyin orderof magnitudewith thecoefficientsinTableJI calculatcd

whollyfromexperimentaldata.

Thenumber66.6probnblyrepresentsascloseandfairan approximation
tothé partitioncoefficientas is possiblein thissystem;themostthat canbe

WtMxhnm:J. Agnc.Sci.,t7,44f) 9:7).
Thfttthisisa reMomMeassutnptionwillbeperfeivcdfromthefactthatonatMkmR

<<ofwaterat t3.S°G.with50c.f.ofacidat t3.;°C.,thevotumcsofthefesuttingtayers
wre55.8c.c.(aridland44.2c.c.(aq.);theseagréeweUwithdatagotin theprésenteof
Kdatine(secTableI l.

fn manycaseswherethepartitioncoeNcicntisgreatlyinfavourofone))q)ud,it
tuighttwthatmostofthesolutein theotherliquidismaint)'duetonwtua!sotuhttityof
t)K'liquids.
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definitelysaidis that the cresylieacidlayercontainsnearlythé wholeof the

Kctatine(orgelatinecomplex),despitethefact that thereis noknownlimit

to thé solubilityof gelatinein waterto a colloidalsystemof sometype.'
ThismightaccountforthestabilityoftheWin C type;whetherornot tem-

poraryor pennanent!ydigèrentpartitionsaccountfor the occurrenceof the

C inWtype in certaincircumstancesisstill anopenquestion.

Summary

Anattempthasbeenmadeto ntpasurpthepartitionof thecolloidgelatine
bctwet'nthe twosolventswaterandcresylicacid.

The systemis complicatedby the factthat it yieldsemulsionsand, in

certaincases,dual types of emulsionsby mère mechanicaldifférencesin

preparation,by ageingciTects,by re-shaking,etc. A partitionhypothcsis
of the mechanismof the formationof thèseemulsionsandof the dualtypes
is given.

Froma surveyof the experimentalandtheoreticalevidence,it is con-

cludedthat the soluteisinacolloidalconditioninbothsolvents.Theproblem,

therefore,résolvesitsetfinto the partitionof a colloidbetweentwoliquids

withwhichit yieldscolloidalsolutions.

Theexperimentalerrorsaresogreatasto precludethe possibilityof de-

terminingwhetherany significanttemporaryor permanentdi!îerencein

partitionaocountsfor the formationof the two types,and hencethe series

of resultsweregroupedtogetherfortreatment.

Thepartitioncoefficient,calculatedonthe simplepartitionlaw,is largely

in favourof the cresylicacid;somuchsothat, as the amountsofgelatinein

the aqueousphasesare smallenoughto bewithinthe limitaof experimental

error,anycaleulationsofthecoefficientareliableto besubjectto greatvaria-

tions. Expérimentalvaluesfor twodigèrentconcentrationsof gelatinein

the systemt3.5"C.are,however,73and69in favouroftheacid.

Thé hypothesisthat cresylicacidtotallycxtracts the gelatinefromits

aqueoussolutionis shownto be untenable. On the suppositionthat the

mutualsolubilityof thc twosolventsis responsiblein the mainfor the par-

tition,thevalue66.6infavourof theacidisobtained. Thisisprobablya fair

approximationto the truth, and agreeswith experimentally-determined
values.

Thestabilityofthc Win C,andtheunstabilityof the Cin W,types,arc

explainedfromthefactofthepartitioncoefficient'sbeingsogreatlyinfavour

of the acid.

'Me~or<fcM!<M~~Mat-<AStation,
t.'M<f'e)')tt<~({fCa)M&<'«/e<,
~)0<<!W<.
Vat). M~a.

MobertMn:"ThePhyacatChemistryofthéPmteinf,":7S(t9f8).



THE AD80RPTION 0F CERTAIN ACIDS BY WOOL

BY W. W. PAUDON

Duringthe courseofexperimentssuggestedby ProfesserBancroftcon-

ccmingthe dyeingof woolby acid dye! it wasfoundnecessaryto obtain
data for the adsorptionof variousacidsby woolundertheordinarydyeing
conditions.Suchdata wereobtained for sutphuncand hydrochbricacids.
Sitnilardata for tartaricacidhad been previoustydeterminedby Mr. A. W.
Hut!ofthis laboratoryandareincludedherein.

The woolused waspure, white sweater,yarn, all of the samplesbeing
takenfromthe samehank. A series of elevenbathsof varyingconcen-
(rationswasmade up for each acid. Onegramof woolwasused in each

bath, and thé adsorptionallowedto proceedat the boilingpoint for one

hour,preliminaryexperimentsshowingthat by this timeequilibriumhad
bcpnreachedin everycase. The woolenteredtheboilingbathcoldanddry,
andwasremovedhot at the end of the hour. Theamountof unadsorbed
acid was determinedby titrating the bath with NaOH sotutionusing
phenolphthaleinas an indicator. The data thus obtainedare shownin
TabteI.

TABLE 1

Total volume of bath in each case 250 ce. Oae gram of wool.

Bath heated to boiling for one hour.

~iUigram MiUigmm Milligram Mittigram hiilligram M:Uiemm
~))sAcid MolaAcid MobAcid &!obAcfdat MobAcid Mois Acid
at start loft in bath adsorbed start leit inbath adaorbed

HydrocMonc Acid Sulphurie Acid

0.20 0.16 0.04 0.08 0.04 0.04

0.41 0,32 0.09 o.t6 0.09 o.oy

0,62 0.48 o.t4 o.:3 0.13 o.to

'.03 0.84 o.i9 0.38 0,24 0.14

).64 T.39 0.2$ o.6! 0.43 0.18

3.08 2.79 0.29 t-'S 0-9' 0-~4

? !$ 4-64 O.SI !.9! 1,64 0.27

S.!4 7.68 0.54 3o6 2.71. 0.35

t:.34 n.62 0.72 4-6o 4-18 0.42

~.48 15-80 0.68 6.14 5-7° 0.44

20.6o to.90 0.70 7.65 7-~4 o.4!

Tartaric Acid Tartane Acid

0.05 0.03 0.02 i.25 ï.t4 o.n

0.10 0.08 0.02 2.00 1.88 0.12

0.!5 0.12 0.03 3.00 2.86 O.t2

0.25 0.20 0.05 4.00 3.83 o.:7

0.40 0.34 o.o6 5-00 4-83 0.17

o 75 o.67 0.08
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Thé data are shownin thé fonnof curves,Fig. i. MtHigrammolecules

of acidadsorbedare plottcdagainstgrammoleculesofacidleftin the bath.

It willbe noticedthat upto concentrationsof 2 mHtigramsper250ce., sut-

phuricacid is slightlymorestronglyadsorbedthan hydrochloricacid, Be-

yond this point the reverseis true. In aUconcentrationstartaric acid is

ftU.t 1

mueh less stronglyadsorbedthan either sulphuricor hydrochtoricacids.

Thereare no abruptbreaksin thecurves,indicatingthat nochemicatcom-

pounds are formed.

lt is thereforeconcludedthat,
t. At the températureofboilingwater,wooladsorbstartaricacidmucb

lessthan it doeseitherhydrochloricorsulphuricacids.

2. In concentrationsup to 2 miHigrammoleculesper 25oce. woolad-

sorbsat the temperatureof boilingwatermoresulphuricacidthan it does

hydrochtoricacid. Abovethat concentrationmore hydrochtoricacid is

adsorbed.

3. Thereisnoevidenceoftheformationofcheinicalcompoundsbetwecn

any of the three acidsand the woolsubstance,throughoutthé range of

concentrationsexperimentedwith.

1 am greatlyindebted,forassistanceand suggestionsto ProfesserBan-

croft, undcr whosedirectiontheseexperimentswere performed. Th<*sc

experimentswercmadepossibleby a grantfromtheChemicalFoundation.

Correell f.'M<'<)'<«~,

~Mtt<M~.



NEWBOOKS
A CmnpMheaetveTreatise on ïnorganic and ThooreticelChontstty. Bs J. W.AM<«r,

)'c<.~.Y.M X 10 cm; pp.«)' + N07. J',t)M</ot)attd A'ef t'or~ ~Mf)a"t, Greenand Co.,

~n'ec.-$~0.< This volume deals with arsenic, antimony, bismuth, vanadium,

cotumbium, tantatum.

"AraMMcis ubiquitous. Every particte of coat dust or ashes,every'tin-tacx, and every

metal eookinK-veme)is atifthttyarsenical. Few manufaeturedfoodmaterials or food in-

nrfdienttare entiroly free fromit. Thé t;taMof white bottiescontainsit and givesit up to

someofthe substances stored in them, whence it also entera intofood. Thé Royal Com-

toitsionon ArsenicalPoieoning,recogniaingthis ubiquity,limitedthe pennimibioquantity
tu </tooth grain per poundin eoMdand t/tooth grain pergalloninliquidfoodf),"p.3.

"Gautier found a amall proportionof anenic normattyprésent in the thyroid~andeof
!<t)thé digèrent animai; t:7 ftnnBof human thyroid glandgave 0.95mgrnt. of arsenic.

Thearsenicin thé thyroidglandof a eheep wasfound to beprésent in the nuetetM.not the

peptones;and hence it was inferred that arsenic may poœiMyformMeenicnudeins tiffe

( ))'M6ofphosphonM. Amenicwas atsofound in thé thymuf)and brain, and only tracée in

thé skin. Arsenicwas not found in heatthy blood exceptin the menstrualperiodwhen

0.28m<tnn.per kilogramof blood was présent. Bertrand and Segale favoured the

hypothesesthat arseniciaa normalconstituent of protoplasm,alongwithcarbon,nitrogen,

!<u!phur,and phoephonN," p. 7.

"AccordinRto L. Btoeh,the phosphorescenceof arsenieat Mo",Mkethat ofsulphur and

phosphorus,Maccompantedby oxidation by whicharsenictrioxideisproduced. As in the

( Mseoftulphur, no ioniMtionoecurs,and there is alsonoformationof ozone,whiehis pro-
(tucedby both sulphur and phoaphorus. Thé produet ofoxidationof arsenic,either phos-

))hnre<Ment)yor with Same,always contains arsenic oxide,just as somephosphortcoxide

and sulphur trioxide are alwaysproduced in the parallelcases. The arsenicoxide, whith

)t)N)'form t/~oth of the whole,seema to be fonned direct fromarsenic, ~inceaMeniouB

'~ide cannot be oxidizedunder the conditions, It MaaMtmedconveMetythat arKnie oxide

h thc soie original product, and this is mainly de<!on)posedinto arseniousoxideby a Me-

uttdarychange," p. t6.

"!n thMpart of the world (StyriaJwhen a Rraveyardis fut), it is shut up for about

metveyears, whenall thé graveswhichare not private propertyby purchasearc dug up.
théboneaare collectedin the chamet-house,the groundisploughedover,and buryingtjeens

optin. On these occaaioMthe bodies of arsenic-eateraare found almost unchanged, and

rccoftnitaMeby their frienda. Many people suppose that the findingof their bodiesis the

~npo of thé story of thé vampire," p. 45.
!nthé spentaneouaoxidationof arsine by oxygenat ordinarytemperatures,Reckleben

!(ndLockcmannfound that arsenicis liberated in a freestate, and only the hydro<{enis

oxidized;whcn the mixture Mexposedto rays or 1rays, the reactionis accetetated, and

arseniousacid is formed,HaAs+ ~Ot'=' tHtAsO,. Sincethe a-rays are excluded, it is

sopposedthat the oxidationcannot be duc to the intemediate formationpf ozone,"p. 55.
"Kohn found that whencopper sulphate is heated with aqua ammonia and arsenic

trioxidein a scatcd tube at ioo", it undeft~xa reductionto euprousBattwith formation

"f arsenicacid. After thé result.ingcuproua solution basbeen oxidizedto the cupric con-

dition by atmospherie oxygen,estimation of thé amenicaeid reveatsmore of the latter

thancorrespondswth theequation,
:Cu' + AsO,' + <OH' + zCu' + AsO.

Kvident!yoxidation of the ammonicalcuprous solutionta thé eupric stage activates the

atmoapherieoxygen for the oxidationof the residual, unchangedarscnioosacid," p. no.

"Dey and Dhar showedthat thé oxidation of sodiumarscniteat ordinary température
i<effectedby passinf:air througha solution in whichfinelydividedeopper,cuprouschloride

"r oxide,zinc, or yellowphosphorusis suopended; finelydividedcopper dissolvesin cold
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sotutton of sodium arsenite on)yin thé presenceof oxygen. The oxidation of sodiumar-
senite can be inducedby the oimuttaneousoxidatlon of sodiumsulphite, stannous chloride,
man~nous or cobattoushydfoxide:and variousaldéhydes," p. n8.

Thé reviewer wasgtad to see diagtamsfor the existence of deBnite compounds on p)..
~4, las, '~9. 70S,and etsewhere,but, unfortunatety, the concentrationsof the solutions
are plotted as abseissasinstead of ordinates. Consequently constant eompositionaof the
solutions give a vertical fineand not a Cat. It is purely a pedagogicatmatter; but the
present arrangement M bad.

"Arsenic acid h redueedby nascenthydrogenin aeid solutionas in thé case ofaqueous
solutions of arsenic trioxide; but Covettisaid that in alkaline solution it résista reduction
under condttioM whereaMeniousacid fonns aMine. Accordingto Ascbkenasy, if alkaline
peroxidesbe dissolvedin arsenicMid,and the solution be evaporatodunder redueed pres-
sure, at a low temperature, a perarsenateof the alkaline earth is produeed. Tho liquid
before evaporation caa be convertedinto a solutionof thé atkaHperarsenate by treatmeat
with aUcaUsulphate. An alkali peraMenatcis produced by evaporating, under reduced
pressure, a solutionof the arsenatein dilute hydrogendioxide,"p. !44.

"Thé lead arsenates attraeted no special attention until t~, when F. C. Moutton
reeommended their usefor the destructionof leaf-eatinginsecte Sineethen, leadaKenate
in different fonns has been employedextensivetyas an insecticidein place of Pans green;
and severai thousand tons are usedannually in the United States," p. tSç.

Somebody shouMatraighten out thé statement, p. 2o5, that "E. SchweMerfound that
whenan aqueoussolutionof arsenictrioxideis added to a soiutionof potassium dichromate,
the liquid acquiresa finegreencolour,and in a fewminutes coagulatesto a jeUywhieh,dried
at too". has the composition4K,0.3CrO,)As~),.aoH,0. H the liquida be mixed in the
reverseordor, thé greencolouris produeed.but no precipitate, p. 205.

"According to S. Delépine, thé inhalation of air charged witb fumes of arsenic th.
chloride or the direct applicationof undiluted arsenic trichlorideto thé skin causes death
rapidly by acute arsenicpoisoning. The arsenic la absorbedrapidly by thé timues and
within a few houMcan b<;recoveredfrommost of thé tiasuesand organa of the body, es-
peciaUythe brain, fiver,and kidneys. The symptoms of poisoningby arsenic trichloride
inctude laryngeal obstruction,dyspnoea.and convulsions,"p. ~s-

"Berthelot obtaineda fragmentof a vase fromsome excavationsat TeUo,and foundit
to conaist of metatticantimony; thus showingthat this metal %'asknown to the ancieM
Chatdeans perhaps 4000B.C. Forrerreported vesselsof antimonyfrom old burial grounds
near Tinis. Helm and HHprecht,and Mayer found three percent of antimony in some
bronze vessets nf the oldest Babylonianperiod; Stoll found antimony in some old Aby<-
sinian attoya; von Parly and Xiesobservedfifteenpercent antimonyin some bronzesof the
nid iake dweUers;Homme)reportedantimonyin some old JapanesebroMes: Oldenbergin
some old Indian bronzes;and Bûcherin some otd Peruvian attoys,"p. 3~0.

"The part playedby antimonyin the early history of chemistryis generatty overlooked,
its c!aim to an all-important position being oveMhadowed by its great rival, gold.
There is a considorsbleamount of evidence, however, that antimony and its compounds
must have proved of fascinating interest to many of the early chemists. and it is indecd
probable that thé study of this metal led to moredevetopmentsin thé early history of the
sciencethan did that of thé preeiousmetal," p. M'.

"There is a traditional betiefwithsomeraisers of eattle that a daily dose of antimoxv
tsutphide) will improve the conditionand hasten thé fattening of, say, horses and pif~.tn Hnms~vick.forexampte,the hreedersof fat gcese add a little antim~nious oxide to the
fond as a traditional custom. The old Roman poc«~ eM<e<<«).or cvertasting cups. were
made from an alloycontainingmuchantimony. Whon winewasallowed to stand thercit)
for a few days, it dissolvedsomeof thé metal, and this acted as anemetic, causingany one
drintting it to vomit violently. The avaiiabte evidence is not unequivoeal," .p. 385.
It Me.ns to thé reviewerthat more stmutdhsvf )M.cnsaid s)M)))tantimonv trioxide as a
mordant than just thé referenf-eon p. 386.
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Tho passageon the eh*ctrc!yticproduction of stibine,p. 3~9,ia very confused. Thére-

vx-werbas not yet ehecked thé Mteratureto Me whetherthé difiicultyis in thé originalor

in the transcription thereof. What seems to be an interestingphotoehemiea)experiment

invotving monatomic hydrogen la described on p. 396. "Aceordingto F. Joues, when

stibine ispassed oversulphur it is decomposed: 9 SbH, + 6S ShtS. + 3~8. Thé réac-

tion oceurs at ordinary température t'nly in the presenceof iight, being slowIn diffused

daytight, rapid in sunlight. Thé reaction i« alao broughtabout by the eieetrie iight,M){ht

from buming magnésium,and even the light of a goodoil-lamp."

"Berzelius treated a solution of potassium antimoniatewith lead nitrate and obtained

a white curdy preeipitate of lead antimoniate: thé Mntecompoundwas producedby the

action ofhot nitrie aeidon an alloy of tead and antimony. Tho produet turne yellowand

gives ofFwater when heated. Thé Mwatied Naplesyellowor ~<tNohno,Mprodueed

by igniting, in a fireclaycrucibie for two houre, a mixtureof potassiumantimony tartrate.

with twiceits woightoflead nitrate, and four timesitswe))!htofBodiutneMoride.Percy

xttidthat ho found leadand antimony in the yetiowenamelof an enamelledbrick fromthe

Kaar ruins of Babylon,and inferred that the colourwasdue to leadantimoniate. In ts~«

Hccotpaœi gave instructions for making the oolour,"p.457.

"BiNnuth hydride inobtained by dissolvingan alloyof ma~eBiumwith thorium-Cor

radium-C in o. hydroehbrie or Butphuricacid. Thé resultaof this and similarexperi-

ments show that whenmagneaium eu))ernciattyalloyedwith bismuthand lead is diMoived

in dilute hydrochtoricacid, a Mnattfraction of the bismuth ia convertedinto such a at~te

that it can b~ carried by a gas current through a cotton wool Stter, and that a similar

réaction doea not oceurwith lead," p. 695. Vaninoand Zumbuschwere unaMe to make

bitmuth hydride etectroiyticatty; but that must be experimentalerror. Paneth's mag-

nesiutn-bismuthmethodt8 eleetrolytie in principle and coMequenttyit must be possibleto

make the hydride eteetrolytieally.
"BiNnuth oxyehtorideand oxynitrate were formerlyUBedas a coanetic for toitet pur-

poses,but have givenway to the cheaper iiincoxide. Thé oxynitrate. ground withan

cssentMtoit is usedMimparttBf;an iridescent surface–mother~f.peart tuetre–to pottery,"

p.630.
Thé formula of bismuth oxide haa been written at differenttirnesas BiOt, BiO,Bi<0,

tmd BitO~,correspondingto atomie weights of 984, t49, yt, and tt3 respectively,p. 639.

Thé present atomieweight i* 209.

"During the ptocemof thé weathering of rocksand ores, a part of thé vanadiumpasses

into solution, and becomes concentrated in ttte limoniteaMkephoephorus.but in NnaUer

proportions. ThMis HtttNtMiedby the fact that bott-ironoresusuallycontain vanadium.

Much of thé vanadiumia concentratod in sedimenteas is shownby tho widedistributionof

vanadium in many sandstones. Vanadium also, accumulates in silta and muds more

than it does in thé coarse)' sediments. This is ittustrated by the commonoccurrenceof

vanadiumin ctays. It may be carried along by aiuminain eottoidaisuspensions,"p. 7<9.

"Thc hypovanadoussalta are among thé most )joworfuireducingagents in chemistry.
The neutral and acidicsolutions absorb oxygenveryenergetieaBy;they décomposewater;

ttttd rapidly Meachfitmus, indigo blue, and other vegetablocotours. The hypovanadous

hydroxide which is precipitated by atkati-tye begins immediatelyto decomposethé water

with the evolution of hydrogen and the formation of vanadous hydroxide, (VOH~. Ac-

ordingto Pieciniand Marino, whon thé soiution of a hypovanadoussait Mtreated with

'dium carbonate, it gives a violet precipitate whichdécomposesat once. Sodiumsul.

phidegivcs a violetprecipitate whichdécomposeswithevolutionofhydrogenand hydrogen

sutphide. With potassium nitrate and hydroehlorieaeid, there is an evolution of nitric

oxide. Frotn satts of tin, silver, gold, and platinum, the metai is precipitated by a solution

'~fa vanadous salt; in the same way, copper is depositedquantitatively fromits solution.

11ia worthy of note that chromoua saits reduce cupricsalts only to cuprousoxide,"p. 740.

"Tantaitun ran be used as cathode in etectrotyticanalysis,etc.; thus, aceordingtot:. W.

n<t)ke,it can bcusedfor the dépositionof zinc sinceit doesnot alloywith thé metai,and, if
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used for tht' etectrudMptBitiooof gold and silver thèse metats can t)e dissotvedfromthé

cathode with aoua regia whichdoesnot attack tantalum," p. tt93.

"According <oMorf!enrothand Koaentha),potassiumhexatantatate does not hitt the

trypanosomes of mi<*e.thoughit seems to intubit their transmissionfromone fonn to an-

other, and it alsoinhittitsthe poisonousactionofantimonycompoundsonthe trypanosomes
of nuce and un tnicc thetnsetves,"p. 902.

t)'<Mf)-D. ~aMcro/<

The Pyrolysisof CarbonCompounds. f'Aa~ /~fMt«//M~?~ X 17cm; ~07.

A'fM'~wt; Mfmtt'of t'afa/oj;foM<~tK!/MS. ~-fe< ~/MO. "The transfonnation of a

compound into auothe)' substance,or into other substances, thMUghthé agencyof heat

atune is called pyrot.vNs. l-'requenttypyrolysesare thermal decomposïtioM,but thé term

'PyMtysM'Msoniewhatbroader than 'Thermat Decompositiou.' Aho. it h moreconcise.

In 'decomptjtHtione'there tNatwaysthé impMcationof thé formationof at teast two aimpter
substances. In pyrolyses,thb )!)not atway the case. t'or example,rearrangetnentamay
be t'au)!C()by heat alone. t''urthermore,the formationof large motecutesfromamaUones

iaoften offectedby heat. Bothofthèsechangesare pyrotytieones,but it wouldbeawkward

to chMaifythem as decompositiors,"p. 9.
Thc chaptem are entitled: pyrotyBis;<p*nera)i!!at!otM!aliphatie hydrocarbona;eyelie

hydroc&rbons;petroieum, rubber, and related hydrocarbons; halogen compoundsand

inarganicestem;ah-ohu)sandphenols;ethers; peroxides;atdehydes;ammono-aldehydes,and

ketones; carbohydrato!, wood,and eoat; aminesj acide; dibasicacids; hydroxy-aeidaand

amino-tn'ids; salta of organic acids; estera; acid chloridesand acid anhydrides; amides,

anitides, hydrazides, cyanides;urea, isocyanates,and related cotnpound);hydratineoand

related substances; aitra compounds,hydfoytanttneand related substances, rearMncc-

mentf)of thc He<-)«nann,I~ssen, Uofmann.and Curtim!types; X-heterueycticeompounda;
mttfur compounds; the pyrolysisof organieeompoundsof other inorganicéléments;poly-
n)eri:!attona and depotymetMatioM."

Thé book contains an enormouscollectionof facts and is vatuaMeon that account.

The theoretieat treatment iBin rather a rudimentary stage. The author is not wi))it))t
to say that the wcattestbondbreaksnrst and that you findout whichis thé wcakestbond

by secing whichbreaks first. That wouldbe too obvious. It soundsmuehbetter to say
that "in the pyrotysisof a hydtocarboa. there is a tendenoy to produce radicalsof low

electron attraction," p. t8.

"tf hexane Mheated for a short time at 600°,it décomposeschieny into methaneand

amylene,ethylene and propytene. Amueh highertempérature Mnecessaryfor thé tibera-

tion of hyttrogen. At tMo° hexanedecontposcs)ar)te!yinto earbonand hydrogen.

Benzèneis far more résistant to heat than is hexane. When benzeneis brokendown,how-

ever, hydrogen iseliminatedand diphenytis formed,"p. <5.
"Thé thermal décompositionof methane by an incandescentwire (platinum bands,

o.ot mm. thick, roated with amixtureof CaO BaFi '='t :to~Mstnctty monomolecular.

Only the methane moleculeswhiehcollidewith the wire are decomposed,"p. St. "The

work of Staudinger tendssome support to the viewthat butadiene is thé essentiat inter-

mettiate in the formationof aromaties. Thé innuenceof heat and high pressure on

ethylene is quite different fromthat of heat alone. Under a pressureof 70atmosphères,

ethytene begins to potymerMeat 3~5°,and at ~So~oo'*thc potymerMationis so rapid that

there is a diminution in pressureof five atmospheres per minute. At the conclusionof

this pressure change, thc pressure (after cooting)is but ï~o atmospheres. Without

pressure there isno surh potymetMation,regardlessofthe température,"p.60.

ltittman, Byronand EgM reach the conclusionthe courseofthecractdngreactioninthe

ammatic series may be indicatedas follows,and that any reverseréaction ia nectigiMe:

higher ))enzenehotootogues–'towerbemeno homotogues–*bentene–*diphenyt–~naph-

thatene, anthracene –~ carbonand gas. "Such a statement as this needs interprétation
sMK-cit bas becn shown that pure beMcne or pure diptteny)or pure anthraccnebctmvcs

diiîcrentty. It isnot questionedthat higher bentene homologuestend to yield benzènein
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ht){emeasnre;but thé very tact that thèse homniogueshave pmducedthe benzeneMsuf.

ncientindication that gaaeousolefinessuch Methyleneor butadieneare prexent,and that

thesearo the responsiblefactora in thé synthesisofnaphthateneor anthracene. Dipheny)

Mfonnedfrombenzeno;but it ptays little or no part in thé productionof naphthateneor

ofanthracene," p. tes.
"Without attempting to gtve a detailedaecountot thé developmentof the structure of

the rubber hydrocarbon, Ktaudingor's fonnuta, a ht)ge oontinuous-chainmoleculeof

indefinitesize, appears to be most in accordwith presentdata. Veryprobably, the chain

ofcarbon atoms Mtwisted, so that certain carbonatomsrepresentedas beinj:far distant

fromothers are actually closeto them," p. tt9.

"Tho rearrangemetttof an alkyl bromidewhenheatedmay becmtNderedas takingplace

intwosteps; <tMt,the bromidedissociâtesintohydroftenbromideandatkytene, and second.

theproducts recomMneto fonn the Momerica))fy) bromide. The bromidegoesto themore

)X)Ntivecarbonatom, which in accordancewith the idesof etectrondiaptacementis theone

(owhichthe nxxttalkyl groups are attached," p. 127.
"The non~~tatytic decomposittonof purifiednitrocetMoseat ~5°Mpractieatty ne:)if(i-

Me;its periodofhatf-tifein yoooyeam. Asthe sut~stanceis purified.the rate ofdeeomposi.

tionsinks to a minimumvalue for a f[ivendegreeof nitration. Much thé same effectis

notedin the OMoof nitroglycerine. Hère thé rate of deeompositionis a functionor thé

température,and between 9S°-5* doublesfora riseof 5*. Thé nitrogen isdisengaged

whottyM XOt. This Min contrast to the hehaviorof({uncotton,fromwhiehonly40percent
ufnitrogen is evolvedas N0, at )M°. XitroRtycerinbas a higherrate of décomposition

ttxmguncotton under similar conditions," p. 146.

Ethylene oxiderearranges into acetaldehydeat ~oo~o" and this rearrangementoceurs

at ~00°in the presenceof alumina. Mtte.Peytral haafoundthat three reactionstake place

oimuttaneoustyif the vapor is passed rapidly through a hot tube. thé reaction products

heinf!CH.CHO, 4HCHO + C<H,. and C,H, + H~). The décompositionis an exothennic

one.the températureof the cas riaingin o.oo2setondafrom57'° to <:oo°,p. <8t.

"Fiehter favors the mechanism originallyproposedby Schat)[forthé Kotbesynthesis],

whichstates that the acid peroxidesare first fonnedat thé anode;hydrocarbonsthen corne

hythe décompositionof thèse peroxidea:

R.CO,.CO,.K-*H.R. + tCO,.

Walker.however,opposes this view,and cites the fact that methaneis alwaysa produetof

))vro)ysisbut is never found in the anode ~ases.

"By heatingsuceinyiperoxide in a bombat t<o°(someair present),thé volumerelation-

shipsof the ftaseousproducts are as Mtows: carbondioxide,55percent: ethylene,21 per-

''mt; methane, 6.9 percent; carbon monoxide,6.5 percent; nitrogen, 9.7 percent; and

"xygen,0.6percent. The inatability of succinylperoxideabove110°has alsobecnnotedby

CMn)anand Adams. A mixed peroxide,acetylperoxidesuccinicacid, if heated in a bomb

et t8o° for ten minutes, gives a 94 percent yieldofH-butyricacid,

CH,CO.O.O.CO.CHtCH,COtH-~CO, + CH~!HtCH,CO,H.

This,again, is connrmatoryevidencefor the intermediateformationof peroxidesin Kotbe's

ctectrochemicafsynthesia of hydrocarbons,sinceit Msimilarto thé e)ectroehcn)ica)synthc-

m of ethyl butyrate from a mixture of potasaimnacetate and potassiumethyl succinatt.

f'A'idenceagainatthe formationof freeradicats in Kothe'ssynthesiswasfumishedby Er!en-

meycr. He foundthat only traces of methyl bromideorof methyliodide are fonnedwhen

a forty percent potassium acétate ootutionis etectrotyMdin the pKseneo of bromineor

Mine," p. 233. Fichter and Erlenmeycrdemonstrated"the absenceof methyliodidewhen

dmcety!peroxide and iodine are exploded together. Thèse experimentsahow that the

radicalenlethylor ~ef~t do not becomefree,but remainin their aphereofattraction," p.933.

"It bas n-centty been demonstrated jby Minshetwcod]that the thermal décomposition

'!fKaseousacetaidehyde between 430°and 59~°is homogeneousand HmoteeuJar,"p. a.;7.

HeumMehydeis thé only simplearomatic ntdehydethat bas beenstudied extensivety. ïts

modeof décompositionvaries decidedly with the circmnstances. ïn thé vapor phase, at
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sufficientlyhigh températures thé simpledecompositioninto earbonmonoxideand bcMeno

is almost the exclusive primary réaction. With a seated-tubereaction at about 350*,the

change M almust exclusivoly in the direction of the CanniMaro réaction, giving benxyt
benzoate. Metaitic catatysta. suehas reducednickel,appear tu asast the etiminationof

earbon monoxide from atdehydes: with bentaldehyde the conversioninto pure carbom

monoxideand benzene takes placeat aao",and with furfurat at 270'. The condensationof

aldehydes to esters isespeciallycatalysedby atuminumethoxide,particularly in thé prés-
ence of zinc chtoride as a promotor. This is thé Tischtsehenkoreaetion,"p. ~39.

'Thépyrogenic décompositionofacetoneinto keteneis by far thebest synthetiemethod

forketene. Because of thé valueofketeneMan acetylatingagent, the optimumconditions

for ketene production have beendetermined. For practicatpurpoaes,thé followingcon-

ditions appear to be best: temperature,700*:rate of nowof acétone,s ce. per minute; de-

composition of acetone, between~s-~opercentof that introdueed. Thèse conditionsgive
consistent yields of ketene whiehrange between3~45 percent, somethree or four times

¡
better than the yield originaUyreported by SchmidMnand Bergman." p. ~9. "Xo

catalysts have been produced as yet for ketene production from acétone. At ~yo",over Il
nickel, acétone M deeomposed rapidly into metbane, carbon monoxide, hydrogen, and
carbon. CopperhMnoe<îecton)tetonea,at)eaatbeh)W400°,"p.e5'.

"Onc of the nrst effects of heat on BtarchiBa conversioninto dextrin, a procès which ·

is undoubtedly started by thé Hatironwheneverstarched Roodsare ironed. The fact that

dextrins are more readily water-solublethan starches becomes,therefore,a point of more

than passing interewt inBofaras laundriesare eoneemed," p. ay6. Ahnost no mothanolM

produeed by the pyrolysis of cellulose,and aU evidence seenMto indicate tignin as the

source of thé wood alcohol," p. 284. "In thé light of their work [Howardand Denck), it

seems estabUshed that the mechanismof the Hofmann rearrangement requires a pre-

liminary diMociationof methyl (or alkyl) chloridefrom methytanitinehydroeblorideand ·

subsequent addition to a second moteeuteuntil trimethylphenylammoniumchloride M

formed, amd that this Mthe compoundwhichrearranges," p. 3~3. "Ammoniaie a dettato-

genating agent for organic chloridesat hightemperatures (7oo'8oo*). In manycases, the

hatogen is etiminatcd quantitatively M ammonium chloride, but with some aromatic

halides, there reautts only seventypercent of the theoreticalamount," p. 3~4.
"Shaw and Sebrett reported that abietic acid givesno water on heating, but that it is

readily oxidized to a monoxy derivative (evenin a current of commercialearbondioxide

gas which invariably contains a Uttteoxygen). It is this monoxyderivative whiehreadily
evolves water on heating at <)io°to producemonoxyabieticanhydride. If abietie acid M

heated in a current of pure earbondioxide,no water ie etuninated," p. 347. "It wasBlaise

whopointed out that atdehydescouldbe prepared in good yieldsby the distillationof lac-

tides, and it is reasonahte to infer that the toMof carbonmonoxide[onheating a-hydroxy S

acitb) is more property a functionofthe lactide than of the a-hydroxyacid," p. 426.

II.Normally,formieacid pyrolyzesonlyinto H<+ COt, or into H<0 + CO;but whenits

vapora are passed over zinc oxide,considerableamountsof methanoland formatdehydere-

sutt. Thori~ behaves aintitarty," p. 479. "The yield of acétone from various acetates M

innuenced profoundly by the metallic part of the molecule. Aceordint;to Mojahn and

Schuttcn, dry distillation of lithiumacétate teada to a 93 percent yieldof acetoneas com- !j

pared with a 50 percent yield fromsodiumacétate," p. 4! "Wemer bas demonatrated

that urea Mnot a 'carbamide,' and that ureaformationmust invariablybe precededby the t
formation of Mocyanicacid," p. Stj.

"One is aecustomed to thinkof the formationof acetic anhydride in termoof "sodium

acétate + acetyt chloride," or of "sodium acetate + chloridesof sutfur or phosphorus";

but, at présent, perhaps the cheapestmcthodfor its manufactureisfrom<'</)~)<<eHe<ft«c<<<t<e.'

CH,CH(OCOCH,),–CH,CHO + (CH,CO)iO.
The raw materiats for the preparationof this subatance arc aeetylone,air, and catalysts.

Ksiicntiatty. its décompositionMone that Ma thermal decompoHtion,but in practice,

t-atatysts (acids, itincchloride,outfurdioxideand trioxide,etcj are usually inserted to enect

thc transformation at a fairly lowtempérature," p. 534.

j

M
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"Usuatty,one isaecust<tmedto regard aso dyesM beingfast to ironing: but blue and

violet ))emidinedyes tjecomecorinth-red when touchedwitha hot iron. This is probaMy

a colloidaleffect, however, rather than a pyrolytieone. It confirmethe view that these

dyea fonn colloidalsolutions of different degreesof dispemion,the tante'-partides coloring

the fiberblue and the emaller cot-inth-red. Thus, heat tncreasesthe degree of dispersion. t

Since thé red colormay also be formed. althoughmore imperfectly,by desiceatianoverjr

sutfuricaeid. the eolor changesmay thus t)econnectedwith dehydrationand simultaneous
1

inereasein the degree of dispersion," p. 640.

"Tetraethyt leaddécomposesby boiling. It can be distittedin a vacuum, however,or

disHUedin steam. Thie compound, so wellknownat presentae an anti.knock material.

undergoeoa monomoleculardecompoaltion to give fine partieleaof free lead. ThiBfact

ha<beenutiliaedin thé development of theoriesto explainthe anti.knock activity. Sinec

a Jeadaot in gasotinebas the same activity as a solutionoflead tetraethy), this supports

thé idea that lead tetraethyl funetions by ita thermaldécompositionahead of the namewitb

the formationof pyrophoric particles, whichthen formcentersfor the propagation of thé

combustion.Thé mme is true of iron solsand nickelsols,whiehhâve the same anti.knoci:

activity asironearbonylor nickelcarbonyi," p. ~9'

Two apparentlyeontradictory statements on the poiymeMationof isopreneare made

by Weiiand by Sehot!!Mspeetiveiy,p. 736. "It needonly be said that the Hofmannheat

poiymeriMtionand sodium polymerisation broughtout by Harriesand by Matthewsaxd

Strange. and the Badische poiymenMtfon, usingsodiumand carbon dioxide, have been

uscd for the manufacture of synthetic rubber. Of all thèse procesaes,however,only the

heat polymerisationwas commerciallysuceessfut. During the war synthetie rubber was

made by this processon a large scale, that is, to the extent ofabout <so tons per month,

the total productionbeing about 2350 toM. Thé only otherproduct was a smatt amount

made by the BadiacheCompany, by its process" (Weii). "A review of the methodsof

potymetitationcanonly lead to one conclusion,namely,that potymeMationwith the aid

of metattiesodiumand similar catalytie methodsare the onlyonesof praeticat importance,

becauseai)others take such a long time and in conséquencedemand so mueh plant and

space as to prove very troublesome in practice." (Schots).

The author does use thé semicolon occasionally;but he is far from beingan expert

with it.
Wilder D. Ban~

TheoMtieat and Experimental Physieai Chemistry. J. C. Crocker and Frank

.t/a~tM. X cm; pp. fMt + ~F. New York:The ~a<MtMotCaMpony,J~.

7'nce: ~0.00. "Thie book is the result of some twenty-nveyears' expériencein teaehing

physicat chemistry. The authora have always found some difficulty in recommendint:

a book for the Honours DegreeExaminations; and this publicationis an endeavourto in-

elude, in onevolume, what is usually derived by thé student fromseveral sources,"p. v.

ïn this country our students do not read officiallyfor examinations,whatever they may

do actually. They read, oominatty at least, becausethey wish to team about the subject

and eonsequenttythey sbould wish a differentbookfromthis. It is interesting, however,
I,

to read a book whieh is written avowedly with referenceta examinations. It is not neces-

ury in a book of this sort that any one chapter ehouldcornebeforeany other particular

one, so longas aitthe information Minctuded. The orderofpresontationis thereforequite

haphazard.
Part deats with gases, the ehapters being: the gas taws; thé kinetic theor;' of gases;

vaporisationand liquéfaction;thé continuity of the liquidand gaseousstates, and vander

\aa)s' equation. Part II takes up spectrometrywith chaptemheaded: the speetrometer

iH)dthe émissionspectra of the éléments; Testa luminescencespeetra; X.ray spcctraand

the structure of sotids; thé absorption of light and absorptionspeetra. Constitutionand

physicatpropertiesarc the subjeet of Part IH, the sub-headabeing:volume,surfacetension,

and viscosity;refracth'ity and rotation of polariacdlight; the dietectricconstant. Chemifat

cnergetiMMdisotssed in J'art IV under theheadings:thennoctM'mMtry;the first andsecond
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laws of thennodynamics; entropy, free enew and equilibrium; the relation between in-

ternat energy and free energy. Part V deats with hoterogeneousequilibrium,with two

chapterspntitted dissociation and fusion,and thé phase rule, In Part VI under Mtutions

and dispersesystems we find three chapters: osmotiopressure; the molecularweights of

substancesin solution; coUoids. Part VII Mgiven up to electrochemistrywith six eub-

heads tt)etheory of etectrotytic dissociattonin solution; the motionsof the ions; thé con.

ductivity of eleetrolytes in solution; etectrotytic equilibrium in aqueous solution; etec-

trolytieequilibriumin non-aqueoussolutions;etectromotiveforce. Chemicstkineties and

reartivity are diseussedin part Vî!t, the ehapten!being entitled: velocityofreaction and

reactivity in homogeneouBsystems; innuences affecting thé speeitievelocity of reaction;

photochemistry. Part IX deals with the theory of the atoms and the sub-headaare: the

ctaœiSctttionof the elements; radioactivityand thé constitution of the atom; thé quantum

hypothcM.
There are a great many interesting thint!<in thé book. Cryetattine,monohydrated

potMsiumoxatatobas a va[MrpreMurctes than half the preMuredue to chloral hydrate )

vapor and doeanot toee water whenout in contact with chloral hydrate vapor at that

temperature. Consequently the'chloral hydrate vapor muet be practically completely

di<!Mciated,a conclusionwhiehMin accordwith the vapor density, p. M.

It wasnew to thé reviewer that "boiUngtakes place with phénoménaleaso and regu-

larity inrubber vessels," p. 3t. Thereviewerwas glad to Mea para(p-aph,p. 53,devoted

to ~tme. Meyer'a suggestion that one might apply a specialcorrectingterm to the tem-

peraturein thé equation ofstate. Onp.s~iBaetearparagraphontheparMhor. "A more

recent developmentis thé work of Sugden on parocAcM.Hère thé molecularvolumesof

differentliquidaare compared, virtually,under the condition of equatityof surface tension, o
and therefore, presttmabty,of equal internai pressures. As these pressuresare relativoly

D

large,and probably of the order of a thousand atmospheres, the importanceof this con-

ditionwill))ereadily realized."

"A point of interest arose in connectionwith the fluorescencespectrumof bentene in

ateobotiesolution. Hartiey had foundthat when))en)!enepasseafromthe state of vapour

to that of solution, the absorptionbands were shifted towards thé red end by about 10 to

2o Âng<tr8munits. Similarly, MeVicker,Marsh and Stewart showthat if tg ttnits are

added to the frequeneies of the benzenefluorescencebands, previomty determined by

Dickson,the positionsof the linesare practi~tty identicatwith thoaeof the brightest iines

of the Tetsaluminescencespectrum.
"Thé inferenceis drawn that the fluorescencespectrum and the Tesla spectrumhave a

commonorigin. Another interestingfact was elucidatedby the comparisonof the absorp-

tionspectrumofbenzenevapour, previoualydeterminedby Hartiey,withthé Testalumines-

ceneespectrum. In all cases wherethe banda are in evidencein both speetra, within the

timitsoferror, the positionsare praeticallyidentical. So that, apparent!y,the absorption

spectrumis simpty thé m'er~ Tesla luminescencespeetrum. These results were con-

firmedby later work on benzènevapourat a lowerpressure. Undera pressure of t.6 mm.

two further groups of bands at the ultra-violetend were developed. They were dissimitar

in type to thé previous bands, beinglesssharply defined, and of much smaller intensity.
The spadng was also different. The sharpest bands of the series,however, again corre-

spondedexactly to a seriesof absorptionbandsin benzenevapour, determinedby Henri.

"It would appear, therefore, that the Tesla luminescencespectrum, the absorption

spectrum,and the fluorescencespectrumof beMene,are due to a commoncause," p. ?t.9

When diseussing the X-ray spectrum of potassium chloride, p. 80, the statement is

made that it is not the motecutewhichis responsiMefor the spectrumbut thé atoms. Ko

referenceis made to ions, so one cannotbe sure that this wordingindicatesa newpoint of

view;but it is at least suggestive.
"On comparing the absorption apectra of acetyi acétone and its metallic derivatives,

Baty foundthat the absorption band in the apectrum of a metattiederivative was always
nearerto thé red end of thé spectrumthan was the band for acetylacetoneitself; and this

he foundto be generally true. Sothat, just as increaseof atomie weightin the alkali group

?
<

<
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ofmotats disptacesanatogousspectra! Hnestowards the red end of thé speetrum; so does ~I'1

inereaseof moleeularweight, in the case of tautomerie substances,simitartydisplacethe

absorptionhand.

'he refraetometriemethod BrOMbasshownthat apparent!ythé sodiumderivatives

of thesetautomerie substances eonsist purelyof thé enoficforms,whoreastheuttra-viotet

absorptionspectra indicate that both enottcand ketoniefonna are présent. It bas been

suggestedby Baly, therefore, that possibly ultra-violet light bas a ketoMs.ngtendency.

It hardly seems likely, however, that ketonisationwouldlie effectedin an appreciable

degreeby ultra-violet Ught during the relatively short expoauMnecessary for a photo-

graph," p. 85. Iii
~Ha!?~pointed out the enonnoua absorptionof M-pAe~'t~tM for ultra-violet !j

light,which iBfar in excemof the absorbingpowerofbeMene;and this bas M to the view

that the extmordinary absorptive power of dyes of the tn-ph.nyt-methane type can be 1

satisfactorilyexplained by the décernent of the tri-phonyl-methaneabsorption bands

intothé visibleapectrum,owing to the 'weichtinf!'effectof the Mbotttutent ~oupsittthe

moteeuteof thé dye. Further, it has been suggestedthat the abeorptionbanda tn the two

casesare analogous,and that them lano eMentiatdifferencein ehafacterbetweenthé ultra-
j.

violetabsorption .pectrum of <W.pA<n~m~~e and the visibleepeetra of ~<M and

its salts," p.93,
"In most cases the solvent exertsan influenceon thérotationofthediœotvedsubstance,

1
and thus its specifierotation varies in dinerent Botventa,and is different,m solution,from

1:

that of the pure substance. The specifierotation variesalsowiththe concentrationof thé 1

solution. TheenectofthosotventbecomeBgreaterMthincteaxingditutton.
IntheeMe

of ditute aqueous solutions of active salts, the specifierotation graduaUychanges wtth i

dilution, until at infinite dilution a limiting value is reached foreaeh salt. If molecular

Ilrotations are taken, instead of 8pecincrotations, it haa been found that for all salta of

the same optically-activeacid, and for all ~tts of t).e sameactivebase, the limitingmo)e~
j

cular rotation is the same. At infinite dilution thereforethe optically-activeportion of
j,

eachsalt is in the same condition, which ia in accordaneewith the eieetroiytMtheory of

solution. It Messential therefore that, for anatyticat purposes,measurementsof rotation i

shouldbo made under comparable conditions, and in soiutioMas dilute as posaNe. in Il

practice,to% is usually found to be a reasonablestrength,"p. tM.

On pp. 143-144there are two excellent tables by Watden,showint:the connectionbc.

tween dieiectric constant and etectrotytic dissociation. Thé catcutation of molecular

N-eightstrom the tempemture coefficientof the MtuMMty,p. <6o.is distinctly interesting 1:

theoreticatty. One doesnot see,however,why the Baturationsetutionpressureor osmotie

pressureand the dépressionof thé freeMng-pointof the solutionshouldbe taken up nearly~y

eif:htypages beforeosmotiepressure.

'nierev.ea-er weteomesthé table on p. ~49,givingAiderWright-sdata for the dineric

cquilibriumbotweenchloroform,~-ater, and acetie acid. Most people ignore these data

entirely. Ptait-point is a better term than timiting-point,p. for the concentrationat

whichthé upper and lower liquid phasesbecomeidentical. It seemsto the reviewerthat
j

it would hâve been better to hâve at least referred to the dMurbing enects of surface

tension,gravity, etc., on the phase rute relations, p. ~5. The account of the two modi-

ficationsin thé melt with sulphur, p. M4. should have comeon p. M8 under dynamie

isomerides. It is absurd to recommendfor reading on the phase rule, p. ~44, thebooks

hy Itivett and by the reviewer,and not to mention Findtay'sbook,which is far and away

the best of the three. ~t.
There is a good discussionof MeBain's work on soap,p. ~98,and ofthe hydrationofthe

ions.p. 395. The reviewerhails with delightthé taMoontho strengthsof the weakorgame

bases,p. 355. Ho had not realized,for instance, that quininewasthree thousand Htnesas

strongas o-aminobenzoieacid. There is a good accountof peeudo-aeids,p. 359.and the
¡

table for the migration velocities of cations in methylalcohol,p. 369, is valuable. Thé

teviewerhad quite forgotten Donnan and LeRoœignot'sreactionof the fifth order, p, 45°,

betweenpotassium ferricyanideand potassiumiodide. The accountof simultaneouisreac.

S
Il
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tions, p. 462, is good, though tt<ereviewerwouldbave preferreda référenceto Wildennann
('<h)t) rather than to Arnati (to~) if onlyoaereferenceiato begiven. Thé reviewprwould
have given both.

There are Mme things whiehahouldbe changedin a later édition. Whyahouldnot thc
atudent be shown how to combinev <- KT andp k,T m as to get pv HT, p.3? Thé
most obviousway of combiningthem gtveapv HT', whieh weknowMnot right. WMte
it Marithmetieally correct to aay,p. s, thatR pv/T, which "ia the expression for thé
external workdone when onegram.motecuteof thé gas is heated through t'C. at constant
pressure," it would be very muehctearer to saythat H pdv/dT.

The authors play fast and loosc,p. 7, withthe question of thé oxygenstandard. "It
lamore convenient to deat with relativedensitiesthan with absolutedensitiesand 0 =. <6
is taken as the standard. Burt andEdgarhaveshown.from thévolumesin whichoxygen
and hydrogen combine, that the relative densityof hydrogen ia ).oo~, which is so nearty
unity that for practieal purposeait can tisuallybe taken as one, and beeomeaa morecon.
convenient standard than 0 )6."

On p. 35b the statement that "it WMdiacoveredby Baron Cagniardde la Tour in t8M,
that when a tiquid was heated in a closedttpaee,under proper eonditioM,the liquidbecame
thinner in appearance and moremobileandat a certain température, Bxedfor eachliquid,
it votatitised and the vapeur completelyûlledttte tube." The word 'thinner' ia not very
descriptive; but thé chiet trouble ia thé word 'volatilise.' This should mean that the
mcniscus dMcendato the bottom of the tube and disappears there, juat as it wouldif one
actually volatilized the liquid. ActuaUythe meniecusremains stationary, if the propor.
tions are right, and disappears. The analogyiswith the Cheshirecat and not with volatili-
zation.

The authors adopt thé Germanspelling,'kathode,' p. 250. One wouldthink that the
Faraday Society would head a movementto retain Faraday's speMing;but the German
influence ieapparently far toostrong. Onp. ~67the authors givethe formula (p.-p))/p.
n/X, which isabaurd becauBethe partial prMMteof the solventdoesnot tjeeomezerowhen
n =- X. It muât be aeid, in the authora' favorthat they do emphasiMthe tact that N hae
nothing to do with the molecularweightofthe solventas liquid.

Hardy'a valency rule Mgiven,p.98s,asthoughit weregénérât. In thediMUMiononemul.
8ions,p. the authors hâveforgottenthat thereare two aidesto the emulsifyingShnand
consequently two surface tensions. They are dMcussint;the wrongone. It ie not true, p.
:94. that "<M8penaoidaare probablystabithedchienyby ad<orbedliquid." Apparently the
authors read by preference books pubtishedby J. and A. Churchitt, p. ~ot. No other
hypothesia aeemato fit the facta.

On p. 304the authora saythat "in the caseof cobalt chtoridethe changeof colourfrom
pink to blue, by the action of hydrochlorieacid, might be explainedby the dehydration
of thé cobalt ion, since anhydrouscobalt Mttoare blue. On the other hand it wouldbe a
little difficult to apply this explanation to the copper satts. Anhydrouacopper chloride
is liver-coloured, and anhydrouecopperautphateiBwhite [they mean cotorteM];and fur-
ther, all soluble copper salta in aqueoussolutionsare blue, whichappeara to indicate that
the cotor-producingpart of the salt, in eachcase, is one and tho same agent, namely thé
copper ion itsetf."

There Mnothing to prevent the blue beingdue to a hydrated copper ion or radical. In
fact, the reviewer betieveathat the group Cu.(H,0)t+aMblue and the groupaCu.HtO and
Cu-~H~Oare green.

On p. 3)9 the authors followOstwatd–withoutsaying so–and eonaidermethyl orange
as a relatively strong acid instead of a weakbase. Nobody disputes that thé sutphonic
acid group is a atrong acid; but this groupbasnothing directly to do with the colorchange,
because weget the same eotorchangMwhenthere Mno sulphonieacid group there. It is
eas;- to œe why Ostwald shouldhave made this mistake originally;but one doeanot see
at tttt why it should be perpetuated.

tf<M«-D. B«tten)/(
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Geologieund Radtoaktivttat. Bt; OffAo~ A'< X /C <-w;pp. <t + Wien

nMf/~~t.- ~uftM ~r~pcr, M~& /'n'M: /<' n)ar<-<;imKwt,~7.~0 Mf~. Thisbook Mbaaed

upon teeturesgivenby the author in thé UniversityofViennain the year toto- As thé

subtitte states, it treats the proceMesof radioactivityas cloeksfor the measurement of

Keotogicattime and as sources of geo-physicalenergy. It is coneernedprimarily with thé

advances rendered possible by apptyin); radioactiveméthodeto the probtems connected

with the pMt historyand chronotogyof the earth.

For thé bene6t of those not familiar with the physicalaideof the subject, thé main

phénomèneand théories of radioactivity are treated in a straightforward manner in an

introductionof mme 30 pagea, after whieh the booki<dividedinto three main sections.

In the first, aftersome account of the practica) methodaemployed,the uranium, thorium

and potassiumcontent of the typical aeidioand basicrocksMdMCUMedand the quantities

ofheat thèsemaybeexpected to evotve in thé earth's interior. In thit eonoection potassium

isstitt very mucha "dark horse" as its quantity–varioudy estimatedet fromo.~ to 0.04%

of the earth'a crust–so greatly exceedt the others and ita actual heat evolution is very

doubtfui

Thé next andperhaps most inteMStinj:and important,if aho most speculative,eection

deats systenMttMtttywith thé théories of Joly, Holmesand JeffreysM to thé enects such

materiats may bave produced on the past history and present evolution of the globe.

Hère the diaieuttyis to know how deepinto thé interiorthey extend, for if they extended

to the centre,-that is if the whole earth were ofthe sameradioactive compositionas the

crust we know-they would be producing many hundredtimesas much heat as the earth

is losingby radiation. That they extend into thé denseand probably metettic core ie not

probable,but the old view that the earth is steadllycooUn);stitt maintained by Jetfreys,

leads to such a thin crust–some io to M kilometresof the same average eompofitionas

the surface-that it is regarded as contmry to thegeologicalevidence. On the other hand,

Washington'seotimatesof tayers of granite, basait andperidotite,respectively M, 40 and

t5oo kilometresin mean thickness. surroundingan ironcore, obvioustymust lead to thé

conclusionthat the interior is steadily getting botter. Thisformathe starting point of the

sweepinggenera)i)!ationsof Joly conceming magmatiecycles,developedand extended by

Hohnes. After the Brat vivid reatisation of the moresensationatpossibitities involved in

the conclusionthat the earth beneath ourfeet is steadilygettinghotter and may beexpected

to go up at any moment, and in the moremodemspiritof geologicgraduatism as oppoMd

to thé older catastrophism; Joly hM bated upon.thb conclusionhis theory of thé building

of mountainranges, ïn brief,the periodicfusionof theunderlyingtayersas the radioactive

heat accumulâtes,and the Boating up of thé unliquefiedand lighter parts as mountain

ranges,is tjeiievedto be responsiblefor the four or fivegréât magmaticcyclesreeognisedin

;!Botogiehistory. These seem to have occurred with fair regutanty overy forty or fifty

millionyears.
The last section deats with the simpler and morestraightforward detennination of

geologieafteby the lead to uranium-plus-thoriumratio,and to the teNdependable methods

involvingthe he)iumratio and the évidenceof pteoehroiehalos. Here again there appears

tu be abundant conftrmatory evidenee of periodicrearrangementsof the strata forming

thé earth'a erust, the length of the periodbetweenupheavatscorrespondingwell with the

figurejust mentiened.

There is little doubt that the lead ratio, whenperfected,will give something like an

tthsotutechronometerof geotogiea! time. At presentweare stiHperhaps far from this.

It is not enoughto deal with averoges. AUthe relativedata. should be known for eaeh

singtospecimen,and this is at present far from beingthé case. Thé atomic weifihtof the

)t-!M).and, whenthat becomes posaibte,ita isotopicconstitution,requirc to be known. not

tncretvits ratio to the radioactive constituents. Abo there are now looming up very big

questions,almostpropheticallyforeseenand maintainedby Joly More anyone etse would

haveentertainedthe possibility,that the uraniumclockbas not beenkeeping time, that in

htrt it t)aa beenrunning evcr alower and stowerthroughthe agea. Thé evidence nowac-

umutatinf;,that the acnnium series is derived froman independent retativety shorter
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tived. isotope of uranium. makeethis concMon, which at firstseemed on herotica), now

inevitable.

Eventto. thé lead-ratio,if not yet a chronometer,inno bad ctopk. Apart from Baron de

Cieer'ftmarveUoueextenNonofthe earth'echronoiogyback to sumoa.ooo B.C. by following

the )Htcce)!sivemorainesteft eaeh year by the recedingPotar icecap when thé tast glacial

ppoch was retaxing its grip. there has beennothingin geotottyM direct and unequivocat.

As directty interpreted, it puts thé age of someof the archaie rocks M from one to two

thouftand mittiottyears, but the presentauthor Mcontent apparently witb Mmewhat more

conservative estimates. He showshow,with greater aecurary and refinement being in-

troduced into thé method, it Mpossibleto distinguishthe sameperiodie différenceof age

f~ct~'Mndifférent formationsof the Mme minorâtfrom the Mme toeatity as have been

mentioned in cnnnectionwith the magmatiecycles.

~aturaiiy this book,since M muehof thé work dealt with has heen the contribution

of Hhtish investigators, will appea)rather to thé Gennan than to the Englighspeaking

student. At least it has alwaysseemedto thé writer to tje pefutiarty futile to read work

originally pubtitihedin one's native ianstm)!?in sontcforeign tongue. But M an up-to-date

and ccmprehenMvesummary, it can be generallyreeommended,white ita comprehensive

bihlingrnphy of a very Bfattered Mteraturefalling between m'o sciencesalone makes it

welcome. If a word ofcriticisn)isallowable,coneerningthc formand method of presenta-

tion of the matter, it is that there seemsto hea lackof a distinctand easilyfollowedthread

thmuKhout the narrative. The pagesall looktoo much alike,one has to wade through

almost the wholebookto retraceany Mnattpoint that Mbeinglooked for, and thé index is

not sufficientlyextensiveto be of mu''huse. If the hook ~'erebroken up into more short-

titled sections and the main data and conclusionsmore progressivelypresented and con-

Bpieuoustyrecapittilated, its value to the student wouldbc greatlyenhanced.

~cden~- .Sod~y

A Laboratory Manual of EtementatyPhysM Chemistry. B!/ ~tMwf .Mac<r,Jf. and

)t'< G. ~awe. X 14 cm;~F) + 19G. New fo''t: D. yatt ~m<raw<Co., 1998.

~rx'e ~.00; S </ttHtH~,C ~<ce. At the presenttime a numberof tpod and useful books

on practicat physiealchemistry are available. They differ to tome extent in the type of

experiment describedand in the complexityof the apparatus required.
In thé book under reviowtieveta)experimentsare givenwhiehare usually dealt with ln

thé Physies Laboratoryrather than in the Chemicalone–eueh as those whichdealwith the

ratio of specincheat of~asesand thermatconductivitiesof gases. As a knowledgeof these

((uantitiesis of(-onfidcrabteinterestto chemistsit isvery usefuito have their determination

carefuity de~cribedin a bookdeigned forchemist9. ln additionto a few very physicalexer-

t'iseaof this sort, ail the usuatphyM<-<whemica)methodsare iMuatratedby well chosen and

attractive experiments,thé wholefieldbeiogvery tiatisfactoriiycovered.

A majority of the experimentsgivenneed thé resourcesofa wett-equippcdlaboratory

and, while they are quite suitableforadvaocedfttudents,there are many students of chem-

istry who would probablygainmorefromsimplerexorcisescarriedout Mth less etaborate

apparatus.
Each experiment is accompaniedby a useful theoretical introduction and numerous

references to original papers and standard text books are abo given. This is a very good

plan.
The book is weMwritten and wellproducedand it Mtiketyto take an important place

in taborator;' instruction.
H. BoMtH.



THE FREQUENCYDEPENDENCEOF THE ELECTRICALCON-

DUCTANCEOF SOLUTIONSOF8TRONGELECTROLYTES*

BY HAN8 FALKENHAGEN' AND JOHN WARREN WtH.tAM8*

ï. Introduction

Theinterionicattractiontheoryofthebehaviorof ionsindilutesoiutions,

basedonthefactthat the thickness,<ofthéionicatmosphèreof meancharge

surroundingeachionhasto beproportionalto thesquarerootof the concen-

trationof thésolutionif the principalforcesbetweenionsare the ordinary

Coulombforces,bas beenutilisedby Debyeand hisstudents*to showthat

the square-rootlaw, found cxpcritnentaHyby Kohtrausch/is the correct

one to explainthé changein electriealconductanceof dilute solutionsof

electrolyteswithconcentration. It wasshownthat the ionioatmosphere,

built abouteach ion, is characterizedby certainproperties;for exampie,

it bas (as alreadymentioned)a definitethieknesswhichis of extremeim-

portancenotonlyforthe simpleconductancetheorybut alsofor the aetivity

theory' nowsowellknowninphysicsandchemistry.

The ionioatmospherepossesses,in addition,a finitetimeof relaxation.

Thisatmospherecanneitherbe destroyednorcreatedin an infinitelysmaM

periodof time. If an ion is suddenlyseparatedfrom the solution,the

regularityin itsneighborhoodwillceasetoexistbecauseit owesits presence

onlyto the forcefieldof the centralion. Thetransferto the regularorienta-

tion,withreferenceto the pointwheretheionwas,willtakeplacegraduaUy.

Thetimenecessaryforthis changeis thetimeofrelaxation,andisdependent

on a numberof factors. Its orderofmagnitudein secondshas beenshown'

tobe

i o-to
ë='~sec. (.)

'y

whcre-yis theconcentrationof thé solutionin molesper liter. The values

ofë for-Y= o.oo in waterat !8°CforRévérâtelectrolytesaregiveninTable

1. Ineludedin this tableare correspondingwavelengthswhosesignincance

willberecognizedlater.

ContributionftomthePhyaittatMehestnatitutderUnivenitat,I~ipzig.
FettowofthcInternationalEducationBoard.
XationatRMearchCouncMFeUow.

DebyeandHQcM:PhyMk.Z.,24,305('9~):On~~r:27,388(w6);28, ~7
Seeaho~OcM:E~b. ex.)tt.Natm- 3, '99 '9'4): BMM.Handtmeh~rH~k
vonGeieer-Scheet,13,?7 ('998);WitnamaandMkenhaKen:ChemicalReviewa,torth-

fominzpubtiMtiot).
<SecKoMnuMchundHotbom:"DasLeitvennOp-nderElektrolyte"(t9:6).

DcbyeandHOcket:Phyaik.Z.24,t8s(t9M);Debye:25,97()9~).



It22 2 HAX9 FALKESHAGENAND JOHX WARNEN WtLHAM8

TABUSlI

Valuesof the Time of Relaxation, ë

Mtectrotytc TimeofRelaxation (.'offeapondioftM'ave

KC1 o.ss~Xto~spc. t6.6tnet<'rs

HCt 0.189 X 567

MgC'i: o.3!<3X 9.69

Cd80< o.3!4XX 9.44

LaC!, o.:o&X 6.24

Recentlyit basbeenshownthat as a necessaryconsequenceof the exis-

tence of this finitetimeof relaxation,an electricalconductanceof dilute

solutionsof strongelectrolyteswhichis dependenton the frequencymust

result. This effecthasbeendiscussedpreviouslyby Debyeand oneof us,'

and by oursctves.'Thepresentpaperreviewsinsomedetailthis important

development;in additiona considerableamountof originalmateriathas

beenadded.

Beforeproceedingwith the discussion,it may be interestingto state

that the effectpredictedby the theoryhasbeenshownto existby Sack*in

preliminarymeasurementsmadein thislaboratory. Theexperimentalstudy

of thiseffectisbcingcontinuedbothhereandat theUniversityofWiseonsin.

Il. DiscussionofFrequencyEffeet

Consideran ion, surroundedby its ionicatmosphere,to be suddenly

removedfromthesolution.Theregutardistributionof thé ionsin theneigh-

borhoodof the ioncannolongerexist,becauscthecentralforce-field,which

isthe causeoftheregulardistribution,hasbeenremoved.Thechangeofthe

distributionofthechargesofthe ionieatmosphereto a madomdistribution

withrespecttothepointwherethecentralionwas,willtakeplacegradually.

Thedisappearanceofthisequilibriumpositionhasbeengivenmathematically

in the originalartic!es,"it is sufficientforour purposeto givethé resultby

meansof &graph(Fig.:).

For the quantityof electricity,dQ,whichliesbetweensphèreshaving

radii,r andr + dr, the followingrelationholds

dQ<= y~dr (:)

where y = Krc'~J(tr,ï)

~00

~=~
~v.

'Debyeandf'alkenhagen:Physik.Z.,29,Mt(t9t8).
FatttenhagenandWiMiMM:Z.physik.Chem.,At37,399(t~S).
Saek:Phyaitt.Z.,29,6ï7("H8).·
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and ir=~
t

whero ë=J"~ ––
0 Pl +Pa~kT

The quantityy is a measurcfor the densityofthe ionicatmosphereat

dUïerenttimesand ina shellof thicknessdr at differentdistancesr fromthé

ioninconsidération.In Fig. i isshowny forT= o,r =o.25and r = t as a

functionof <r. Foreach time y hasa maximumvaluewhiehdeereasesasxr

is increased. Or,it maybesaidthat the maximumofthethicknessy at time

t = oliesat m' t, at time t = o.zsOat xr i.s andfinallyat timet = 9

at <a* a. The maximathemsctvcafor thesetimesaregivenapproximately

FtG.tx

by the numbers0.36,0.31,and 0.14. Fig. t showshowthe densityin the

ionicatmosphereat the time 46 is smaUcomparedto the originaldensity
nt time zero. After the four-foldtime of relaxation,46, the densityhas

atreadydisappeared. The time of relaxation0 is,therefore,a measurefor

thedisappearanceof the equilibriumcondition.It hasalreadybecnshown"

-10
that it is of the orderofmagnitude'°– sec. In thétreatmentto followit

isuspfu!to introducethe timeofrelaxation8 whichisdefinedbythe relation

Q
0 *= whereq is givenbytheequation (3)

q

LtZi+ L~Zt
z`z: (3a))q ==––––– ztz< (~a)q

(Zt+ z<)LtZ~+ L:Zt*
ZIZ, 3ft

whereÏ~ and L<are the mobilitiesof ions i and2,andz<and z<are their

valences(SecRéférence3). It is ofcourseevidentthateithertimeofrelaxa-

tioncouldbe usedinany discussionofthissort.*

The reasonwhy a dispersionof the electricalconductancemust exist

tnaybc shownin the followingmanner. If an ionisin motiondue to thc

actionof an externalelectricalfield,therewillbea densityof chargewhieh

istoosma!tbeforeandtoo largebehindanyionuponwhichattentionisSxed.

Therefore,therewillbea dissymmetryoftheionicatmospherewhichbecomes

For a detailedcomiderationofthesetwotimesofn'tMationseeRefetencey.
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rnorc and more importantthe greaterthe averagevelocityof the ion is.

Thé result is a resistingforcewhichbas beencaUedthe electricalforceof

relaxation." Thiseleetricalforceofrelaxationappearsin thecalculationasa

decreasein themobilityofthe ion.

It must beemphasizedthat the calculationof thedissymmetrycangive
an approximationonlyforsmattionievelocities.In the usualcasesan ap-

proximationissufficient,but thecaseisdifferentwhenone,ashasbeendonc

by Wien'* in bis recentexperiments,causesthe existenceof abnormally

large ionicvelocitiesbygreatfieldstrengths. Theorderof magnitudeofthe

velocitiesin the Wienexperimentwasi meterpersecondcontrastedto the

usual velocitiesof the orderofmagnitude,o.or mm/sec. It can be readily
shownthat ionswhichhavethesehighvelocitieswilltravelmanytimesthe

thicknessesoftheir ionicatmospheresin the timeofrelaxation. Underthese

conditions,then, the ionicatmospherecan hardlybe built. Therefore,in

verystrong fieldsthe forcewhiehbasbeentcrmed'the additiona!ctectrica!

forceof relaxationis of littleor no consequence,and the conductancewill

approachthat value foundat infinitedilution. ThisdeviationfromOhm's

law is exactlythe effectdiscoveredexperimentaUyby Wienand explained
in a moreor lessquantitativemannerby Joosand Btumentritt. TheWien

EffectisiltusitatedbyFig.2 inwhiehthe valuesof thefieldstrength,X, are

plottedas abscissaeagainstvaluesofthefunction –'–– as ordinates.
A.-Ax-e

If now,theexperimentsofWiencanbeunderstoodin the waywhichbas

beengiven,then the existenceof theeffectwhichis to engageourattention

in this sectionis to besuspected.If it be assumedthat an outerelectrical

fieldof oscillationfrequencyMacts on the ionsin the solution,then apart
from their Brownianmovementsthereis impartedto the ions a backand

forth (periodic)movement.If the frequencyof the fieldis smaU,the ionic

atmospherewiUhave in eachmomenta dissymmetryof distributionof

chargeswhichcorrespondsto the momentaryvelocityof the ion. In other

wordsthe additionalelectricalforceof relaxationwillbe the sameforsma))

frequenciesofthe outerfieldas it wasfor thestationarycase. In theother

extremecase,wherethefrequcncyof the fieldis extraordinarilygreatcom-

pared to i/Q, the situationmustbedifferent. Fixingourattentiononan

ioninmotion,underthèseconditionsit maybeshownthat" thédissymmetry
of the ionicatmospherecannotbe built. Thisshowsthat if the frequencyis

great enough,the electricalforceof relaxationdisappears. Sincethe elec-

trica! forceofrelaxationisaforce,whichin thecaseof the frequenciesordi-

<W<enAnn.Physik,M,3~7ft!C7.Phymk.Z.,28,8~('9~7)'SeealsoRéférence7.
ThédisctMaionofthéWienexpérimentadoesnotrightfullyt~ton):inanarticleonthis

subject.It isintroducedetthMpomttoMSMtthereasoningwhichteadstothéeitphnatioM
ofthédispersioneffect.

JcoaandBtumentritt:Phy<i)f.Z.,28,836(t9~).
ProfesserWienhasverykindlysentuatheresultsofhismostfeccntexpérimenta

whichareingoodajtreementwiththerequirementsofthetheory.



FREQUENCYDEPENDKNCK0F~E~CAL CONDUCTANCKU3S

narilyuscdfor themeasurementof conductance,operatestoresistthepassage s

of an ion, it Mcvidentthat an increasein theconductancewillappearwhen

suchfrequenciesare used that this forcedisappears.In otherwords,a dis-

pprsionof conductancemust exist.

In this articleonly the results of the calculationsforthe generalcaseof

an unsymmetricalelectrolyte,taking into considerationtheBrownianmove-

tncntof the ions,will bc presentcd. Further,a discussionof a numberof

factorswhichinfluencethé phenotnenonof thedispersionwillbe given.
Themolecularconductance,X asa functionof théfrequencymaynowbc

~srittenwritten
A = A~ AfM An (4)

whereAo<= equiva!cntconductanceat inSnitedi!ution. j
~t-

A,<.=~:<X.X(~,q)
= (4a)

electricalforceof relaxationfor frequcncyw,expressedas conductance.

X,,= S~––– (4b)u
6~q 9X10"

4

ordinaryforce duc to electrophoresis(Secreference3), expressedas con-

ttuctance.

x-(.[<(R-~)+']X=- (1 I/q). -E" WR~ `R

R

Vq

+ ClJ6Q

~°75~i+M~+i
I

Tz ~i + ~e' 1

D == dielectricconstantof the solvent.
k = Bottzmann'sconstant = t.~ys X !o'" erg/degree.
T *= absolutetempérature.
n) <=Numberof ionsof the t"*kind in t ce.

==internaifrictionconstant of the liquid.
pi *=chargeonion of the i"*kind.

'Y = concentrationin molesper literofsolution.
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The dependenceon frequencyappearsin thé term X whichis in tum de-

pendenton M9 andq. Aknowledgeofthe timeofrelaxationisalsonecessary

for the dispersioneffect. In thecaseofzerofrequencythe expressionforthe

molecularconductancegoesoverto that of the originalconductancetheory.'e

It is thereby assumedthat the electrophoretiepart of the conductanceis

independentofthefrequency.

In ordcr to recognizethe effectof frequencymostclearly,it is desirable

to examinethe ratioA~/Ai.. The foHowingmethodservesfor the ca!cu!a-

tion of the dispersioneffectfor any simpleelectrolytc,providcdsolvent,

temperature,electrolyte,andconcentrationaregiven. The valenciesZfand

mobilitiesLt mustalsobe known. Accordingto the formu!ae

q =
L~+LïZ)_

ZIZ, (3a)n c=–––––-–=–-–- Zt!~ ~a.)
(z, + z:) (LtZ~+ LiZ.')

0 =
z.W rs.3 X 10-8

"L.+z~' kTq<~

411' q
'Y~S~

(<.)
DkT 1000

For waterat i8<'C

*=0.05342X 10" Sf)~ (6a)

at 25"C
<f'0.05385 X io" 'y Sf)Z~ (6b)Ks o.og38gX iol°y v~zn

q, and 0 arcdetermined.The quantity A~/At. dependsonlyon q and

MO. In Table II isgivenan interpolationtablewhichis extremelyuseful;

it containsvaluesfor the quantityA~/At. as a functionof MOforfivedif-

ferent valuesof q. The molecularloweringof the conductancedue to the

electriealforceof relaxationfor the stationarycaseAt., and tho lowering

due to the electrophoreticeffect,An are calculatedby meansof theformutae

Ic,c,\ q (4a')
~7~

T “
n'e~+ 'Mo 1 K (.b)

A,–~–– 9 9X10""

ni. TheInfluenceofVariousFactorsuponthe RatioAt«/At.

The influenceof concentration,mobilityof the ions,dictcctricconstant,

temperaturcandthevalenceuponthe functionAtN/Ai.willnowbediscussed.

The valuesof the valences,mobilities,and thé températureusedin these

sectionsare giveninTableIII. The electrolytesareHCI,LiCt,KCI,MgCts,

CdSO<,LaC! K<Fc(CX)<,andCa~Fe(CN)<.

Accordingto this table valuesfor the mobilitiesare used whichagree

withthe brst valuesgivenin the titcraturcto withint% theyare,therefore,

sufficientlyexactto be usedto illustratethe effectof dispersion.Thevalue

<



FREQUENCE DEPENDENCE OF ELECTRICAL CONDUCTANCË Uï?

TABLEII*

Interpolation Table-Values of Afw/~t.

wa q"o.s q°o.4: q"o.40 q"o.M q~o.30

0 !.00 1.00 !00 t.00 ÏOO

0.1 0.999 0.999 0.999 0-999 0.999

0.2 0.997 0.997 0997 0.997 0.997

0.35 0.989 o 990 o.ggo o.ggo o.ggo

0.5 0.980 0.981 o.98t 0.98' o.98t

0,75 0.956 0.9S9 0.962 0.965 0-968

i 0.930 0.934 0.938 0.942 0.946

t.25 0.904 o.gog o.9'3 o.9!8 0.9:2

t.S g 0.876 o.88z 0.888 0.894 0.900

2 0.826 0.833 0.84! 0.848 0.856

2.5 0.783 0.79' 0.799 0.808 o.8t7

3 0.74S 0-753 0.763 0.773 0.785

4 0.682 o.ô9t 0.701 o.7t3 o-7~7

6 0.593 o6°3 °~~ o.628 0.643

8 o.53t 0.540 0.553 0.565 0.582

lo 0.486 0.496 0.507 o.s:o 0.537

:S 0.409 0.417 0.428 0.442 0.458

20 0.360 0.368 0.378 0.390 0.406

25 0.326 0.334 0.344 0.354 0.369

30 0.299 0.307 0.317 0.327 0.342

3S 0.279 0.286 0.295 0.305 0.318

40 o.26i 0.267 0.277 0.287 0.299

45 0.247 0.254 0.263 0.272 0.288

50 0.235 0.242 0.250 0.259 0.27'

75 O.Y93 0.199 0.206 0.214 0.223

!oo o.168 0.173 o.t79 o.!86 0.195

J50 o.!38 0.142 o.t47 0.153 0.160

200 o.!t95 0.1232 o.!278 O.J328 o.!394

300 0.0983 o.tOtt o.!046 o.:o88 o.i!45

500 0.0759 0.0783 o.o8t2 0.0844 o.o888

700 0.0643 o.o663 0.0688 0.07165 0.075!

looo 0.0538 0.0555 0.0576 0.0599 0.0629

5000 0.0241 0.0249 0.0258 0.0269 0.0282

ioooo o.o!7o6 o.o!755 0.01824 o.o!90 0.0199

Thé values given !n tMe table are Meumte to within t%.

of thc molecularconductanceat infinitedilutionfor K<Fe(CN)tis taken

froman articleby Burrows." At temperature:5~Cthis investigatorgives

the value680. If the mobilityof theK+ionat !5°Cis 75,thenthat forthe

re(CK)< is 380. In TableIV thccharaeteristicquantities<[',q, and 87

are given. Thc values forthe thicknessof the ionicatmosphereï/K for

differentconcentrationsmayalsobe takenfromthis table.

Burrows:J.Chem.Soc.,tM,ao~6(t9~j).
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TAB~ElII

Mobilitiesof Certain Ions

Ion !!) Li t°C

H i 315 '8
K i 65 !8
Ct t 65 18
Li t 33 i8
Mg a 92 !8

S0< 2 136.6 i8

Cd 2 9: t88

Ça a t:o 2$S

La 3 '5o 'S8

Fp(CN). 4 38o 25s

TABLEIV

Valuesof q and 9

))0'

Eh'ctrctyte <' q 6~

HCt 3.06 o.t07Xto"Y 0.5 o.i8()Xto"

KCt 3.06 .107 0.5 .553

LiCl 3.06 -to? 0.5 .M:
MgCt~ 1.77 .3:! o.4!t .3:3

CdSO< t.53 .428 0,5 -3!4

LaCt, 1.25 64~ 0.35~ .208
K<Fe(CN)< o.96 !.o8 0.344 -'0!
Ca,Fe(CK)e 0.88 1.29 0.480 .3
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Influenceof the Concentrationon the DispersionofEtectdcatConductance

For the purposcof the study of the effectof concentrationsolutionsof
KC'iinwatcrat !8"Cwill beconsidered.(DietectricConstantof thesotvent

= 81.3). AccordingtoTableIV for concentrations'y'='o.ot,'y'"0.00l,and

-y = 0.000:the correspondingtimesof relaxationare0 = 0.553X 10-*sec.,
Q'= 0.~3 X to~ sec.,and 8 = o.ss3 X 10*'sec. Accordingto TableIV
the valuesof1(2are, respectivety, = o.to? X !o" == o.to? X !0'
and =*o.toy X 10" As KCI is a symmetricalelectrolyteq '= o.s.
Thercfore,bymeansof thc interpolationtablevaluesofAtM/A~as afunetion
of MOmaybe written. Fig. 3, in whichthe wavelengthsin metersob-

FtG.44

tainedfromTable II are plottedas abscissaewith thé corrcspondingvalues
of AtM/At.as ordinates, showsthé efïeetofconcentrationonthe dispersion
effect. Forthe valueAtM/A~= 0.5the wavelengths1.16m, n.6 m, and
n6 m correspondto the concentrations = o.or,'y = o.ootand = o.oooti

rpspGctive!y.For thèse wave lengths the dispersioneffect has rcduced
théelectricalforceof relaxationto halfitsvaluein thestationarycase. The
effectofconcentrationon thédispersioneffectis mostsintp!yexpressedby
f-ayingthat the times of relaxationare inverse!yproportionalto the con-
centrations.

Influenceof theMobiMty
Thé influenceof differentmobilitieson the dispersioncnect canbe de-

scribedbymeansof 0.001molarsolutionsofHCtandKCIin waterat t8"C.
Fromthc tables the correspondingmolecularconductancesat infinitedilu-
tionare

A-eHct'= 380; A-Ka =*'30

BymeansofTabte I\' thétimesof relationare

Onc)= o.!8o X to~sec.; 6~) = 0.553X te''sec.
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Thé valueof q Magaino.s_ Fromthé interpolationTableIï andaccording
to Table IV,the valuesofA~/At.are givenas functionsofthe wavclength.
The reaultof the calculationMgiven:n Big.4. It isat onceevidentthat for
the samewavelengththevaluesof A~/At. forHCIare muchsmallerthan
for KC].

InSuenceof the DtetectricConstant

In this caseo.ootmolarsolutionsofKCIin thesolventswaterandmethyl
alcoholat :s"C willbeconsidered.Thedielectricconstantsare, respectively,

DH~O=*78.8;DM,OH 30

~.).

The molecularconductancesat infinitedilutionare

A~H.O= !50;A,,(M.OM)*=!o8

The latter valuewastakenfromthe researchof Fraserand Hart!ey." The
Urnesof relaxationare

On.o= 0.466X !0"~sec.

6M..OH'= 0.245X 10-7sec.

Againq = o.s. Bymeansof the interpolationtaMeAtM/A,.as a functionof
the wavelengthis obtained. Théresult is shownin Fig.5. In the caseof
the methyl alcoholtherecorrespondsto the sameA~/At. valuea smaMer
wavelength.

InSuenceofTemperature
To illustratethe effectof températuredata forwatersolutionsfor LiCl

at t8°Cand too"CwillbeutHized.Forthémobilitiesoftheionsthefollowing
valuesare used

FmaerandHartley:Proe.Roy.Soc.,109A,35)(t9t5).
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i:'t- ,oe–

Equation 6 gives for tbc values

<~(M)*=0.1068X TO"V;~(MO),= O.t~O X tO"Y

Thp corrcspondingtimes of relaxationarc

Q
0.734 X!o-

Q
o.tsSXto-

e, =
"––

eo~j '=
–"–_––

Li+ at 18"~ 33
Li+ at toc" =* rtjr
C!- at tS" 65
Ch atloo"- :o8
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As in the previouscasesAtM/At.cannowbc expressedas a functionof the

wave length. The resultforY 0.0001is givenin Fig. 6. At the higher

temperatures appreciablysmallerwave length.sgo with the same A~/At,
values.

InftuenceofValence

Tothis pointsymmetricalelectrolyteshavebeenconsidered.Considering
the caseof unsymmetricalelectrolytes,it willbc seenthat the valencealso

affectsthe dispersionofconductance.In this sectionare consideredetectro-

lytesof the valencetypes1-2, t-3, 1-4,and 2-4forthe concentration'y

o.ooot. For unsymmetricalelcctrelytesq~o.s. Accordingto Table IV the

timesof relaxationforthevarioustypesdiffergreatlyfromoneanother. The

differencesin q values,andespeciallythe differencesin times of relaxation

govemthe influenceof thevalence. In Fig. 7, are giventhe resultsof the

calculations. In ordernotto unneeessaritycomplicatethe figurevaluesfor

KCI,CdSO<,LaC! andK<Fe(CN)eonlyhavebeenshown. The dispersion
curvefor MgC!tfaUsalmostexactlyalongthat for MgSO<,very slightlyto

the left. The dispersioncurveforCa~Fe(CK)owouldliebetweenthe curves

for K<Fe(C~))jandLaCla,ThefollowingTableVgivesthe valuesofA~At.
for differentwavelengthsforthe differentelectrolyteswhichhavebeencon-

sidered.
TABLE V*

Valuesof AtM/At.for Different Wavc Lengths
~ave Length
;n~te~' KCt MxSOt M~Ch LaCt, Ca,Fe(CX). K<Fe(CX)<

i o.oss 0.070 0.070 0.08 o.!i6 o.tgS

2 .073 .0<)8 .!02 .167 .tÇO

5 .$ .!54 .162 .t9 -:6o .295

!0 .163 .a!6 .$ .:8 .3S3 .40

20 .230 .30 .309 .39 .478 .53

50 .355 .455 ,465 .58 .676 .73

ioo .48 .6o .6to .72 -Stg .86

zoo .63 .75 .758 .85 .925 .95

500 .82 .9! -9'5 -96 -983 .986

tooo .925 -970 .97~ .98 .997 .99i

2000 .978 .994 .994 i-

SOOO I. I. t. t.

I0000 t. t. t-

The valuesgiveninTableYareaccurateto with!n2~.Ywl4V'0 Ra·4'w aw awW c
· W _w~ ~y

The valuesof A~areknownfromequation4a. In Table VÏ have been

co!tpctcdvaluesforAt.andXnforthe differenttypesof electrolytesstudied.

From this table the quantitiesAt. and An for eachconcentrationmay be

obtainedat once.
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TAB!.EVI

Values of Af. and (Different ValeneeTypes)

ValeneoType A.< X.. t'C

t-t 50. s V~ o.:24A-Y 18

1-2 26!).4 o.6y7"" !8

2-2 404.0 1.79 !8

1-3 743.0 i.S~ '8

t-4 !89o.o ~.t2 25

2-4 248s.o 6.3: 95

If the molecularconductancesat infinitedilutionAe for the strong

electrolytesconsideredin this sectionare introducedinto the abovetable,
TableVII results. There have beenincludedin this table valuesof the

quantityAt..
TABLEVIITABLEVII

Valuesof An and At.(DifferentEIectro!ytes)

EteetMtyte X. &' ~'<- t°C

KCt t~o ~~V~ ?9.J~
HCt 380 50.5 85.2 18

I,:Ct 98 $0.5 z:.o !&

MgCt, M2 :6!.4 i~. '8

Mf;SO< :29 404.0 4io. iS

LaCt: 345 7430 5~4. 18

K<Fe(CN)t 680 1890.0 1440. ~s

Ca<Fe(CN)t 620 :48s.o 3920. :5

Finallyit is of interest to makecertainretnarksconeemingthcmagnitude

of the dependenceof the electricalconductanceonthe wavelengthor fre-

quencyused. The magnitudeis recognizedmostsimptywhenthédifference

betweenthe molecularconductanceforthe frequencycaandthat for the fre-

quencyzero is comparedto the molecularconductanceat infinitedilution.

ln Fig.8 arc ineludeddata for solutionsof Cd80<at tS'C and K4Fe(CN)<
at 2S"C,'y being 0.0001in cachcase. For thc Cd80<solutionthc mole-

cular conductanceis 228.6accordingto Table111. The An valueis 4.04

(t.8% of A.)jand Xt. is 4.09 (t.8%of A.). The total toweringof the

conductance(A<) is,therefore,3.6%. Anincreasein thémolecularconduct-

anceat thisconcentrationofabout0.9%shouldbeobservedusingthe wave

tcnRth1= approximately60m forwhichAnt/A:.=°0.5
The exampleof K~Fe(CN)tis similar. The molecularconductanceat

infinitedilution(x~'C)is

A< = 680

Further At. ==13.7(:.o%ofA<)

An = t8.9(ï.8~ofA<)of11a)

The total loweringof the molecularconductanceis 4.8~. Anincrcaseof
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about t~c in the molecularconductanceshouldbeobservedusingthe wave

length ï = approximatelyt6.}m,for whtchAt«/A~= o.s. Thé maximum

dispersioneffect(extremetyshortwavelengths)to beobservedwouldbe of

the orderofmagnitudeof2%.
At higherconcentrations,usingsuitablewavelengths,a greaterincrease

in themolecularconductanceshouldresult. However,sincethe theoryin its

presentfonnisapplicableonlyto verydilutesolutions,it isevidentthat one

eannot resort to measurementsuponthèsemoreconcentratedsolutionsto

FM.88

verify the thcory. Théauthorsbelievethat whenthé termsof higherorder

havebeenconsiderpdthéconcentrationregionwhichmaybetreatedwillbe

increased,thoughonemaynotsayhowmuchat thiswriting. It maybere-

catted that the activitytheorybas beentreated in this mannerby severat

investigatorswith the resutt–apparenttyat !cast–that the concentration

rangeto whichit maybeappliedbasbeeneonsideraMybroadened.

The authorswishto thankProfesserP. Debyeof this Institute for the

interestshownandcounselgivenbyhimduringthecourseofthe work.

Leipzig,Cermnn~,
.Uad«oM,~'Hcet~t'H.



PHOTOCHEMICALOXIDATIONWITHPOTASSIUM

DICHROMATE*

BY C. 8. MORTON

The reactionbetweenquinineand potassiumdiehromatein a solution

containingsutphurioacid bas been studiedas a photochemicaloxidation

by Lutherand Forbes,'whoreachedthe conclusionthat onlythe lightab*

sorbedby thc quininewas active,the chromioacid functioningmerelyas

an innerlightfilter. "We chosethe reactionbetweenquinineandchromic

acid,alreadystudiedby Goldberg*whoseresultsseemedto showthat the

velocitywasdependenton the quantityof lightabsorbedby thc chromic

acid. Experimentswith monochromatiolightsoonconvincedus thatquinine
wasthe substancesensitiveto light,and that the chromieacidactedonly
as an indifferentlight filter,absorbinga partofthe lightand turningit into

heat.
"Sinoethe yellowray is veryslightlyabsorbedby the reactionmixture,

it cannotcauseappreciablechemicalchange;henceexperiment(i) indicates

that the dark correctionis adequate,and the consistencyof the following

resultapointsto the same conclusion.Theblueray is virtually inactive;
in the table,correctionis madeforo.o2[406)whichfilterB transmits.The

violetandthe ultravioletraysareactive,andtheconstancyof theresultsin

the laat columnshowthat thé photochcmicalactionisproportionalto the

incidentlightin eachcase.

"Thefiguresthus far exhibitedprove(:) that the amountofchemical

changein eaehunit of time is proportionalto the fractionof a givenray
absorbedby quininein the sameperiod. (!) the amountof lightabsorbed

hy the chromicacidbas no effecton the result. From(t) and (:) the ap-

parentinertnessofthebluerayis nolongersurprising.(3)No sensibleerror

isinvolvedin findingthc light reactionbydifference.

"Fromthesefiguresit is inferredthat the photochemicalreactiontakes

ptaccin twostages:first, the formationofsensitizedquininewitha velocity

proportionalonly to light absorption;thena réactionin the ordinarysense

hetweenthisproductand chromicacidandofsulphuricacid, as inthedark

reaction. At verysmaHconcentrations'thesecondstageis so slowthat it

determinesthe speedof the reactionas a whole;but whenCt>o.oot3the

sppcdof the secondstage is verygrcatandthespcedwithwhichsensitized

quinineis producedrégulâtesthe progressof the reaction;this sensitizing

'ThMpaperinpartof theprogrammenowbeit)t:camedoutat ComettUniversity
m)dcra granttoFrofeNorBancroftfromtheHectMcherFoundationfortheAdvancement
"fRMcaMhestablishedat ComeUUniversitybyAugustHechsche)-.

J.Am.Chem.Soc.,31,770()909).
't~eipitigdtMertation(<9o6).
fC,Mtheconcentrationofchromicacidingramequivalenteperliter(Cr~),/3<-334

t!mms)].
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is probablya reversiblereaction,otherwisethe produetwouldaccumuiate

rapidlywhenC<becamesmaUandpreventany approachtoa reactionof the

firstorder. Finally,thesmallerthevalueof C;,themoreinproportionshould

the hydrogenionacceleratethephotochcmicalreactionasa whole.

"The percentagesof eachray passingthroughthe lightfilters,and the

percentagesabsorbedby quinineand by chromicacid,respectively,in each

experiment,are calculated.The speedof the lightreactionis proportional
to the quantityoflightof givenwave-tengthabsorbedby thequininealone

unlessthe concentrationofchromicacidisverysmall;thisisconsistentwith

thehypothesisthat the lightreactionrunsin twostages."

There isno hedgingabout theseconclusionsandthereisalsonorécogni-
tionof the tact that theresultscallforexplanation.Thegeneralaccuracyof

Luther and Forbes'experintentis, of course,beyondquestion;but thcir

conclusionscannotbe the wholetruth, becausethereare technicalprocesses'
basedonthe photosensitivityofpotassiumdichromate.

"When mixedwithorganicsubstances,potassiumdichromateis reduced

onexposureto light;gelatineundersuchcircumstancesis renderedinsoluble.

This reactionis takenadvantageof in the 'carbon'processof photography.
The gelatineis mixedwitha pigmentofany colourandthe paper earrying
this filinis sensitiscdbyfloatingon a solutionofpotassiumdichromate. On

exposureundera negative,the gelatinebecomesinsolublein those portions

cxposcdto the light,andretainsthe pigment,whilethe portionsprotected

bythe darkerportionsofthe negativearealmostunactcdupon,and maybe

dissotvcdin warmwater. In this manncrphotographsofgreat beautyand

permanencemaybe produced. The insolublegelatinedoesnot absorb

water, but willtakeoil,whichmaybe mixedwithanydesiredpigmentand

thus becomesthebasisof the oitand bromoilprocesses.Gum,mixedwith

dichromate,is atsomadeinsolubleby exposureto light,andthis is madeuse

of in photographyin thegumdichromateprocess."
The conclusionsof Lutherand Forbeshavebeenquestioncdby Plotni-

kow,2thoughperhapsnot with the definitenessthat one wouldlike. He

showedthat tight,whichwasabsorbedby an ammoniumbichromatesolu-

tion, causes this solutionto oxidizealcohol. He alsooffereda tentative

explanationforthefailureofLutherandForbesto obtainnormalresults.
"It isto beMsumedthat bothcomponentswillbcphotochemicattyactive

whenquinineisoxidizedby chromicanhydrideinacidsolutions;thereaction

also takcsplaceinthedark. Manyofthe activerays,suchas the violetand

the ultra-violet,for instance,are absorbedby both components,in conse-

quenceofwhichthe chemicallyactivelightof thesewave-lengthsis divided

betweenthe twocomponents.It is not impossiblethat the two bandsof

photochemicalabsorption,whichbelongto the quinineand the chromium

arcnmskedto someextentbytherrnalabsorption.(It isqucstionabicwhcther

this meansanythingat att.] Fromwhathasbeensaidit isevidenthowcom-

Thorpe:"Dicttonaryof~pptiedChemtstfy,"2, 2~!(<9?t).
"LehrhttchderPhotochemie,"t~X,t)5()9:o;.
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plieatedthisreactionmustbe. Sincethe lightabsorptionismiddlingstrong,
it willhardtybopossibleto formulateforthisreactiona differentialéquation
whichcanbe integrated. It is thereforenotsurprisingthat the investigators
(Lutherand Forbes]whohavestudiedthis reactionwithoutoonsideringaU
the factors havo not obtained any agreementbetweenexperimentand

theory."

Apparentlyas an after-thought,Plotnikowsays,four short paragraphs
later,that "it wouldbe rather interestingto studythe oxidationofquinine
bychromates,K<Cr<07or K<CrO<,inneutralsolutions.Onewouldprobably
getsimplerrelationsandthe pure photochemicalpropertiesof thé twocom-

ponentswouldborecognizedmoreeasily."

UnfortunatetyPlotnikownever testedthis suggestionof hisandit cvi-

dentlyseemedof no importanceto Lutherand Forbes,because,ina later

paper, Forbes,Woodhouseand Dean*discussPlotnikow'smathematicai

relations,whichare ofno specialimportance,andignoreentirelythefunda-

mentalquestionwhythechromieacidshouldapparentlybe photochemically
insensitive.

Both constituentsin thc reactionmustbe photochcmicaUyactive,as

Plotnikowpointsout. If oneof themis not,it mustbebccausetheexperi-
mentalconditionsare so abnonnalthat the photosensitivenessofonecon-

stituentapparentlydisappears. As a matterof faet, thé conditionsunder

whichLutherandForbesworkedweremostextraordinary.AUtheirrcacting
solutionswere5.4N in sutphuricacid,whilethe dichromateconcentration

wasalways!essthano.otN. It has longbccnknownthat the oxidizingpower
ofa dichromatesolutioninereaseswithincreasingacidity. Onlyrecentlyit

wasshownby Vincent,'in expcrimentson thcelectrolysisof potassiumdi-

chromatcsolutionsthat this sait doesnot act as a depolarizerin neutral

solutionwithplatinumelectrodes,therebeingonehundredpercentevolution

ofhydrogenat the cathode. Thé depolarizingactionappearsandincreases

as sulphuricacid is added,and is neartycomptetofor a saturatedsolution

ofpotassiumdichromatein normalsulphuricacid. It seemedprobablethat,

by using5.4N sulphuricacid,Lutherand Forbeshadpushedtheoxidizing

powerof the dichromateto the limit,so that the absorptionof lightcould

produccnoappreciableadditionalactivation.

In ordcrto test thisassumptionexperimontsweremadewithpotassium
diehromateand ethyl alcohol. If the concentrationsare ehosenrightly,
this makesa very satisfactoryphotochemicalexpcriment. An ordinary

hand-regulatedD.C.carbonarc spotlightA,operatedat 50ampèresserved

asthe sourceof light,Fig. t. The rayswercmadeto converge,bymeansof

glasslensesLt, Ltandmirror MonthebottomoftheglassabsorptioneeitC.

'6X6X6 6 cm), whichcontainedthe reactingmixture. The outercc't F

!6 X !o X ïo cm),supportedin the positionshown,containedtheliquid

emptoyedas light-filter. The contentsof F werekept eoolby circulating

J.Am.Chem.Soc.,45,t89t(t~).
J. Phys.Chem.,2C,875(t!~5).
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coldwater througha spiralcoppertube T immersedin the liquid, CellC

wasprovidedwitha glasscoverD, sitvpredonthetopsurface. Forthe dark

reactiona similarcombinationof ceUswasused. Theywereprotectedfrom

light and were maintainedat approximatelythe sameteutperaturpas thé

ceUsin whiehthe light-reactionwasstudied.
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Kahtbaum'spure potassiumdichromatewasusedand9S%ethylaloohol.
Nettherwaspurifiedfurther. Thé volumeofthércactint;solutionwas100ce.
inall cases. Thecourseof thereactionwasfoUowedbywithdrawingsampte!;
nt tntervats(usuallyeveryfifteenminutes)anddeterminingthéconcentration
of dichromateiodimetrically. Expcrimentswithwater and withateohot
as !ight-nltcrashowedno appreciabledifference,so any activationof thé
alcoholbylightof thé visiblespectrumisnegligible.Apotassiumbichromate
filterbringstho light-reactionto a stand.still,thusshowingthat thedichro-
mate is the.photosensitivesubstance. The photochemicalreactionis not

preventedby a coppersulphate filter,showingthat the lightwhichis a))-
sorbcdbythe diehromateis the photoohemicallyactivelight.

The obscrvedamountsof reactionin the lightand in the dark, with

varyinginitialconcentrationsof sulphuricacidarcgivenin Table1and II,
and showngraphicaUyin Figs. 2-5in whichthe decreasein concentration
ofdichromateis plottcdas ordinatesagainstconcentrationofsulphuricacid
as abscissas.

TABLEI

5% ethyl atcoho!; 0.04 X KtO~O?

Time Decrease in cône.of K<Cr)Otin equivalentaper liter
minutes Xeutrat o.t HtSO<

Dark Light Dark Light

30 o.oo:ï 0.0032 0.0128

45

60 0.0004 0.0044 0.0060 o.o:

Time DecreMe inconc.o[ K<CrtOtin equivalentsper Uter
minutes 0.5 X HtSO, 0.75 X H,SO<

Dark Light Dark Lifjttt

0.0240 o.oïs:

30 0.02S6 o.o:7: 0.03:: 0.0324

45 0.0370 0.0376

60 0.035: 0.0388 0.0384 0.0388

TABLEII

t% ethyl atcoho!; o.o25 N K:C'r<0?

Timc Decrea.seinCone.of KtCr<Otin équivalentsperliter
minutes t H,80, X H,8(),

Dark Light Dark Light

30 0.0085 0.0127 o.o18o 0.0189

45

60 0.0:50 0.0196 o.o: o.o::3

With neutral 0.04 N KtCrtO?and s% alcohol,the light reactionis

upproximate!yton times that of the dark-reactionat the end of an hour.
With0.1N H~SO~the light-reactionis morethantwiceas fastas the other
oneand the total changein the lightis fivetimesasmuchas in the corre-
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spondingneutral solution. With0.7 s-NHiSO<the light-reactionand the

dark-reactionare practicallyidentical,whichmeansthat, underthèsecon-

ditions, the dichromateappcarsto be photochcmical!yinactive,whichis

what Luther and Forbesfound. Withmoredilutealcoholandmoredilute

bichromate,there isa distinctdifferencebetweenthe light-reactionandthe

dark-reactionwith normalsutphuricaeid;but this differenceis negtigibto

with double-normalsulphuricacid.

The résultaof Lutherand Forbesare absolutelyaccurate;but theyare

misleadingas stated. Whenstudyingthe rateof inversionof a dilutecane

sugar solutionby acids,wcare justifiedin sayingthat, underthesecondi-

tions, wemay treat the concentrationof wateras practicallyconstant;but

it wouldbe inaccuratcto say that waterdoesnot enter into the réaction.

Lutherand Forbeswerequitejustifiedin sayingthat, undertheirconditions,

chromicacid couldbe treated as practicattyinsensitivephotochemically;

but it was unfortuaateto impty,as they do, that chromicacid is photo-

chemicallyinscnsitivein the reactionbetweenquinineand chromicacid.

The gênera.!rotationseemsto haveescapedthementirely,evenafterit had

beensuggestedto themby Plotnikow.

It bas seemeddésirableto straightenout thismatterbecauseevenKis-

tiakowsky',whoshouldbe the last worf!in photoehemistry,bas failedto

recognizethe limitationsin the workof Lutherand Forbesand acceptsit

as right without any référenceto sulphuricacidchangingthe générâtre-

lations.

"An intcresting,but not completelyexplained,photochemicalreaction

is thé oxidationof quinineby chromicacid in presenceof sutphuricaeid.

This reactionwasstudiedby Goldberg,~whonoticeda verysmaUtempéra-

ture cocmcipnt(i.oz). It waslater the objectofan extensiveinvestigation

by LutherandForbes,'whichreveaiedinterestingrotations.

"Xot only quinine,but alsochromicacid, absorbsthe light whichis

causingthe photochemicatreaetion. Lutherand Forbesmeasuredthe

absorptioncoefficient(a)of bothsubstancesanddemonstrated,byapp!ying

equation i, that th(;lightabsorbedby chromicacidis inencctivc;the latter

is thereforeactingonlyasan innerscreen. Theauthorsdemonstrated,fur-

ther, that the rateofreactionwasproportionalto the amountoflightenergy

absorbedby quinineandwasindependentofthe chromieacidconcentration,

at least whenthis latterwasvariedfrom0.012to 0.00tX. At still lower

concentrationsof chromicacid,a decreasein the rate of reactionwasob-

served.

"RecentlyForbesand his co-workcrs~haveextendedthe earlierexperi-

ments of LutherandForbesand studiedin particularthe influenceof sul-

phuricacid. Theyfoundthat therateof reactionispracticallyindependent

"PhotochemicatProcesseo,"39()t)28).
2Z.wiss.t'hot.,4,56(!9o6).
J. Am.Chem.Soc.,31,770(tao~).

4J. Am.Chem.Soc.,45,)89t(t9t3).
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of the concentrationof sulphuricacid,only,however,if this is above0.5

normal;inmoredilutesolutions,a decreasein the rateof oxidationapproxi-

matetyproportionalto the concentrationoftheacidwasobserved."

Thé reasonwhy Kistiakowskydid not detect the weak point in thé

experimentsof Lutherand Forbesisapparentlybecausehe is not intercsted

at ait in the conditionsfor a photochemicalreactionto take place,but only

in the kineticaof a reactionwhichdoestakeplace. Practicattyailhe says

onthis pointis that "onlyin the nineteenthcenturywasthé firstandfunda.

mental lawof photochemistrydeduced. Grotthusspubtishcdin ~817a

paper whichcontaineda clearoutlineof this law. As formulatedby him,

thé lawstatesthat onlylightwhichisabsorbedcanproducechemicatchange.

Grotthuss'paperattracted Mtt!cattentiononthepart ofhiscontemporaries,
and in !8~oDraperderivedindependentlythesamelawandsupportedit by

e xperimentson thc hydrogen-chlorinereaction."

Thereisnotawordsaidabout theoxperimentsofGrotthussondepolarizers
oraboutthe later fonnu!ationthat all lightwhichisabsorbedby a substance

tends to eliminatethat substanceandthat whatactuallyhappensisa ques-
tion of chemistry. Instead Kistiakowskyjumps to the questionof light

quanta.
"A starting point for the rapid developmentof photochemistryalong

new lineswas undoubtcdlythé introductionof quantumtheory. General

attentionturned fromrather unsueceasfulthermodynamicspeculationsto a

quantitativestudy of photochemicalkineties,resultingin a deeperunder-

xtandingof the rote of radiant energyin producingehemicalchangesand in

manyvaluablecontributionsto the gêneraitheoryof chemicalkinetics."

Withoutquestionmgany of this, thé fact remainsthat Kistiakowsky's

vicw-pointis defectiveto the extent that the contradictionbetweenthe

resultsofLutherand Forbesand thebehaviorofbichromatedgelatineeither

neveroccurredto himor didnot seemto himofanyimportance.
Thégénérâtresultsof this paperare:

i. Undersuitableconditionsdichromatesolutionsare photochemically
activeforlightwhichis absorbedbythedichromate.

2, Withincreasingaciditythe oxidizingpowerofthe dichromatesolution

iacreasesandtheapparentactionofthe lightconsequentlydecreases.

Withethyl alcohol,potassiumdichromate,and varyingamountsof

sutphurieacid, the light-reactioncan be madepracticallythq wholething

or practicallyzeroas one wishes.

4. SinceLuther and Forbes studiedthe photochemicaloxidationof

quinineby chromicacid in s.4N sulphuricacid,they wereworkingunder

conditionswhichshouldand did makethe chromicaeidpracticallyphoto-

f-hemicattyinsensitive.

5. Theconclusionsof LutherandForbesinregardto the photochemical

activityofchromicacidare right fortheextremeconditionsundcrwhichthey

worked;but theyare notgenerallytrueandarcconscquentlymisteading.

C<MW!t)7M(<t)'M<



THE SURFACEPROPERTIESOFSOAPSOLUTIONS*

BY WALTER C. PRESTON AND A. B. !UCHA!t080N**

The foamingtendencyof aqueoussolutionsof soapand variousother
substanceshas longbeenthe subjeetof scientincstudy. Mostworkersin
this fieldhaveagreedin focusingattentionuponthe peculiaritiesof thesur-
face filmof the solutionandmanyimportanttactshavebeendiscoveredre-

gardingits composition,structureand physicalproperties.
It wasearlyforeseenthat theformationofstablebubblesfromsoapsolu-

tionsmustbeassociatedwitha concentrationofsoapat the surfaceexposed
to air. Leidenfrost,in iy;6, attemptedto explainthe peculiarpropertiesof
the soap bubbleby postulatinga preferentialconcentrationof thé fatty
materialin the surfaceof the soapsolution,'thus strangelyforeshadowing
the idea-so attractiveto studentsofsoapsolutions-ofa surfacelayerof
orientedmoleculeswhieh,acenturyanda halflater,wasdevelopedbyHardy,
by Langmuir,and byHarkins. In a generalway,it may be acceptedthat
soluteswhichimpartfoamingpropertiestend to eoncentratein the surface

layerof the solutionandhencein the foamitself,but this fact, considered

alone,is of no greatvaluein distinguishingsolutionswhichfoamreadily
fromthosewhiehdonot,aswillappearbelow.

Asshownbothby thermodynamicreasoningand by actualexperiment,
the concentrationofa solutein thesurfacelayerisaccompaniedbya decrease
in surfacetension. Thefact that soaplowersthc surfacetensionofwater
bas frequentlybeeninvokedto explain,at leastpartially,the foamingten-

dcncyofsoapsolutions.Since,however,thereareaqueoussolutions,suchas
aceticacidsolution,whichdonot foamreadilyin spiteofhavinglowsurface
tensioncomparablewiththat of soapsolutionswhichfoamcopious!y,it ia
evidentthat ncitherlowsurfacetensionnor the concentrationof solutein
the surfaceis,ofitself,a sufficientexplanationoffoaming.

Recognizingthe inadequacyof lowsurfacetensionto explainfoaming

tendency,someinvestigatorshaveassumedand attempted to demonstrate
the importanceof high viscosity,especiallysurfaceviscosity,as a basic

propertyunderlyinghighfoampower.
The ideaof a toughsurfaceskin,a superficialviseosityas distinguished

fromthat of the interior,isevenanotderconcept,thoughlesswidelyknown,
than theconceptofsurfacetension,whiehwasproposedby J. A.vonSegncr'

PresentedinpartheforetheSeventhMegtOM!Meetingof theAnjeneanChemiral
Society,Lexington,liy.,Oct.t6,t<)t8.

ChemicalDivision,TheProcterandCambleCompany,Ivorydale,Ohio.
Leidenfrost:"DeaquaecommunisnonnuUisquatitatibustractahus,"DuMburj;,1736.

seeartieleonCapittaryActioninEncyclopediaBritannica.
vonSegner:Comment.Soc.Ket;.G6ttin);en1,30t (<75t).SeearticleonCapittary

tion inEneye!ope<tiaBritannica.
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in jy~t. Thebasieidea ofsurfaceviscosityis generallyattributedto Des-

cartes' and,in its morepreciseform,basbeendevelopedby Ptateau'and a

numberof other investigators.

In general,différentinvestigatorshâvebeen inclinedto assignto these

twoproperties,lowsurfacetensionandhighsurfaceviscosity,the chiefrote

inaccountingfor thé latheringof soapsolutions. Someintcrestingmodifi-

cationsof thisviewhavebeenurged,but thesewillbest beconsideredafter

theexperimentalpartof thepresentpaper.

Originallyit wasthe hopeof the writersthat, followinga simultaneous

study of surfacetension,surfaceviscosity,and foam power,there might

appearamongthesepropertiessomemorepreciserelationshipthanbashere-

toforebeenobscrved. Asa matterof fact,prolongedinvestigationfailedto

developany suchrelationshipandthe majorityof the experimentalresutts,

beingthus of a negativecharacter,arescaree!yworthpresentingin detail.

However,it maybeworthwhileto recorda fewfragmentsof theworkwhich

gofartherthan merefailureto establisha positivecorrelationand suggest

that foampowercannoteverbeexplainedin tenns merelyof surfacetension

andsurfaceviscosity.

Experimental

MeasurementsofSurfaceViscosity

An osci!!atingdisk,suspendedbya torsionwire,wasusedformeasuring

surfaceviscosity. Its constructionfollowedso closelythe descriptiongiven

by Stablesand A. E. Witson*andby R. E. Wilsonand Ries<that detailed

descriptionin the presentpaper isunnecessary.A simplifiedsketchof the

apparatusisgivenin Fig.i. Inopération,the monetmetaldiskwaslowered

intothesurfaceofthe liquidbymeansofa micrometerscrewcapableofcon-

trollingthe depthof immersionto withino.ot mm. and, startingwith an

initialtorqueof ~ig",the amplitudeof successiveoscillationswasobserved

withthe aidof a pointer,rigidwiththe disk,movingin a horizontalplane

overa fixedcircutarscale. Themomentof inertiaof the oseillatingsystem,

determinedby the methodof removabledisksofknownweightasdescribed

byWilsonand Ries,was1444 3. Thetemperatureof the waterbath was

constantat 3o"C ± o. The authorsare indcbtcdto Dr..C. H. Milligan

for valuableaid in the constructionof this instrumentespecially,also for

nidin the préparationand planningofsomeof the otherapparatusused in

thisstudy.

DMcartea:"LMM<mo:[M."t6)8.
Poteau:"StatiquedesLiquides";Po);x.Ann.,t4t, 44C870):I~M'- Ma< (4).

40,)90(tttyo);MeyenPoM.Ann.,H3,5:. '93.38;;(t86t);Obetteett:~Mt.Ann..n.
634(,8)!C);MarMtBMM:P~. Ann.t49.34~(')'7'~Stab)MandWttMn:PM.

M~ (5
tS,4~(t883);Quincke:Wi~.Ann.,3S.S9ï('889);8hutt,Ann.Phystk.(4.~7'4('W
~t~Sf:Z.p~ik. Chcm.,52,t (too5):Rohde:Ann.Physik,(4)M,93S('906);Shorte)-:

t'hit.Mae-,(6)11,3.7('906);17,s6o(t<)09).
Loc.cit.

<Wib<tnandRies:FifstAmeriMnCotMdSympomom,~45('923).
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The viseosityofa solution,as measuredbythe rotatingdiskmethod,is

expresscdby the fonnutaof Stablesand Wilson,v = Kd/t, wherev = rp!a-
tive viscosity(withno absolutesignifieancewhatsoever),K = momentof

tNG)'tiaofthcoscmatingsyatetn,tpenodofosciUation,andd toganthmic
decrement,i.e., thé togarithmofthe ratioof theamplitudeofoneoscillation
to the amptitudeof the nextsucceedingoscmatioa.~

F)(!.t1

Surface ViMosimeter

Measuremeat of Surface Tension

There is considerable controversy over the proper cho!ce of method for

determining surface tension. Since the formation of foam is a dynamic

For convenience,the p<Mttinnof the pointer was noted only at the end of eachfmm)t
in one givendirection and the magnitude of the oscillationwMMkutated by douMingthe
différence))etween this reading and thé jiosition of reat. Thé fteparatcmeMurementof
each oscitjationin oppositedirectioMMof doubtfut theoreticatadvantage and puta an un-
desirabteextra load upon the operator. After a)), reauttaby thMmethod are rotative, not
absotute.

g

(

t
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process,a dyaamicmethodofmpaaunngsurfacetpasioawaspreferredin the

presentworkand the drop methodwaschosen. Two droppingtips were
used, with radii 0.3:7$ (d:o.ooto) and 0.~90(±o.oots) cm., respectively.
Thébottomsurfacesweregroundandthesideswerehighiypolished.Under
40diametertnagnino~tion,the largertip showedno imperfections,but the

Ftu.as
AppaMtusformoMunngFoamPower

.<tttaUershowedscvcra!slightHa.wsaroundtheedge,althoughperfectto the
nakcdcye. Therateof formationofdrops,ordinarily?oin 1$to :o minutes,
wascontrolledby opposinga suction to gravity. Températurewas con-
troHcdwithina rangeof t'C. Surfacetensionvalueswerecalculatedwith
thc aid of Harkins'correctioncurve.' TheHarkinscorrectionfactor,r./V~,
tay bctweeno.~ and 0.73for distilledwater,and between0.96and 1.1for
mostofthéo. soapsolutionsuscd.

Harkine:J. Am.Chem.Soc.,41,4!?(!9t9).
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Measurementcf FoamPower

For thé measurementof foampower,usewasmade,aftersomemodifica-

tion,ofapparatuspreviouslyassembledandusedby Mr.W.E. Priéeforthe

samepurpose. Thé apparatusis shownin Fig.z. The températureof the

waterjacket "D" isheldat 3o"C± i" bysiphoninginwarmwaterfrom"H,"

andsiphoningout théexcessthru"E." In operation,100c.e.ofsoapsolution

ispouredinto thebelljar "C,"andagitatedfor2minutes,at a speedofaooo

R.P.M.by the stirrer"F," eoMistingof a shaftof 1/4"brasspipe,to the

bottomof whichis weloedthe horizontalpieceof brass tubingwithends

flattenedto narrowopenings.Airisdrawndownthehollowshaftandthrown

out fromthe horizontalbladesby centrifugalforce. Aftertwominutes,stir-

ring is stopped,and at oneminuteintervalsthe clearliquidwhiehdrains

fromthefoamis drawnoffthruthe stopcock"B" into a graduatedcylinder.

The volumeof liquid so collected,subtraetedfrom the originalvolume

(toc c.e.)givesthe percentof the solutionconvertedinto andremainingin

the foam. This valuebasbeenfoundmorequantitativelymeasurableand

reproduciblethan measurementsof the volumeoffoamproducedby stirring

orshaking. The "foampower"recordedin thetablebelowis thepercentof

the solutionretainedas foamafterstandingoneminute.

Comparlsonofthe ThreeTypesofSoap

Table1 recordssurfaceviscosity,surfacetension,and foampowermcas-

urementsof soapsrepresentingthreeimportantcommercialtypes,as follows:

Xo. i. Atypicalwhitetoilet soap,thefatty acidcharacteristicsbeing:

Saponincationvalue217;iodinevalue52.5;titre 3:.o"C.
No.2. Atypicalyellowlaundrysoap,thefatty acidcharacteristicsbeing:

Saponincationvalue t89.3;titre 3S.o°C;rosincontentabout 1/3 of total

acids;iodinevalueoffattyacids,exclusiveofrosin,53.3.

Xo. 3. Atypicaloliveoilsoapof textilegrade,thé fatty acidcharacter-

isticsbeing:Saponificationvalue193iodinevalue79 titre .3°C.

Thesesoapswerenot usedin their commercialforms,but theliberated

freefatty acidswereresaponifiedwiththe theoreticalamountofpureNaOH

and madeintoa 3%stocksolutionof the soap. Fromthesestocksolutions,

TABLK11

SurfaceViseosity,SurfaceTension,and FoamPowerofo.t% SoapSolution
#

at
30"C

Ko.!1 ~o.!t3 X«.33 DM-

White Ye!tow OMve tilled

ToitetScap LeundryScap Textile Soap Water

t-rcah Exposed Fresh Exposed Freah Expoaed

FoamPowcr,% 84 82 10 71 t? 0

Surface Viscosity ~46 :4S ~~6 6.yy 6.6 6.8 6.8

Surface Tension

dynes/cm. :47 24.8 :j.7 :3.7 23.3 23.4 ?o-5

Hours exposed to air o 48-5' o 24-30 o ~4 o-48
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the dilutesolutionsfor testingwerepreparedby a uniformprocédureof di-
luting,boiling,uniformcooling,and storingforone hourin glass-stoppered
bottlesat 3"Cbeforeuse.

Agingthe o.t% soap solutionsin closedvesselsproducedunimportant
differencesin théexperimentalresults. However,agingthesolutionsinopen
vessels,protectedfrom appreciablequantitiesof dust but exposedto the
gradualdiffusionofair, producedverysignificantvariations. Whileattention
in thé presentpaper is directedto the changein physicalpropertiesof thé
solutions,ismaybeof interesttonoteinpassingthat the underlyingchemical
changeisapparentlydue to thc absorptionofcarbondioxidefromtheair.

Surface?~/w'<ma~oaM fpM~r.'
Thethree soapsolutionsdescribedin Table1 showpractieaitythe samc

surfacetension,whilesoaps«! and whenfreshshowappreciablygreater
foampowerthan soap#3,a set of tactswhichaloneis sufficienttocast doubt
uponany precisecorrelationbetweensurfacetensionandfoampower. The
lackofanysuehsimplecorrelationismoreconclusivelyshownbycomparison
of thefreshsolutionswith thoseexposedto theair. Theagedsoapsolutions
show,withinexperimentalerror,the samesurfacetensionas thefresh solu-
tions,whilethefoampowerof all theagedsolutionsisdistinotlylow.

SurfaceVMe<Mt<~andFoamPower:
Thcsomewhatsupcriorfoampowerof thefreshsolutionsof soaps#r and

as comparedwithsoap#3seems,at firstglance,to beassociatcdwith the
greatersurfaceviscosityofsoaps and# However,soap#3,havingonly
the surfaceviscosityof water itself,isnotgreatlyinferiorin foamingproper-
ties to the othersoaps showingalmostfour times the surfaceviscosityof
water. This aloneis sufficientto showthat thé relationshipbetweensurface
viscosity(asmeasuredbythe oscillatingdiskmcthod)andfoamingtendency
isnot a simpleone. This lackofa simplerelationshipisagainconclusively
demonstratedby a comparisonof the freshand agedsolutions. Upon ex-
posureto air, thesolutionof soap~i graduallylosesits foampowerwith no
appreciablechangeinsurfaceviscosity,whilesoap alsolosesits foainpower
but,unlikesoapjtï, losesalsoits highsurfaceviscosity. Thefreshsolution
ofsoap#3is a very muchbetter foamerthanthe agedsolutionofsoapSi in
~ite of the fact that the surfacetensionsof thé two solutionsare approxi-
Inatelyequal and the surfaceviscositiesactuallyin the oppositeorder of
theirfoampower.

In général,the relationshipbetweenfoampowerand measurablespécifie
propertiesofsoapsolutionsis verymuchmoreobscurethan basbeenhereto-
forprecognized.Certainly the combinedconceptsof surfacetensionand
surfaceviscosityare inadéquateto explainfoamingtendency.

Theresultsgivenaboveare easilyreproducibleand are typiealofa large
numberof experiments. Many variationswere tried withoutsubstantial
''fîpctuponthe finalconclusions.ThesevariatioMincludedthe substitution
ofthecommercialsoapsforthe puresoaps,variationsin the exactmethodof
preparingthe soapsolutions,in the timcofformationof thedrops,in thesur-
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facetensionmeasurements,and in the depthof immersionof thé oscittating

disk,stirringthésurfacesurroundingthe disk,etc.

Tho surfacelayer causingthe high surfaceviscositymust fonn very

rapidly,as stirringproducedlittle effectuponthe viscosityvalue. Slight

vanationsfromthé standarddepth of immersion(o.s mm.)wouldnot hâve

beenvital, asshownbyTableII.

TABLE II

Effcct of Dcpth of Immersion of OsciUatingDisk. o.t% Solution, Soap

Ko. i, at 30"C
DepthufttottomofDMk SurfaceVi«'Mity

o.omm. :6.o

0.5" ~7.0

t.o" s? 6

2.0" 28.6

2.5" ~9~

Disksubmprgedentirety i:4

Somesurfacetensionmeasurementsweremadein whichthe timeofdrop
formationwasvaried.In caseonesoapisadsorbedmorerapidlyin thesurface

than is another,the morerapidadsorptionmightbe associatedwithbetter

foamingproperties.LordRayleighlmanyyearsago concludedthat no ap-

prcciableadsorptionof sodiumoleateoccurswithinthe first i/!ooth second

afterthe formationofthésurface,asdeterminedby hisvibratingjet mcthod.

WhitethedropweightmethodbecomesunreHaMewhenthedropsarcrapidly

fonned,yet ifa diffcrenceexistcdbetweentwo soaps,oneof whiehfoamed

welland theotherpoorly,it shouldbe possiMeto demonstratethisdifference

at leastqualitativelyby thismethod. ïn Fig. 3 are givenresultswithdis-

tilledwaterandwitho. solutionsofsoap whichhad been(a) protected
fromthe air, thus retaininghigh foampower,and (b) exposedto the air,

withconsequentlossofhighfoampower. It willbe seenthat the rate of

changeof surfacetensionwith drop-timeis the samcwith both solutions.

Thusthe rate of surfaceadsorption,as indicatedby surfacetensionmeas-

urementswithdrop-timesof fromo.s to 60seconds,doesnot distinguishbe.

tweenthe frcshandthe agedsolutions,goodfoamersand poorrespectively.

SurfacePlasticityandFoNmPower:

Amongthe intcrcstingmodificationsof the conventionalideasofsurface

viscosityis that ofR. E. Wilsonand Ries,'whosuggestthat thostabilityof

foamis dependentuponthe ïescmManceofthe surfacelayerto a plasticsolid

rather than a viscousliquid. They hâve cited the increasein logarithmic
décrémentoftheoscittatingdiskwith decreasingamplitudeasevidenceofthe

plasticsolidconditionof thesurface. Fig.4showstypicalruns,thologarithm
ofthe amptitudeofoscillationof the diskbeingplottedagainstthe number

'Kaytcigh:Proe.Roy.Soc.,47,sSt (t8f)o).
LM.dt.

·
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FM.}3

Showingchange in surfMetensionwithchangein time of drop formation

o.ï<%Solutionsof Sotp Xo. t at 30"C.
0 Fresh,unexpotedsolutions.
A Solutionsexposedto air ~4hours.

Fm.44
Curves showint!rate cf dampingofoeciUatingdisk

Curve A–SottpXo. t–Bothfreshend~ged. Surface viscosity M. 5
J)–Disti)!edWater 6.9ç
<–8oapXo.3–Bothfreshand<t)!C<t 6.8 8

D–SoapXo.a-AgKt 6.8
B-SMpXo.t-FfMh
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ofswings. Onlyin thecaseof water,soap#3(thesodiumoleatetype),and

the exposedsolutionof soap?: is the iogarithmicdecrementconstant,as

indicatedbythestraightnessof the tine;in solutionspossessinghighsurface

viscosity,the curvesareconcavetowardthe X-axis. However,thiscurva-

turc isnot affectedbythe agingofthesotutionof soapj~, evento thepoint
of almostdestroyingits foampower. TheoreticaUy,the increasein loga-
rithmicdécrémentin suchexperimentsas those of Wilsonand Riesand

thosein thé presentpaperisgoodevidenceofthe ptasticsolidconditionof the

surfacelayer. However,if this conditionbe regardedas a causeof stable

bubbleformationandhighfoampower,it predictszerofoampowerforsoap

~j and predictsthat freshand agedsolutionsof soap~i shouldhave the

samefoampower,conditionsquitecontraryto the tactsobserved.

The conceptsof surfacetensionand surfaceviscosityas conventionally
understoodfaittoexplainthe tendencyofsolutionsto foam. If usefulcor-

relationsbetweenthephysicalpropertiesofthe surfaceofsolutionsandtheir

tendencyto foamare to be established,fresh ideas are needed–radicaUy
newconcepts,perhaps,or at least distinctivelynewapplicationsof estab-

lishedconcepts.
Marangoni,'Ray!eigh,~Mitner/ Shorter*and others have urgedthat

capabilityof localvariationsin surfacetensionby variationsin thickness,

concentration,etc.of the surfacefilmis essentialto the stabilityofa foam.

This isa stimulatinglineof thought;but, up to the present,it is littlemore

than the gennofan idea.

Summary

Simultaneousmeasurementof surfaceviseosity,surface tension,and

foamingpowerhavebeenmadeonsoapsolutionsofsevemldistinctivetypes,
beforeand afterprolongedexposureto air. Theresultsobtainedshowthat

there is no simplecorrelationamongtheseproperties. Whi!eall soapsolu-

tions show lowsurfacetension,this propertya!bnedoes not necessarily
involvetendencyto foam. Kvcnthe combinationof lowsurfacetension

and high surfaceviscosityor plasticitydoes not necessarityconferhigh

foamingpowerupona solution.Ontheotherhand,solutionsofhighfoaming

powersometimesshownogreatersurfaceviscositythan that of wateritself.

Unknownfactorsbesidessurfacetensionandsurfaceviscositydetenninethe

foamingpowerofsoapsolutions.

Loc.c!t.
KayMch:Phit.Mag;48,M!(tS~).

~titner:Phi).Ma):H,96(t<)o8).
<Shorter:PhM.Mat;M,7)8(t~).



THE SORPTIONOF WATERVAPOURBYACTIVATEDCHARCOALS

PART II. I80THERMAL8IN PRESENCEOF AIR

BY A. J. ALM!AND, R. CHAPLIN AND D. 0. SHIELS

1. Introductory
In mostof the pubÎMhedworkdealingwithaorptionisothermsof vapours

on solidsorbents,foreigngasesbavebeenexcluded,somekindofa vacuum
techniquebeingused. PatrickandOpdycke,'however,ernployeda dynamio
orstreamingmethodwhenstudyingthe sorptionofcertainvapoursby silica
geland, in partieuta: the same methodwasuscdbyBertand Andresstwith
watervapourand a Bayer soft woodcharcoal(activatedby zincchloride).
Apartfromthis last paper, the onlypublishedworkof whichweare aware

!t0.)i
I BertandAndreae.Sorptionanddesorptioncurves.
ït Katz. Meanofsorptionanddesorptioncurves.

m Kakovsky.Coconutchareoal.Sorptioncurve.
ÏV Kakovaky.Sugarcharcna).Sorptioncurve.
V Hakovsky.Btoodettarcoat.Sorptionanddesorptioncurves.

dealing~'ith the system water vapour-charcoalin presenceof air is due
to Kakovsky"and to Katz~,both of whomallowedpreviouslydehydrated
charcoalto stand in a desiccatoroversulphuricacidsolutionsof various

concentrations,and foHowcdthe changeinweightuntilthe latter hadbecome
constant. Rakovskyuseda numberofdifferentspecimensof charooal(blood
charcotai,untrcatedand previouslyextractedinvariousways;bonecharcoal¡
sugarcharcoal;lime-woodcharcoal;coconutcharcoal),whilstKati!employed
Merck'sanimal charcoal. All thèseauthorsworkedat room température,
and carriedout both absorptionand desorptionexperiments,i.e. after the

spécimenof charcoalhad beenallowedto corneintoequilibriumwithsatur-
ated aqucousvapour,it was dehydratedin stagesby replacingthé watcr

J.Phya.Chem.,29,336(t9!5).
Z.aneew.Chem.,34,369(<9~).
J.Russ.Phya.Chem.Soc.,49,gyt (1917).
Proc.AntatetdamAcad.,2~,548(t~j). c~
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in the air-streamsaturatorsor in the desiceatorby su!phuricacidof con-

tinually inereasingconcentrationuntilthe watervapourpressurewasagain

reducedpracticattyto zero.

Fig. t containstheresultsofBerlandAndressandof Katz,togetherwith

someof thecurvesobtainedby Rakovsky.
Itelative pressures(P/pe-the ratioof the water vapourpressureusedto

that of saturatedaqueousvapourat the temperatureof thé experiment-

havebcenplottedagainstmilligramsofwatertakenup pergramofcharcoal.

In every case, isothcrmswereobtainedwith an inflexionat intermediatc

pressureswhichis characteristicof water-vapour,and in every casepro-

nouncedhysteresiswasfound,i.e.theadsorptionanddesorptioncurveswere

not coincident,the latter beingfurtherfrom thé pressureaxis than the

former. In addition,manyof the curvesobtained,but not aU,showeda

secondinflexionat higherrelativepressurethan the first. It maybeadded

that Itakovskydidnot limithimselftocarryingout onesorption-desorption

cycle,but repeatedthe processon the identicalspécimenof charcoal. His

interestingresultsin thisconnectionwillbe referredto later.

2. BehaviourofCharcoalsonheatingin Airand in Vacuo

The chareoalsusedbyus havebeendescribedin detail in Part l'of this

work,and littleneedbe added. Table1 containsthe percentagetossesin

weightof the differenteharcoals(as taken frontstock)foundon different

occasions

(a) onheatingtoconstantweightinan air-ovenat t4o°C.

(b) on thoroughevacuationat about:~o°C.

(c) on thoroughevacuationat about8oo"C.

TABLElI

!4o°C. a~C. 8oo"C.

CharcoalA. '5.t9;'5.3~ 15.09; 15.70 18.67; t?.oo

From birchwood–

air-activated 18.18; 15.99 ~.6?

Charcoal B. 3380,33.50 ~.n;?: 2

From pinewood-

ZnC!:act:vated 34 t'y
––

Charcoal C. 20.38; 20.43 ïf-45 ~3-7<3-~

From coconut-

steam activated ~4.53

With one exception-the high figure obtained for Charcoal A at 8oo",

possibly due to an air leak in the apparatus-the variations shown by any

set of figures fat! within the limits corresponding to normal difrcrences in

J. Phys.Chem.,32,4S~(1928)-
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humidityin the atmosphereat the timesthe samptesweretakcn. It will

benoticedthat theaveragetossin weightofa cbarcoalonevacuationat 270'*

is verysimilarto the averagelosson heatingin air at 140*,but that thé

figuresfor 800"areappreciablyhigber. Theexplanationliesin the tenacity

withwtuchthé finalresidues,bothofwaterand adsorbedgases,archoMby

activatedcharcoats,as comparedwiththe easewith whichthe greatbulk

of the sorbedmaterialis lost.

In the caseofCharcoalC, thegasesevolvedduringoutgassingat ~o"
and at 800"weremeasuredand anatysed. The followingwerethe results,

expressedin ce.ofgaspergramof charcoal(measuredat roomtemperature

andpressure).

TABLEII

ayo"
0

Soo"

CO; ï.~5
0; o.9S o-75
CO 0.49 ~73

Nt 6.24 S.99

H,
–– o.og

Total 9.93 ~9.84

The absolutequantitiesof nitrogenare about the same,as was to be

expected,it beingwe!tknownthat thisgasisnot 6rm!yhetdbyeharooat.On

the other hand, the volumesof oxidesof carbonevolved,particularlyof

carbonmonoxide,are far greaterat the highertempérature,in agreement

with the results of Rhead and Whec!er.' The prépondéranceof carbon

monoxidein the gasesgivenon~duringthe laststagesof the hightempérature

evacuationis shownby the followingfigures,representingthe composition

of thelast 10o.c(outofa totalof in ce.)givenoffat 8oo".

C0<1.17ce.

0~ o.ooce.

CO8.52 ce.

Rcsidue 0.3~ce. (probably Ht–undetennined

owingto an accidentto thé

apparatus)

It maybcaddedthat, whenraisingthe températureofthe charcoalduring

theseévacuations,a rushofevolvedgaswasnoticedat about :so'7o'' and

a secondat about6oo"C.This is ingênera)agreementwiththéobservations

ofLcmon.*

J.Chern.Soc.,103,46)(t9'3).
'J'hya.Rev.,(t)M,a8t (<9<9).
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3.RatesofSorptionandDesorption

Our experimentalmethodbas beendescribedin Part 1. Référencewill

onlybe madehereto the lengthsof runfoundnecessaryin orderto obtain

eonstancyofweight(withinthe limitofchangeofo. mg.pergramperhour

arbitrarily laiddownby us) whenpassingfromone pointonan isothermal

to another. Possiblegoverningfactorswerethe nature of the charcoal,the

temperature at whichit had been evacuatedprior to experimentation,

the valuesof the aqueousvapourpressureswith whichthe charcoalwasin

equilibriumat thecommencementand endofthé particutarrunand,finally,

the nature of the isotherm–whetherone of sorption or of desorption.

Usuattythe pressurewasalteredby stepsof 2.3mm.at a time;underthèse

circumstances,the totaldurationofactualpassageofmoistair overthecharcoal

MM~f foundnecessarybeforethe weightof the charcoalhad readjusted

itself to the newconditionsvaried between5 and ~sobours. If lengthy

periods,duringwhichthe charcoalcontainerwas shut offand allowedto

stand, werealternatedwithsuccessiveperiodsof passageofmoist air, the

total lengthof run, as just defined,tendedto decrease. Similar,shorter,

periodswere,of course,inherent in the methodof experimentation,and

make any accuratecomparisonof the sorptionand desorptionvelocities

under the differentconditionsimpossible. Measuring,however,the rate

of sorptionordesorption,not merelyin termsof the lengthof timerequired

forequilibriumtobesetup whenpassingfromonepointonanisothermalto

another,but by theM'et~<of watertakenMpor lostpef gramof charcoalper

hour(duringthepassageof the streamofwatervapour)d't't'xMo~thediffer-

erencebetweenthewatert'apMtre~M<!&n'«mp)'MM<rea(inmm.)a<the~'KKtKC

andendofthenM,the followingconclusionshavebeencorneto.

(a) Theserates,in thegreat majorityofcases,werelessthan o.5mg.of

watervapourpergramof charcoalper mm.pressuredifferenceper hour-

they rarelyexceeded0.7mg.

(b) Underthé conditionsof experiment,it can be saidin generalthat

sorptionis ratherlessrapidthan desorptionat lowandat mediumpressures,

andmorerapidat higherpressures.

(c) Thereis littledifferenceshownbetweencharcoatsevacuatedat 270"

andthoseevacuatedat 800*.

(d) Thereis remarkablylittle differencebetweenthe three charcoais

employcd.

(e) Foranygivenisothermal,the maximumrate ofsorptionor desorp-

tion is to bcfoundin that interrnediatepressureportionoverwhieha smatt

pressuredifférencecorrespondsto a largechangeinamountsorbed(seelater).

This is a verydefiniteeneet.

Duringanygivenrun,of course,the rate of changeof watercontentde-

creasedin courseoftime,asa naturalconsequenceof theapproachto equilib-

riumconditions,and finallybecamevery smatt.'t

Cf.TryhomandWyatt:TmM.FaradaySoc.,22,t34(<9'6).
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4. ExampleofExperiaMatatData

Thé actual equilibriumfigureshâve,naturally,in viewof the ill-defined

nature of an activatedcharcoal,noabsolutevalue. Thcresultsofonecom-

pleteexperimentonly will thereforebe tabulatedas typical,and the data
as a wholeexpressedby meansof isothennaldiagrams. TableIII contains
the figuresobtainedwith CharcoalA (preliminaryoutgassingat 800"). It
mustbe realisedthat, as explainedin Part 1(p. 448),the sorbedweightsof
waterare calculatedonthe assumptionthat noneofthoairoriginaUypresent
in the dry charcoalhas beendisplaced.It is recognisedthat an error is

thereby introduced,but experimentshaveshownit not to be great,and its

exactestimationwouldhave beenJaborious,and the resultsof noparticular
interest.

TABLEIII

Absorption Dczorption

Aqueous Hoursrequired Me.of Aqueous Hoursrequired Mg.of
vapour toattfnncon. waterper vapour to attaincoa- waterper
preMUte atancyof gram pressureataneyof gram
)nmm. weight charcoat {nmm. weight charcoal

S.!3 t9 ti.5 21.60 no 346.9

S.o? ai z:.4 t9.6s 130 3:6.7
!0.6o 53 69.9 !7. 104 30t.t

13-40 9S 158.5 14-90 no 263.5

14.77 100 Ï76.4 '3.45 70 ~45.0

)7.t5 "6 ï96.55 !0.8o 70 176.!
'9.50 99 250.t 8.33 50 89.7
:t .47 ~0 307.9 5.45 !o 513
!3-6 94 393-3 0.00 t8 24.5

5. Resulis

In what followsare given,forCharcoalsAand C, outgassedat (circa)

270"and 8oo",and forCharcoalB,outgassedat 270"–
(i) particularsrespectingtheoutgassingprocess;
(H) the sorptivepowerofthe charcoalfordryair priorto the passageof

the moistair stream;

(iii) the increasein weightof the charcoal,comparedwith its original
evacuatedweight,after the finalpassageofdryairat 25";

(iv) data concemingthe resultofsubsequentevacuationof thecharcoal;

(v) the diagramof the completesorption-desorptionisotherm.

(u) C/Mr<-oa~–efacMO<€<<<t<~70"C.

(i) This wasthe firstexpcrimentdone. Thepointswerenot detemined

in the usual regularorder of continuallyincreasingfollowedby continually

(ipcrcasingaqueousvapourpressuresand,inadditionto theinitialevacuation,
twofurther oneswerecarriedout duringthe courseof theexperiment.No

dt'taitcdrecordwas kept.
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(ii)Threedéterminations–tt.4:; n.!3; t:8 mg./gram.

(iii)95.1mg./gram. Onanotheroccasion,a specimenof thesantéchar-
coalwaschargedwith saturatedaqueousvapourat !$' andthen dry air
passedovertillthe weightwasconstant. The inereasein weightin thiscase
wasonly ts.6 mg./gram.

(iv)Eighthours'evacuationat zs< resultedin recoveryof8.11 mg./grani
of water. Furtherévacuationfor Il hoursbetween400~800*foUowedby
t~ hoursat 8oo",gaveanother7.9mg./gram,makinga totalof 16.0mg./
gram of water recovered. Non-condensiblegasesweregivenoff during
theseevacuations.An accidentpreventedtheir recovery.

(v) SecFigure2Â. Twoexperimentsweredonewitha pressureof 17.4$
inm. Oneofthesewascarriedout by directexposureof a secondsampleof
the samecharcoal,after saturationwithdry air, to the fullwater-vapour
pressure. The twoq valuesobtainedwere!o8.4and :o:4 mg./gram. In
anotherrundoneinduplicate,qwasfoundtobe 156.5mg./gramat 13.40mm.,
and tss.omg./gramat ~ô mm. Thesefiguresgivean ideaof the possible
degreeofreproducibilityofresults.

(b) Charcoal~t–et<ac!<a<<dal WC.

(i) Outgassedfor3~hoursat yQo*-8oo".

(ii) t9.4: mg./gram.

(iii) :4.S mg./gratn.

(iv) 0.3mg./gramonlyofwater recoveredbyevacuationat 270~.Aleak
in theapparatuspreventedfurther investigation.

(v) SecFig.2B.



SORtTtON 0F WATER VAPOURBY ACTtVATED CHABCOA~8 H$7



II $8 A. J. ALLMAND, R. CHAPLIN AND D. 0. BHIELB

(c) Charcoal B–evacualed at 17(fC.

(i) Outgassed for some time at iio'-iîo*. Temperature slowly raised

to 2 7o°-ï8o°>and outgassingcontinued for 4 hours at this temperature.

(ii) 7.85 mg./gram.

(iii) 12.24 mg./gram.

(iv) 4.8 mg./gram of water recoveredby evacuation at 270°.

The evolved gases amounted to

(v) SeeFig.3.

(d) Chareoal C–emcuated at 270"C.

(i) Total time ofoutgassing 7! hours, including5I hours at 24oo0-28o*.

(ii) 11.14 mg./gram.

(iii) 9.83mg./gram.

(iv) 2.8 mg./gram of water recoveredby evacuation at 2700.

The evolved gases amounted to

(v) Soe Fig. 4A.

(e) Chareoal C–evacuatedat 800°C.

(i) Eight hours' outgassing between 6oo°-8oo°,followed by 21 hours be-

tween 78o°-8oo°.

(ii) 14.53mg./gram.

(iii) 22.70mg./gram.

(iv) 7.1mg./gram of water recoveredby evacuation at 27o'.

The evolved gasesamounted to

The finalevacuation temperature was8oo°.

(v) Sec Fig. 4B.

Nî 2.1 mg./gram

O2 2.7

CO» 4. x

CO 0.6

1a xo.a mg./gram

Oj 0.04

C0° 46

CO 2.6

N2 n.smg./gram

02 0.67

CO, 11.33

CO 17.7

c

1

1
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6.Discussion

In Table IV, certainof the dataof theaboveexperimentsare tabulated

together,allfiguresreferringtomfiligramssorbatepergramcharcoal.

TABLEIV
1. ft.––)n n ('

Charcoal A .ChareoalB Charcoal C

Outgaasd ÔutgaaKd Outgassed Outgaœed Outgasœd
atî7O° at8oo° atayo' atï7O° »t8oo*

Air sorption 11.66 (mean) 19.4» 7-8S IJI4 J4-S3

Saturation

figure 308.3 393-3 «10.4 360.0 3760

Final dry

airfigure 25.1; 15-6 »4S I2-24 9-83 a». 7

Attentionat thisstagewillmerelybedrawnto someof the outstanding

featuresof the results.

The firstis that all the isothermalsstudiedshowconsiderablehysteresis

similarto that foundby previousworkers.ThisismostmarkedforCharcoal

B where,for example,the quantityof waterheldper gramat pressuresof

14-1S mm.is about four to fivetimesas muchon the desorptionas on the

sorptionisothermal,and wherethe maximumpressuredifferencebetween

thesetwoisothermalsfor thesameqvalueisabouts mm.

The next point is that the isothermalsgivenby the differentcharcoals

previouslyevacuatedunderpracticallyidenticalconditonsdifferconsiderably

fromoneanother. Considerfirstthe "î700C"charcoalisothermals.Whilst

at lowpressures,sayupto 8.10mm.,therearenoverypronouneeddifferences

apparent, each charcoalhavingthe advantage,in the matter of specifie

absorptivepowerforwatervapour,overa certainsmallpressurerange,the

curvesbecomevery differentat higherpressures. Up to about 16mm.,

CharcoalC absorbsmost strongly. But between16and 18mm. pressure,

the capacityofCharcoalBisalmostdoubledand,fromthispointupto satura-

tion,vastlyexeeedsthe figuresfor theothercharcoals.Ofthe two charcoals

studiedafter evacuationat 800°,Ais superiorup to about8 mm. pressure,

is then passedby C throughoutthewholeintermediatepressurerange,and

finallypassesit oncemoreat a highP/p*ratio,finishingwitha largersatura-

tion figure. This lastfact iscloselyconnectedwiththe generalshapeof the

isothermalsat highpressures.ThoseforB andC correspondto well-defined

saturationlimits, the curvesbecomingconcavewithrespectto the pressure

axisas p approachespo(cf. curvesin Fig.1 fora charcoalsimilarto B (Berl

and Andress)and forsugarcharcoal(Rakovsky)).ThoseforA,on the other

hand, showan extra inflection,are convexto the pressureaxisat highpré-

sureaxisat high pressures,andexhibita tendencyto approachthe p. value

asymptotically(cf. curvesobtainedby Katz, and by Rakovskyfor blood

charcoaland for coconutcharcoal,presumablysimilarto C.)
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-1
Finally,the effeetsof températureofoutgassingappeardefinite. Char-

coalsoutgassedat 8oo°,comparedwith thoseevacuatedat 270°,showa
biggerincreasein weighton saturationwith air, hâve a highersaturation
value,showmoremarkedhysteresis,andretain,ortend toretain,morewater
after passageofdry airat 25*. At lowandintermediatepressures,thehys-
teretic loopsfor the '^o'C." A and C charcoalapracticallyentirelyfall
withinthoseforthe corresponding"Soo'C."charcoals.

Thesignificanceof theseresultswillbediscussedina laterpaper.

l.' tlit'eT8ily0/Lmidon,
King>sCollège,
Aptil17,1929.
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PARTIII. ISOTHERMALSIN PRESENCEOFNITROGEN

BY A. J. ALLMANDAND P. O. T. HAND

1.Introductory

Whenconsideringthe datasetout in Part II.1of thisseries,it appeared

possiblethat the oxygenpresentinthe airstreammightbeexertinga specifie
effecton the results. For example,oxygenis slowlytakenup by charcoalat

roomtemperaturein such a waythat subsequentremovalis onlypossible
in the formof oxidesof carbon. It wasreasonableto supposethat the sur-

faceof the charcoalmight therebyundergosuchan alterationas to change

its sorptiveproperties. Itecentworkof Ridealand Wright'and of Garner

and McKic3wouldsupport thisconclusion,as farasa trueadsorptionprocess
is concerned,whilstCoolidge4definitelystates that the presenceof oxygen

appearsto alter the sorptivepropertiesofcharcoal. Againstthisis to beset

the recentstatementof MagnusandRoth4that twopercentofoxygenin the

hydrogenused in investigatingthe sorptionof hydrogen-carbondioxide

mixturesby charcoalout-gassedat 450"has no appreciableeffecton the

result. Asecondpossibilitywasthat oxygenhasa spécifieeffectin retarding

the setting-upof sorption equilibrium,as Harned'had foundthe rate of

sorptionofchloropicrinto beretardedif the charcoalusedcontainedoxygen.

Suchan effect,of course, wouldbe anticipatedto be smallin comparison
with the great retardation insorptionvelocitynaturallycausedbythemere

presenceof any admixedgas.
To test thèsepossibilities,wethereforecarriedout experimentsonChar-

coalsA and C by a dynamicmethodin whichthe air streamwasreplaced

byoneofpurifiednitrogen(forexperimentaldetails,seePart I.7) It maybe

mentionedthat, inboth theexperimentswithCharcoalC,asalsoin that with

CharcoalA, outgassedat 8oo°,the total timeofpassageofthemoistnitrogen

stream was between1400-1500hours for the completesorption-desorption

cycle. In the caseof ChareoalA, outgassedat 2700,wherethe maximum

watervapourpressureusedwasonly20.06mm.(saturationvalue23.76mm.),

thisdurationwasonly430hours. Assuming(seePart I.) that theproportion

ofoxygenby volumedid notexceed1:i-4X io4,andthat therateofpassage

ofgaswas7 5-80ce. per minute,themaximumquantityofoxygenpassedinto

the charcoaltube in thecourseofa completerunwouldbeabout 12mg.,i.e.

8-Qmg. per gramofcharcoal,ofwhichonlya fractionwouldbeabsorbed.

1J.Phys.Chem.,33,1151(1929).
1J.Chem.Soc.,127,1347(1925).
J.Chem.Soc.,192»,2451.

«J.Am.Chem.Soc.,46,596(«924).
• Z.anorg.Chem.,150,3«I (19*6).
° J.Am.Chem.Soc.,42,372(1920).
J. Phyg.Chem.,32,452(1928).
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It shouldbeaddedthat, for the experimentwithCharcoalC previously
outgassedat 270*,a spécimenwasusedwhichhadbeenextractedby con-
centratedhydrocbloricacidand in whichthe ash contenthadbeenreduced
to somesixtypercentof that of theunextractedmaterial.1

2.RatesofSorptionandDesorption

Theactuallengthsof timeof passageofthe moistnitrogenstreamfound

necessaryfor the readjustmentof equilibriumwhenpassingfromonepoint

Fia. 1

to anotheron the isothermalsweremuchas in the air-streamexperiments
(extremelimits8.5and241hours). Expressing,asbefore,therateofsorption
or desorptionby

Awi

wj X At X Ap

whereAwiis the lossorgainin waterby a weightwsofcharcoalintimeAt,
and Ap is the differencebetweenthe initialand finalequilibriumaqueous
vapourpressures,preciselythé sameconclusionsare drawnas fromtheair

experiments,viz.

(i) Otherconditionsbeingsimilar,there is'little differencebetweenthe
charcoalsemployed,asalsobetweencharcoalsoutgassedat 270°andat 800°.
CharcoalA(270°)howevercameto equilibriummorequicklythanCharcoal
A (8oo°).

(ii) the sorptionprocessia morerapid than the desorptionprocessat

higher,and lessrapidat lower,pressures.
(iii) thereis a markedincreaseinthe rateofsorptionordesorptioninthe

intermediatepressurerange, as comparedwith the rates at immediately
higherandlowerpressures.

In addition,it wasdefinitelyshownthat, in caseswherethe isothermal
exhibitsan inflexionat high pressuresthereby tending to approachthe

saturationpressureasympotieally),the velocityof sorption(ordesorption)
increasesagainas thepressuresapproachsaturation. Thishadalreadybeen

noticedin the air streamexperimentsin the onlycase in whichdata were

availablewithsuehan isothermal. (CharcoalAoutgassedat 800°). The

PartI, p.453.
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same behaviourwas nowfoundin the nitrogenstreamexperimentswith
both Aand C charcoalsoutgassedat 800e. The point isoneof interest,in

that, like the regularitynotcdunder (iii), it has a probablebearingon the
structureof the charcoals. It may be addedthat CharcoalA outgassedat

270ealsogivesisothermalsof this type, but that, in neitherthe air nor the

nitrogenstream experiments,are the data availableforseeingwhetherthe

velocityrelations correspond. Diagratnmatically,thesevelocityrelations
can be reprcsentedas in Fig. i.

Finally,the velocitiesfoundin the nitrogenstreamwerequite similarto
thoseobtainedin the air stream-no systematiodifferencecouldbedetected.
Underthe conditionsofexperiment,then, oxygenbas noretardingeffecton
the processesconcernedin thesorptionofwatervapourbycharcoal,a result
whichaccords with anticipation.

3.Results

Anexampleof the resultsofa completeexperimentusingan air stream
bas beengiven in Part II. The courseof an experimentusinga nitrogen
streamwasvery similarandthereis no need to reproduceone in extenso.
As in part II, ourdata willbepresentedin the formof isothermaldiagrams
(v), togetherwith informationon

(i) the outgassingprocess;
(ii) thesorptivepowerofthecharcoalfordrynitrogenpriorto thepassage

of the moistnitrogenstream;
(iii)the increasein weightafter the finalpassageof the dry nitrogen

stream(referredto the weightof the originalevacuatedcharcoal);i
(iv) the resultsof thesubsequentevacuationof the charcoal.

(a) CharcoalA–evaeuatedat j?7O°C.

(i) A preliminaryoutgassingat room temperature,followedby three
hoursat 26o°-2jo".

(ii) 11.06mg./gram.
(iii) 12.64mg./gram.
(iv) 5.9mg./gramofwaterrecoveredby evacuationat 270°.
Theevolvedgasesamountedto

Ns 9.3 mg./gram
0, 0.5
COî4S5
CO 0.07

(v) SecFig.îA. It willbcnoticedthat the aqueousvapourpressurewas
not pushedbeyond20.06mm.(23.76mm.is saturationpressure).

(b) CharcoalA–evacuatedal8(XfC.

(i) Apreliminaryoutgassingat roomtemperature,followedby3}hoursa

78o°-8oo°.
(ii) 16.65mg./gram.
(iii)43.53 mg./gram.
(iv) 9.7mg./gramofwaterrecoveredby evacuationat 2700.
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(e) CharcoalC–emcuatedal270"C.

(i) Preliminaryoutgassingat roomtemperature,followedbyfivehoursat

260°-270°.

Theevolvedgasesamountedto

Thefinalevacuationtemperaturewas800*.

(v) SeeFig.2B.

(ii) 10.46mg./gram.
(iii)15.71mg./gram.

Ni io.i mg./gram
0» 0.07
CO, 15.5
CO 8.3

*J J
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(iv)4.7mg./gramofwaterrecoveredby evacuationat 3700. '“

Theevolvedgasesamountedto

Nt 9.8 mg./gram
CO*3.5 i
CO 0.4

(v) SeeFig. 3A.

(d) CharcoalC–evacuatedat 800"C.

(i) Preliminaryoutgassingat roomtemperature,followedby 4}hoursat

78oQ-8oo°.
(ii) 22.68mg./gram.
(iii)40-0»mg./gram. '

(iv) 9.2mg./gramofwaterrecoveredby evacuation(90%of it at 2700,
theresidueat 8oo°,the finalevacuationtemperature). The evolvedgases

amountedto

Nt 9.9 mg./gram
CO. 21.0
CO 955

(v) SecFig. 3B. '

4. Discussion

In TableI, certaindataobtainedin the aboveexperimentsare collected

together,all figuresquotedrepresentingmg. of sorbateper gramofsorbent.

TABLEI
Charmai A Charpoiil CCbarcoalA unarcoaiu

Outgassed Outgassed Outgasscd Outgassed
atijo' atSoo' ataïo" at8oo°

Nitrogen sorption ïi.06 16.65 10.46 22.68

Saturation figure 41933 394.5S 483.6

Final dry nitrogen

figure 12.64 43-53 I3-71 V-os

Theisothermals,on the whole,resemblethosedescribedin Part II, al-

thoughtherearedifférencesindetail. There isagainconsiderablehysteresis,
ofabout the samemagnitudeas observedpreviously. (ChareoalB, whieh

in the air-streamexperiments,showedthis phenomenonto the greatestex-

tent,wasnot workedoninnitrogen.) The air andnitrogencurvesforChar-

coalAare verysimilarbothfor"270°C."and for"8oo°C."charcoals,and it

is reasonableto imaginethat if the fuUpressurerangehadbeenworkedover

withthe "2700C." charcoalin nitrogen,the similaritywouldhavebeenstill i

moremarked, particularlyin the low-pressureregionsof the desorption
curves. The increasedamountof waterheld at "zero"watervapourpres-
sureby the "8oo*C."charcoalin the nitrogenstreamas comparedwith the

air-streamexperimentis undoubtedlycloselyconnectedwith the increased

saturationfigure.
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In thecaseofCharcoalC, the "270*0."isothermalsinairandinnitrogen
are againverysimilar. But this is not so with the "8oo'C."charcoals,ex-

cept overthe rangeof intemediate pressures. Bothat lowerandat higher
pressures,considerablymorewatervapourhasbeentakenupin thenitrogen
experiment;andindeed,to suchan extent that, at pressuresnearsaturation,
the isothermalisconvexto the pressureaxis,as is alwaysthe caseforChar-
coalA.

The generaleffectsof a higheroutgassingtemperatureare, in all re-

spects,as foundfor the air-streamisothermalsand, in fact,areevenmore
marked.

A fullerdiscussionis reservedfora later paper.

l'nivmityofLondon,
Ring1! CçUege,

April17,W2S.



THE ADSORPTIONOF SULPHURDIOXIDE

BYPLATINISEDASBESTOS

DY D. O. SHIELB

.< ,<~

Introduction

Apparentlyno workbas beenpublishedwithinrecentyearson the ad-

sorptionof sulphurdioxidebyplatinumcatalysts,and it seemedworthwhile
to investigatethe subjectin viewof the use of platinumcatalystsin the
formationof sulphurtrioxide.

It was intendedto investigatethe adsorptionat a numberof different

temperatures,and if the processwasreversibleto calculatethe heat of ad-

sorption,andalsoto determinetheeffectofcatalytic"poisons"suchasarsine
on theadsorption.

For reasonswhichwillappearlater the adsorptionhas beendetermined

onlyat one temperature,andthe effectof poisonshas not yet beeninves-
tigated. Apparentlythe oulyotherinvestigationson the actualadsorption
of sulphurdioxideby platinumis that of Mond,Ramsay,and Shields,al-
thougha largeamountofworkhasbeendoneonthecatalyticeffectofPt on
the oxidationofsulphurdioxideto sulphurtrioxide.

In the aboveinvestigation'no isothermwasdetermined. It wasfound
that onevol. ofplatinumblackadsorbed84.2volumesof sulphurdioxideat

atmosphericpressure,andthatonlyone-fifthofthe adsorbedsulphurdioxide
couldbc removedat roomtemperaturein vacuum. In orderto removethe
gas completely,the platinumblaek hadto be heated to a red heat which
processconvertedthe platinumblackto platinumsponge.

Expérimental
llfethodofdeterminingSorplion.

Themethodof the experimentwasto exposethe solidsorbentafter pre-
litninaryheatingand evacuationto a knownvolumeof sulphurdioxideat
knownpressureand temperatureand to measurethe equilibriumpressure.
The finalvolumebeingalsoknowntheamountofgassorbedcouldbereadily
calculated.

PreparationofPlatinisedAsbestos.

Theasbestosused wasBritishDragHousebrandspeciallypreparedfor
use in Goochcrucibles. It wasboiledin a solutionofsodiumformateand
then a 5% solutionof platinieobloridepreviouslyneutralizedwitha pure
sodiumcarbonatewas added. The mixture was then boiled. After the
platinumhad deposited,the platinisedasbestoswas filteredthen washed
with10%sulphuricacid,hotdistilledwater,hot5%hydrochloric,thenwith
hotdistilledwateruntilfreefromchlorideandsulphate.

1Z.physik.Chem.,25,667(1898).
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Theplatinisedasbestoswasthendriedin the air ovenat i io°Cplacedin

the containerC. Theweightof the asbestosusedwaso 952grmsand the

finalweightof the platinisedasbestos1.488grmsgivinga weightof0.536

grmsof platinum.

DescriptionofApparatus.
ïhe apparatususedwassimilarto that shownin Fig.x. The platinised

asbestos(1.488gramscontaining0.536gramsof platinum)was contained

in the glassvesselC (SeeFig. i) whichwasconnectedbya mercury-sealed

X~.MBe'- 1 s

groundjoint to the gas reservoirR, whichwasconnectedwith the mano-

meterMi of 2mintubing,a McLeodgaugeC, two dryingtubes containing

Merck'sphosphoruspentoxide,whichwas not furtherpurified,a tube L

containingsoda-line,and throughtap Tf to an iron three-stagemercury

vapordiffusionpumpbackedby a water-pump. ThecontainerC and the

reservoirR wereimmersedin the waterof a thermostatto the levelof the

dottedline. ThroughTaR couldbe put into communicationwiththe ap-

paratusforsupplyingpuresulphurdioxide,whichwaspreparedasfollows:–

Preparationof PureSulphurDioxide.

ThescrewclipCionthe rubbertubingattachedto the tube tl wasclosed

andTl0,T»,Tgopenedthroughto the mercurypump. Afterevacuationto a

1
.1
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pressureof 2inmsor lessthe tap Tawasclosed. Thisprocedurewasadopted
in orderto evacuatetheboreofthe TapTio.

Theparts Bi, S andDawerethenevacuatedto i 2 Xio"Jmmpressure.
Thebulb Bt waspartlyfilledwitha solutionofpure (A.R.)sodiumsul-

phiteandte insertedin the rubberpressuretubingattachedto ti. By means

ofthesidearmattachedto B»thesolutionwasboiledundera vacuumin order

to removedissolvedair. ThescrewclipC»was thenclosed. B, was then

raisedto a verticalpositionaboveBiand the sodiumsulphitesolutionrun

intoBi, care beingtakento leavesomesolutionabovethe tap Tw,thus pre-

ventingthe ingressto Biofanyairfromthe bulbBj whichmay have dif-

fusedthroughthe pressuretubing.
Thebulb B»wasthendetachedandcleaned,andthe liquidin the tubetl

removed.
BulbBi wasthen partlyfilledwitha dilutesolutionof pure (A.R.) sul-

phuricaeid, anda similarproceduregonethrough,withthe followingmodi-

fication.1As soonas theacidreachedthe sodiumsulphitesolutionthe sulphur

dioxideevolvedwouldpreventthe remainderof the solutionrunning down.

It wasthereforenecessaryto havea higherpressureabovethe acid solution

in B,. Benzenein whichthesolubilityof air is verysmallwascarefullyrun

ontothe surfaceof the liquidin Bi,throughthe rubberconnection. Airwas

thenslowlyadmittedbymeansofthescrewclipcj intothe bulbBa.

In this waythe liquidwasforcedinto B! againstthe pressureof S02.

Asbeforethe tap Twwasclosedwhilesomeof the solutionremainedin Ci.

In this way noair or benzenewasadmittedto the bulbBi.

S wasa glasstube of about400ces.capacitywhichactedas a reservoir

for the SO4. Dswas a dryingtube containingphosphoruspentoxide,Mf

a manometerto indicatethepressureofthe gasin S. AfterShadbeen partly

filledwithsulphurdioxidethe tapTewasshut off.

A supply of pure dry SO»wasthus obtained. All taps werelubricated

with a fairly stiff Ramsaygrease.

PreliminaryEvacuation.

A small electricfurnacewasplacedaroundthe containerC whichwith

its contentswasevacuatedandheatedto 37o°C.
The furnacewas then removedand a thermostatT raisedintoposition.

Thetemperaturewaskeptconstantto 0.03°C. Thestirrer,themo-regulator,

andheatingapparatusarenotshownin thediagram.

McusuremeiUofAdsorption.
The volumeof C up to the topof the tap Ti hadpreviouslybeen deter-

mined,and alsothe volumeofR fromtop of tap Ti to a markon the right

ann of the manometer. Thevolumeper cm lengthof the manometertube

hadalsobeendetermined.

After the evacuationwascompletedtap Ti wasshut, and pure dry sul-

phurdioxideadmittedto R.

'HuncI:J. Chem.Soc.,123,SJ76('9*3)-
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Aftertemperatureequilibriumhad beenreachedthe pressurewasdeter.
minedto o.oi mmofmercuryby meansof a travellingmicroscope.Thegas
wasthonadmittedto C andthe pressuresread at intervaisuntil constancy
to o.oi mmwasobtainedfora 20minuteinterval.

The adsorptionwas rapid the pressureusually fallingto nearly the

equilibriumvalvein thefirst2ominutes.
Allowancewasmadefor the volumeoccupiedby the platinisedasbestos,

thisbeingcalculatedfromthe weightsofplatinumand asbestos.
The initialpressuresin C and R beingknownand the finalpressurein

C and R, the volumeof gas adsorbedby the platinisedasbestoscouldbe

readilycalculated. Blankexperimentswerecarriedout with a sampleof
the samekind of asbestosbut un-platinised. The resultsfor unplatinised
and platinisedasbestosare shownin Tables Il and III respectively,the

resultsin the latter casebeingcalculatedin the assumptionthat sorption
is due to the asbestosalone. The resultshave alsobeencalculatedon the

assumptionthat in the caseof platinisedasbestosthe wholeof thesorption
isdueto theplatinum.Theseresultsare tabulatedinTableI.

Table I

Platinum
Près,ofgasat equilib. CCs.ofgasadsorbed CCs.at X.T.P.per
riumin Mmmercury (25°,760mm gramofPlatinum

observed ealculated
P q q

Run (4)

1.8s 0.037 0.063

4.93 0.093 0.150

7.98 0.128 0.219
a« o.iis4
b = 42.32

Run (s)

5.59 0.094 0.161 0.166

8.59 O.125 0.214 O.2tI

17.70 0.163 0.278 O.284

27.09 O.189 0.323 O-32I

38.90 0.205 O.35I 0.347

29-54 0.192 O.327 O.327

13.98 0.144 0.246 O.26l

6.68 o.iog 0.185 0.184

2.93 0.064 0.110 0.108

0.63 0.022 0.038 0.029

Run(6)

2.96 0.063 0.108

ForcurveseeFig. 2 no.3.
Theresultsof run (5)areplottedin Fig.2. Thefollowingshowsthe pre-

liminarytreatmentof the platinisedasbestosbeforeeachrun. Severalruns
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weremade beforethe tendencyof the mercuryin the manometerto stick

was overcome. Althoughthe mercuryhad been twicodistilledand the

manometercleanedverythoroughlywithstrongchromioacid there wasa

tendencyto stick whichmadethe pressurereadingsat lowpressuresun-

reliable.This was overcomeby addingthe extensionto the bottomof the

manometerand movingthesurfacessimultaneouslybymeansof the reser-

voir,graduallydecreasingthe amplitudeof the movement.

Run(4). Run(4) wasthen made.Theplatinisedasbestoswasevacuated

to t.3 X io~'mm at roomtemperatureandthen heatedfor2 hrs. at 370'C

the pressurebeing1.7X io~ Thevolumeofgasevolvedat the endof this

periodwas0.0007cesin I0minutes. The readingsshownin the tablewere

thenobtained.

Run (5). After desorptionin Run (4) the masswasevacuatedtoa low

pressureforhalfan hourat roomtemperatureandthenfor ij hoursat 370°

at pressureofa X io-*mm.

Thevolumeofgasevolvedatendofthisperiodwas0.005cesin20minutes.

The readingsfor run (5)in the tablewerethenobtained.

Run (6). Afterdesorptioninrun(5)themasswasevacuatedat 258Cfor

1minutes at 6 X io~*mmpressureat thesametemperature.Thereading

shownin Table II wasthen obtained.

The asbestoswhichweighed1.016gramswasplacedin the containerC

and the wholeevacuatedto 3.3 X io"Jmmpressurein the cold,and then

heatedfor 40minutesto 370°Cwiththe pumprunning. The finalpressure
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was2.6X 10-:1mmand the volumeofgasgivenoffduringthe last iomin-

utesat the abovetemperaturewas0.0003co.

Sorptionwasthencarriedoutintheustialway,anddesorptionto3.95mm

pressure.

TABLE II

T'––t-t:–~ t-t.––
UnplatinisedAsbestos

P q observed q calculâtes

1 6.975 0.0SS 0.055

2 12.17 0.079 0.076

3 22.76 0.0995 0.0995

4 29.63 0.104 0.108

5 3-95 0.036 0.037

6 10.526 0.071 0.071

a – 0.08125

b •* 15-32

Theasbestoswasthenpumpedoutto 9 X io~*mmpressureat 25°Cand

thenpoint(6)wasdeternùned.

TABLEIII
PlatinisedAsbestos

wt.ofPlatinum « 0.536gnns.

\vt.ofAsbestos= 0.952grms.

q = cesofgasat N.T.P.pergrmofasbestos

P « P 0Pr q P <j

5.59 mm 0.0904 29.54 0.1848

8.59 0.1203 13.98 0.1386
17.70 0.157 6.68 0.1048
27.09 0.182 2.96 0.0615
38.90 0.1973 0.63 0.0212

Detailsoftreatmentsameas incaseofTableI. Forcurvescorrespondingto

TablesII andIII secFig. 2,nos.1and2.

Reproducibilityof Résulte.

ThepointsshowninTableI underruns (4) and (5)and (6)all livevery
closelyonthesamecurve.

Theremay howeverbc a veryslighttendencyfor the successiveheat

treatmentsto decreasethe sorptivecapacity. A slightchangeincolorof the

platinisedasbestoswasnoticedafterseveralheatings.

1
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Thodétailsof the experimentsonunplatinisedasbestosindicatealsothat

the resultsare closelyreproducible,point (6) beingobtainedafter pumping
out at z 5°Candthen againexposingto sulphurdioxide.

Discussionof Resulta.
It willbe seen that the sorptionby the platinisedasbestosis verymuch

greaterthan that due to theasbestosalone.

It isnot possibleto detenninethe amountsorbedby the platinumalone,

by difference,since the asbestossurfacein the platinisedasbestosis more

or lesscompletelycoveredbythefinelydividedplatinum.

Thusthe sorptionby theplatinisedasbestosmaybedue tosorptionboth

onplatinumand onasbestos,and it is notpossibleto determinethe separate
effectsquantitatively. It is clear,however,that there is definitesorption

by the platinum.

In the abovecasesthe sorptionis reversible,andthere isa completeab-

senceof any hysteresis. Pollardlhasshownthat in the sorptionof carbon

monoxide,and hydrogenby platinisedasbestoshysteresisoccurred. The

explanationgiven by Pollardis that althoughthe gases were cooledin

liquidair, someimpuritiesfromthestop-coekswerenot completelyremoved

and inhibitedthe sorptionto a certainextent, althoughthe adsorbedim-

puritydid not stronglyinfluencethe desorption.

Byallowingsufficienttimeboththegasescouldbccompletelyremovedby

pumpingout at o°C.

In the author's experimentson S02althoughnospecialprecautionswere

taken to removepossibleimpuritiesfromthe stop-cockgrease(noliquidair

beingavailable)the sorptionprocesswascompletelyreversible.

The quantity sorbed is considerablyless than in the case of Pollard's

experiments. He foundin the caseof carbonmonoxidethat 40 vols.ofgas
weresorbedper vol.ofplatinumat a pressureof20mmwhereasin theabovee

expérimenteon sulphurdioxidea morereadilycondensiblegas the quantity
sorbedat the samepressurewasonly11.6volspervol.ofplatinum.

The isotherm at 2s°C is representedquite accuratclyby Langmuir's

equation q « -a whereq is the quantity of gas sorbed per gram
1 +ap

of sorbent,p is the equilibriumpressurein mmofmercuryand "a" and"b"

are constants.

Thisappliesboth for platinisedand unplatinisedasbestosthe constants

beingdifferent.

Theobservedand calculatedvaluesareshownin Tables1 and II. The

agreementis Quitogood.

1J.Phya.Choni.,27,356(19*3).
J. Phys.Chcm-,40,1368(1918).
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S=M"

The sorption of sulphur dioxide by platinised asbestos bas been studied in

absence of air at 25CC and up to 40 mm pressure.

It is réversible, there being no evidence of hystérésis.

The isotherm is represented quite accurately by Langmuir's equation

q=^P

1 ap

The above work was carried out in the Physics Department of the Uni.

versity of Tasmania and the Author's thanks are due to Prof. MoAuley for

facilities placed at his disposai.

Owing to thé Author's removal, further work at other températures and

on the effect of poisons could not be csrried out.

Universily 0/ Tasmania,
Habart,
Feb. tS, 1929.
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Introduction

Previouswork1onthéadsorptionofsulphurdioxidebyplatinisedasbestos

hadshownthat the processwasa reversibleone. Theadsorptionwassmall

relativelyto that ofcarbon,and of hydrogenbyplatinisedasbestosas found

by Pollard.»$
In manycasesofadsorptionof gasesbysolidadsorbentsthemoreeasily

condensiblethe gas is the greateris the adsorption,but therearenumerous

exceptionsto this. Pollardbas shownthat carbonmonoxideis ableto dis-

placeadsorbedhydrogenfromplatinisedasbestos. Thereare manyother

exampleofthe highlyspecifienatureof theadsorptionprocess.
Thereare numerousreasonswhichmightbe adducedfor therelatively

smallamountsofsulphurdioxideadsorbed,suchas the specifienatureofthe

process,the differencein structure of thé catalystspreparedin different

ways,the possible"poisoning"of the adsorbentby tracesof vapoursfrom

the tap grease,or by impuritiesin the sulphurdioxidedue to thefact that

the Merck'sphosphoruspentoxidehad not beenfurtherpurified. In addi-

tion the interpretationof the resultsis rendereddifficultby thepresenceof

the asbestos,whichitself,as was expected,showeddefinitethoughsmall

adsorptionof the sulphurdioxide. It wasdecided,therefore,to carryout

experimentswithplatinumblack.
Anattemptwasmadeto dispensewiththeuseofgreaseonthetapsT. and

T, interposingbetweenTj and T* a U tube containingactivatedcarbon

whichcouldbe cooledin liquidair or by solidcarbondioxide. Somepre-

liininarytrials withmetaphosphorieacid as a lubricantaeemedpromising.
The lubricant waspreparedby the methodof Chapmanand GeesStick

phosphoricacidwaswashedwithdistilledwaterto removethecrystalswhich

coatthe surface,andthenplacedin a desiccatoruntilthe surfacelayershad

the right consîstency.The taps were then lubricatedwith this, and the

upperrimscoatedwithmeltedRamsaygreaseto protectthe lubricantfrom

themoistureof theair.In thiswayit waspossibleto maintaina highvacuum

inCandR forseveraldays,the taps remainingsatisfactorilyturnable.

It wasdecidedto proceedin this way. Butonrepeatingtheprocessafter

plaeingthe platinumin positionboth taps stuck fast. It wasobviously
uselessto attempt an extendedseriesof experimentsundersuchconditions

ofuncertaintyas to thereliabilityofthe apparatusandit wasfinaUydecided

to carryout the workinthe samewayas in the previousworkonplatinised
asbestos.

1J. Phye.Chem.,33,1167(1988).
J. Phys.Chem.,27,356(1923)-

1J.Chem.Soc.,99,1726(1911).
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Apparatus

Theapparatususedisshownin Fig.1 The platinumblackwascontained

in the bulbC whichwas connectedby the end-ontap T. to the gas réser-

voirR. R couldbe isolatedfromthe rest of the apparatusby the end-on

tap Ti (shownin Fig. (t) asa mercuryseal tap forsimplicityindrawing)R

wasconnectedby a capillarytube to the mercuryluaaometerM. Tho

restof theapparatuswassimilarto that describedin thepreviouspaperand

the methodofusingit wasthe same.

r_

Fio.1

A thermostateouldhe raised into position aroundR and C, the water

levelbeingadjustedto the positionindicated by the dottedline. Thus the

wholeof theessentialpartsof the apparatuswith the exceptionof the very

smallvolumerepresentedbythe capillarytube, werekeptbeneaththe surface

of the water. ThevolumeofC wasdeterminedfromthe weightof waterit

contained. That of R wasdeterminedby fillingC withdry air at known

temperatureand pressureand allowingit to expandinto the previously

evacuatedreservoirR andmeasuringthe finalpressureinC andR, the tem-

peraturebeingknown. Thevolumeof C was 18.219cesand that of R was

74.70ces. Withthe exceptionof the temporary rubberconnectionbetween

B»andTeusedin introducingthe solutionsthe wholeofthe apparatuswas

fusedtogether.
The pumpingsystemconsistedof a Kraus-typeglassmercuryvapour

pumpbackedbyan irontwo-stageLangmuirmercuryvapourpumpwhichwas

backedbya CencoHyvacrotaryoitpump. The pressuresin themanometer

wereread by a cathetometerto 0.02mm. The temperatureof the water

in the thermostatwasmaintainedat 25°C ± 0.02s°C.
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Materials l

AHglasspartswerethoroughlycleanedwithchromicacid,orbysuccessive

treatments withchromicacid,and alcoholicpotashsolutions,andthen dis-

tilled water. The rubbertubingattachedto the manometerM and the

McLeodgaugeG andthe short piècesusedin connectionwiththe bulbB

wereboiledwithcaustiesodasolution,distilledwater,dilutenitricacidand

finallywashedacidfreeanddriedbycurrentofair.

Préparationof PlatinumBlack.

The platinumblackwaspreparedfroma platinumcruciblebysolution

in aqua regia. The solutionwasevaporatednearly to drynessto remove

excessacid, and then takenup withdistilledwateruntil concentrationwas

about 3%. It wasthenneutralizedwithpuresolidsodiumcarbonate. Sodium

formatesolutioncontaining44grrnsin 100cesof waterwasboiledand the

platinic chloridesolutionaddedgradually.
The precipitatedplatinumblaek was filteredand washedfree from

chloride. It wasthendriedin theair ovenat 1 io°C. It wasintroducedinto

Cthrougha filterfunnel,all lubricanthavingbeencarefullyremovedfromthe

tap Tc,the endoffunnelpassingwellbelowthe tap barrelsothat therewas

nocontaminationbyanytraceoftap greasewhichmaybavebeenleft. The

weightof the platinumblackusedwas4.545grams.

SulphurDioxide.

This was preparedas describedin the previouspaper frompure A.R.

B.D.H. sodiumsulphite,andsulphurieacid.

PhosphorusPcnloxide.

Schuchardt'sphosphoricpentoxidewasheated in glasstubesto 2oo°C

anda eurrent ofozonepassedthroughit fortwohours. Thetubeswerethen

senleduntil the substancewasrequired. It wasthenquicklytransferredto

thé tubes Di andD»andthèsesealedin place.

Mercury.

The mercurywaspurifiedby agitationwithdilutenitricacidsaturated

withmercurousnitrate,and thencarefullydired. Themercuryinthereser-

voirs attached to manometerand McLeodgaugewas protectedfromthe

atmosphèreby sodalimetubes whichwerekept closed,exceptduringthe

raisingor loweringof the réservoirs.

Results

Blankexperimentsweredoneinordertodetenninethe adsorptionof the

sulphurdioxideonthewallsof the containerC beforeintroducingthe plati- y
nuitt black. The quantitiesso absorbedwerevery smalland hâvebeen

neglectedin makingthecalculationof the adsorptionbythe platinumblack.

TableI showstheresultsofthèseblnnkexperiments.Theresultsareplotted

in Fig. 2.
1.

y.'
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TABLEl1 ï

Temp. » 2s'±o.O8S°C
Près», in cm. ««.«••
Mercury «»•N.T.P.adsorbed

g. 78 0.0060 (6)

3.24 0.0068 (7)

5.46 o.oog8 (10)

6.50 0.0108 (n)

10.51 0.0138 (14)

Nogreataccuracyisclaimedforthèsefiguresastheexperimentalerroris

possiblyof the orderof0.0009cesbut theyshowtheapproximatemagnitude

oftheadsorptionontheglasssurfaceat thesesomewhatlowpressures.

Assummgthatthe diameterofthesulphurdioxidemoleculeis4.84X w1

cmsandtakingthe quantityadsorbedas o.ot cesat pressureof 5.7cmsthe

totalareaoccupiedby themoleculesin this volumeofgaswillbe 627.6cm.'

Theareaofthe internaisurfaceofthecontainerwas65cm',givingthe num-

berof layers9.65.
Evansand George'havecalculatedfromthe resultsof Mûlfarth*that

sulphurdioxideonglassgavelayers32moleculesthickat atmosphericpres-

sure. Forcarbondioxidetheyfoundlayersapproximately5 moleculesthick

at pressureof 121mmandpresumablyat o°C.

1Proe.Roy.Soc.,103A,190(1923).
'Ann.Physik,(4)3,3*8C«9«»)-

e
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;i,

Prellminary Treatment of Plattaum Black ::<i

ThecontainerCwasevacuatedat roomtempératurefor 5hoursincluding?

2t hoursat 8o°Cthepressureat the endof thisperiodbeing s X io"4mm. H
Thetemperaturewasthen raisedto î3o°Cand the evacuationcontinued ;<
for2hours. Thefinalpressureat thistemperaturewas9 X 10mm. Higher

températureswerenotusedforfearofalteringtheplatinumblack.
The sorptionexperimentswerethen carriedout after coolingthe con-

tainerC and adjustingthe thermostat. It wasconsideredthat equilibrium
hadbeenattainedwhenthepressureinR andCremainedconstantto o.o2mm

for a twenty minuteinterval. Table II showsthe results obtainedwith

platinumblack. 4

Table II

Ces.at N.T.P. Vol.SOiat N.P.T.
Pre».in«ns. adsorbedper adaorbedpervol.

Mercury gramplatinum ofplatinum

1 0.00 0.398 7.95
2 0.00 1-473 39.46

3 0.704 2-S9 Si -8

4 7.348 3.857 77.14

5 17.404 4.214 84.38
6 4.851 3.852 77 °4

7 1-693 3-667 73-34
8 0.740 3.567 71-34

9 0.00 3.180 63.60
10 0.00 2.702 54-04

SecondAdsorption
11 2.637 3 -131 62.62

12 5.432 3.280 65.60

SecondDesorption

13 1-534 3167 63.34

14 0.562 3 .104 62.08

Point (9) wasobtainedby exposureto charcoalcooledin solidcarbon

dioxide,the apparatusbeingarrangedas in Fig.3.
Thecharcoalwasheatcdfor2hoursand evacuatedto 2.6 X io~*mmat

25o°Cand whencoldthe pressurewas2.2 X io~*mm. The charcoaltube

wasthen removedandweighedagainsta counterpoiseof approximatelythe

sameweightand externalvolume. Afterreplacingthe charcoaltube the

leadsupto Ti wereevacuatedto3 X io~*mm.

Sulphurdioxidewasthenlet in to thispart to a pressureofseveralems.,
and the evacuationrepeatedto 5 X 1er4mm. Thiswas donein orderto

washout any tracesof air fromthis part of the apparatus. Ti wasthen

openedthroughto n and theevacuationof thereservoircontinueddownto
"Of



It8o D. O. BHIELS

S X to-* mm. The charcoalwas cooledby placingsolidcarbondioxide

roundthecontainer. T«wasthenshutand T. opened. Thepressureroseto

a fewmms.inR. Thetap tothe charcoalwasthenopenedandthe pressure

immediatelyfell to zéro.

Thecharcoaltubewasleftin connectionwiththecontainerCfor2 hours.

The necessarytaps were then shut, and the charcoaltube removedand

weighed,and the amountof gas desorbedcalculated, As the amountre-

coveredin this waywasnotverygreat, the platinumwasheatedto 250°in

orderto findout whetherthe adsorbedsulphurdioxidecouldbe recovered

at this température.
w. n .a__ L_L: L..

After4hours50minutesheatingto

250*the platinumblackbeingexposed
to the lowpressureof sulphurdioxide

developedby this process,and an

additional3$hoursat the sametem.

perature the platinumbeingexposed
to the charcoalcooledin solidcarbon

dioxidetherestillremained2.9scesof

sulphurdioxideadsorbedpergramof

platinum. Point (10), a secondad-

sorptionwasthen carriedoutupto a

pressureof 5.432cms and a second

desorptionto 0.562etu. Points (n)

to (13).
n m 1 7.. T!-

to U3;.

Theresultsshownin TableII are plottedinFig.4.

Discussionof Results

In strikingcontrastto theresultsobtainedwithplatinisedasbestosthe

processin the caseofplatinumblackis not a reversibleone. Thereappears

to bea strongirreversibleadsorption,and in additiona weakermorenearly

reversibleadsorptionwhichhowevershowssomehysteresis.

Ramsayand Shietdsshowedthat t vol.of platinumblaekadsorbed84.2

vols.ofsulphurdioxideat atmosphère pressureandthat onlyone-fifthof

this couldbe recoveredbyevaeuntionat roomtemperature. In the caseof

the presentexperiments84vols,of gaswereadsorbedpervolumeofplatinum

black(assumingdensity= 20)at 17.4cmspressure,and only20.6volumes

couldbe recoveredby prolongedevacuationat 2S°C

Pollard1foundthat there was hysteresisin the adsorptionof carbon

monoxideandofhydrogenby platinisedasbestos. Hisexplanationwasthat

tracesof vapourfromthe tap lubricantadsorbedbytheplatinisedasbestos

inhibitedtheadsorptionof thegases,but didnot preventthe removalof the

adsorbedgases.
If thisexplanationbecorrectthenonewouldexpectthe secondadsorption

curveto followthesamecourseas the first. In theauthor'sexperimentsthis

1J.PhyaChem.,27,356(1923).
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wasnot so. Thesecondadsorptioncurvefollowsa courseparallelto thede.

sorptionourvenot to thefirstadsorptioncurve.

Anexplanationofhysteresisfrequentlygivenespeciallyin caseofporous
adsorbentsis that tracesoflessreadilycondensiblegasesremainon thesolid

sorbenteven after evacuationat fairlyhigh temperatures. Thoseare dis-

placedby the morereadilycondensibleadsorbategivinga total pressureas

readby a manometerhigherthan that whichshouldcorrespondto thequan-

tity ofadsorbateheldbythesolid,sinceit is madeupof the pressureofthe

adsorbategas correspondingto the quantity of adsorbateheld, plus the

pressuredue to the displacedlesscondensiblegas.

It is not likelythat suchan explanationcouldhold in the presentcase

sincethe isothennin its firststagesshowszeropressurefor a veryconsider-

able quantity of gas adsorbed. It is unlikelythat certain highlyactive

centresof the platinumblackadsorbsulphurdioxidevery strongly,but do

not adsorbother lessreadilycondensiblegasessuchas oxygenor nitrogen
at ail,and that therearcotherlessactivecentreswhichadsorbthesegases,
and fromwhichthey canbedisplacedby the sulphurdioxide. Somesuch

mechanismwouldbe necessaryfor the aboveexplanationto hold.

It seemsmorelikelythat the adsorbedsulphurdioxideis oxidisedto

sulphurtrioxideat certainactivecentresof the surfaces(the difficultyof
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completelyremovingoxygenfromplatinumiswellknown).Thispart of the

eurveis representedby OA.

ABrepresentsthe adsorptionof sulphurdioxideon lessactive centres

with displaeementof other gases. BC representsmorenearly the true

adsorption-desorptioncurve. DE is approxhnatelyparallelto BC but this

secondadsorptioncurveDED' alsoshowssomehysteresis,althoughnot to

thesameextentas thefirstcurveABC. TheshiftoftheourveDEto the left

ofCBmaybe dueto theprolongedheating(8Jhoursto ïso'C) diminishing
the adsorptivecapacityof the platinumblack.

Again,it ispossiblethat thehighlyactivecentreswhichadsorbthe oxygen
whichisso difficultto removealsoadsorbsulphurdioxideverystronglyand

that thesetwo kindsofmoleculesare heldcontiguouslybut donot reactat

lowtempératures. Thesecentresbeingsaturated (OA)furtheraddition

ofsulphurdioxidedisplacesothergases,(fromlessactivecentres)(AB)thus

ondesorptiongivinga hysteresisloop,ABC. Onraisingthe temperatureto

«sot- the adsorbedoxygenand sulphurdioxidereact to formsulphurtri-

oxide.This isadsorbedfromthevaporstateonothersurfacesoftheplatinum
blackandreducesthe totalcapaoityforadsorbingsulphurdioxide.Hencethe

shiftofthe curveDE to leftofCB.

Thedifferencein the reversibilityof the curvesin caseofplatinumblack

and platinisedasbestosis not readilyexplicable.A supportedcatalyst is

not usually less activethan an unsupportedone althoughthe fact that,

generallyspeaking,anunsupportedcatalystismorereadilysubjectto altéra-

tion by heat indicatesthat there are moreunsatisnedsecondaryvalence

and that it mightthereforebe expectedto be moreactiveas an ad-

sorbentat least sofar assecondaryadsorptionisconcerned.

It is possiblethat the platinisedasbestosusedwas"poisoned"by gases
suchas PHsfromthe PA whichwasnot furtherpurified.It wasa Merck's

sample. In the caseof theexperimentsonplatinumblackthePjO6wascare-

fullypurifiedby treatmentwithozone. Alsothe platinisedasbestoswas

heatedto 3 7<>°Cwhereastheplatinumblacktoonly2 so°C.Anunsupported
nickelcatalystmaybe spoiltbyheatingto iso'C, whereasa supportedone

may be heated to 4oo°Cwithoutany lossof activity,but whethersimilar

statementswouldholdforplatinumisnot known.

The platinumblackwastestedfor sulphurtrioxideat the conclusionof

the experiments.The test showedverydefinitelythat SO»waspresenton

the platinumblack. It wasnotworthwhileto makequantitativedétermina-

tionssincein order to carryout the test the apparatushadto be opened,
thus allowingoxygenfromthe air to cornein contactwithit. It wasthus

not possibleto tell whetherthe sulphurtrioxidewasformedduringthe ad-

sorptionbythe stronglyadsorbedoxygen,orsubsequentlyonallowingoxygen
to enter.

Summary

Theadsorptionofsulphurdioxidebyplatinumblackhasbeendetermincd

at i$"C andfrom0 to 17smmpressure.
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The processis irreversibleunderthe conditionsofexperiment.

84Vols.ofgasat N.T.P.wereadsorbedper volumeof platinum.

54Vols.wereretainedafter8J hoursheatingto 2So°C.
The natureof theprocesshasbeendiscussed.
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THECLASSIFICATIONOFINDUCEDREACTIONS*

BY WILDBB D. BANCROFT

In 1863Kessler1fonnulatedclearlythe conceptionof inducedreactions.

"Let RaandR#be tworeducingagents(oxidizablcsubstances),andOaand

Ofitwooxidizingagents(reduciblesubstances)of sucha naturethat, under

certaincomparableconditions,R« reactsreadilywithOa, whileRp reacts

slowlyornotat all with0<j. If webringtogetherthe foursubstancesunder

properconditionsand findthe reactionbetweenRuandO/jnowtakes place
morereadily,we may considerthis as inducedby the reactionbetween

lia andOa. Sofaras myexperiencegoes,thisgeneralcaseofoxygentransfer

canbesimplifiedbecauseeitherO«isidenticalwithO/sorR«isidentiealwith

R/). Todistinguishthetwocases,I willcallthe firstcaseinducedoxidation

andthe secondinducedreduction.

Wenowusethe termactor2for the oxidizing(orreducing)agent,which

reactsreadilywithoneofthereducing(oroxidizing)agentsandslowlyor not

at all with the other reducing(or oxidizing)agent. The substancewhich

reactsreadilywith theactoris calledthe inductorandthe substancewhich

doesnot reactreadilywiththeactoris calledtheaccepter. Thcratioof the

amountof the actor reactingwith the accepterto the amountof the actor

reactingwiththe inductoris calledthe inductionfactor.

Table I

InducedOxidation

Actor Inductor Accepter
Chloricacid Ferroussait Indigo
Chromicacid Ferroussait Potassiumiodide

Chromicacid Ferroussait Oxalicacid

Chromicacid Ferroussait Tartaneacid

Chromicacid Ferroussait Starchsugar
Chromicacid Cuproussait Starchsugar

Permanganicaeid Ferroussalt Hydrochloricacid

Permanganicacid Ferroussait Tartarieacid

Perrnanganieacid Arseniousacid Tartaricacid

Permanganicacid Antimonoussait Tartarieacid

Oxygen Cuproussalt Ammonia

Oxygen Cuproussalt Arseniousacid

Permanganicacid Fonnicacid Ammonia

*ThisivorkispartoftheprogrammenowbeingcarriedoutatCorncllUniversityunder
a (trnntfromtheHcckscherFoundationfortheAdvancementofResearchcstablishedby
AugiistHeckscherat Coractll'nivcrsity.

»PogR.Ann.,110,218(1863).
1Hchilow:Z.physik.Chem.,42,643(1903)-
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TableII
IndueedRéduction

Actor Inductor Accepter

Stannoussalt Chromieacid Oxygen

Stannoussalt Perrnanganicacid Oxygen

Stannoussalt Chlorousacid Oxygen

Stannoussalt Hypochlorousacid Oxygen

Stannoussait Hydrogenperoxide Oxygen

Stannoussait Ozone Oxygen

Sulphurousacid Chromicacid Oxygcn

Sulphurousacid Permanganicacid Oxygen

Sulphurousacid Iodine Oxygen
Arseniousacid Chromicacid Oxygen

In TablesI and II are giventhe casesof inducedreactionswhichwere

cited by Kessleras knownin 1863. Underinducedoxidationsthe firstten

are in acid solutionand the last three in alkalinesolution. Underinduced

reductionsthe firsteight are in acid solutionand the last two in alkaline

solution.

Luther and Schilowlhave givena classificationof inducedreactionsin

whichthey laygreatstressonthe questionas to whichof theconstituentsare

specifie. A non-specificconstituentis onefor whichany otheroxidizing(or

reducing)agentofsuitablestrengthcanbe substituted,whercasthiscannot

bedonein thecaseofa specifieconstituent. If a ferroussait isoxidizedfirst

into an instablesaltof hexavalentiron,this is specifieandcannotnecessarily
be duplicatedwithsomeother reducingagent. If antimonyoxideandtar-

tarie acidforma complex,this is specifie,becausesomeotherreducingagent

wouldnot necessarilyforma complexwithantimonyoxide.

In Table III is given the classificationof Luther and Schilow. The

subscriptsox.andred.signifyoxidationand réductionproducts,respectively.

I. Twonon-specificconstituents;onespecificconstituent

A. Actorand acceptornon-specifie;inductorspecifie.

Actor+ Fe' – >-Fev+ Actor«d.

Fev+ Accepter– HFe' -f Acceptor0x.

B. Inductorand acceptornon-specific;actor spécifie.

HBrO»+ Inductor – *-HBrO4+ Inducter,».

HBrOj+ Accepter– >-HBr+ Acceptorox.

C. Actorand inductor non-specifie;acceptorspécifie.

Unknownandrather improbablecase.

1Z.pliysik.Chem.,46,777(1903). 1
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II. Onenon-specificcomponent:twospecifiecomponents.

D. Actornon-specifie;inductorandaccepternon-speoifie.

E. Acceptornon-apecifie;actorand inductorapecifie.

O,(actor)+ CJÏ»CHO(inductor)–»€»H6CH0,.
C,H»CHO»+ Acceptai – ~C«H»COtH+ Accepter,*

F. Inductornon-specific;actorand acceptorspecifie.

Thisseemsvery impressive;but casesA and Bare not mutuallyexclu-

sive,as theyshouldbe. Onecan imaginea casewithbromicacidastheactor

anda ferroussalt as the inductor. If the first stepwerethe formationof

bromousacidand ofhexavalentiron,bothmightthenreactrapidlywiththe

acceptor. Under these circumstances,this wouldapparentlybe a speoial
fom of caseE.

Miller'objects to Luther's classificationfor anotherreason. "In the

authors'attempt to distributethe knowncasesof inductionamongtheir

sixclasses,the weaknessof the 'principle'on whichthe classificationrests

becomesapparent. Ferroussalts, for instance,act as inductorsin fifteen

reactionsinvolvingsevenactorsandnineacceptors-allaregroupedin class

A;but theeightreactionsinwhichsulphurdioxidetakesthepartofinductor

andinwhichsixactorsandfouracceptorsare involvedaredistributedamong
theremainingfiveclasses. "Thisexampleshowshowcarefulonemustbe in

interpretingthe phenomenaof induction;"it alsoshowsthat muchis left to

individualopinionin the practicalapplicationof the authors''principle'of

classification."Millerpointsout that LutherandSchilowwerequiteclear

in this lastpoint, becausethey say that "weconsiderour interpretationsas

innocasefinal."
The objectionis not to the lop-sidednessof the grouping,whichmight

actuallyoccur,but to the arbitrarinessof the assignmentsMillerthensays:
"Afirmerbasisfor theclassificationmaybesecuredbytreatingtheproblems
of inductionaccordingto the methodsof chemicalkinetics;andcomparing (
the ratesat whichthe actoracts on inductorand acceptortakeneach by (
itself,withtheratesinsolutionscontainingall threereagentstogether. Each

casemust,ofcourse,bestudiedbyitself;but, whentheeffectsofallthe con- 1

centrationshave beenascertained,a suitablehypothesismaybe foundedon

theresultsofthé measurements."MillerbarsoutwhathecaUsconsecutive t

reactions."Fromthe theoreticalpointofview,thesimplestcasesthat come l

underKessler'sdefinitionare those in whichthe inductioncanbeexplained

bythe knownpropertiesofan isolableproductofthereactionbetweenactor j

and inductor. In orderto makesure that the explanationsuggestedis the

trueone,it isonlynecessaryto studythe tworeactions:actorplusinductor,

andproductplus acceptor,separatelyand comparethemwiththe reaction

whichtakesplaceinsolutionscontainingactor,inductor,andacceptor. This

liasbeendoncby Harcourtand Esson,'and byBell'for the systemH,Oj.

•J. Phys.Chem.,11,9(1907).
«J.Chem.Soc.,20,476(1867).
9J. Phys.Chem.,7,61(1903).

i

l
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HI, NajSrf),;byFederlin'for the systemK»S«O»,HI, H,POijby Sohilow»
forthe systemHBrO,,HAsO»;andby Bowraan'for the systemHBrO,,HI,
HAsO,. Caseslikethesebelongdemonstrablyto the groupof consecutive
reactions,noneofwhichwereinoludedby Kesslerin his tablesofexamples;
andit seemsbetterto employthe term'inducedreaction'onlywherenosuch
obviousexplanationis available."

1do notagréewith this last statement. The consecutivereactionscome
underthé definitiongivenby Kesslerandadoptedby practicallyeverybody
eversince,includingMiller. AsI shallshowlater, the caseof bromicacid,
chromieacid,andhydriodicacidprobablycornesunder the headofa con-
secutivereaction,althoughelassedby Milleras an inducedreaction.

Millerfgivesthe followingclassificationof inducedréactions,excluding
consecutivereactions:-

"Class I–Therate al whichtheinductoris actedon and theinfluenceof
theconcentrationsofthereagentsonthatrate,areunaffededbythepresenceand
concentrationoftheaccepter.Thereactioncornesunderthe headof "catalysis
combinedwithdestructionof the catalyzer,"and as pointedout by Luther,
the inductionfactorrisesindefinitelywith increasein concentrationof the

accepter.
"Class H–Therateat whichtheactoris destroyed,andtheinfluenceofthe

concentrationsofthereagentsonthatrate, areindependentofthepresenceand
concentrationoftheacceptor;whiletherateat whichthe inductoris actedon,
though{necessarily)slowerthan in theabsenceof theacceptor,is nevertheles8
affectedbytheconcentrationsof thereagentsin thesamemanneras in theab.
senceof theacceptor.The inductionmayboaccountedforby assumingone
ofManchot'speroxidesor someotherproductof the actionof actoron in-
ductor. Thisis the only casewhichthe peroxidehypothesisis suffioientto
explain;it includesLuther'sclasses,A,B, andE.

"ClassUI.– Theeffectof theconcentrationsof thereagentsontherateat
ushichthe inductoris destroyedis changeabyaddingtheinductor.The inter-
mediateformationof somederivativeof the acceptorwithactoror inductor

maybe assumed(Luther'sD and F), or resortmaybe hadto complicated
hypothesesinvolvingequilibria;the peroxideexplanationhowever,is clearly
excluded."

Regardlesswhethertheseclassificationsare soundor not, thèyhâvenot
provedeffective.A fewpapershâvebeenpublishedin conséquenceof them
andthen the supplystopped. Weare still veryfar from beingableto say
anythingdefiniteabout mostof the casescited by Kesslersixty-sixyears
ago(Tables1 andII). Onegreat troubleis that the actorveryoftendoes
rcaetwith the acceptorat quiteappreciablerates unlessthe concentrations
arevery low,andwhenthe concentrationsarc very lowthe accuracyof the

1Z.physik.Chem.,41,565(1903).
Z.physik.Chem.,42,641(1903).

1J.Phys.Chem.,11,38a(1907).
«J. Phyg.Chern.,Il, 14(1907).
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analysesis apt to besmall. In thesununcrof 19231 workedouta classifica-
tionbasedonthe somewhatinaccurateassumptionthat thereactionbetween
thé actor and the accepterwas negligible. In so far as this is not true,
thereisan errorwhichmustbe allowedforas muchaspossible.The classi-
ficationwhich1amnowgivingis substantiallythesameas that of sixyears
ago. It is based on déterminationsof the inductionfactor and not on
reactionvelocitymeasurements.WhileI shouldhavelikedto havetested
it further,that meansholdingup thèseslongerthanis right.

LetA = actor, B = inductor,and C = acceptor. If Ais an oxidizing
agent,the inductionfactor,I.F., equalsCw/B,x,Werecognizcthe follow-

illg cases.

i. B maycatalyzethereactionbetweenAandC, besidesreactingwith
A. The inductionfactorwill increaseindefinitely1with relative increase
of C,ifoneadds Ato a mixtureof B andC. The inductionfactorwillap-
proacha lowvalue,perhapszero,if oneaddsBto a mixtureof A and C so

slowlythat B is used up practicallyinstantaneously.Clark' found that
chromieacid catalyzcsthe reaction betweenbromicacid and hydriodic
acidwithoutitselfbeingreduced. Sincechromieacidreacts readilywith

hydriodicacid whenbromicacidis not there, this statementof facts, sur-

prisingthoughit is, seemsto justifyputting thesystemA«= HBrOj,B =

HaCrO ând C =»HI undercase t. On the otherhand, we know that
bromieacid willoxidizea chromicsalt to chromicacidundersuitablecon-
ditionsand it thereforeseemsprobablethat this is reallya consecutivereac-

tion,comingunder3a, withA = HBrO3,B = CrO»,and C » HI. The
bromieacidwouldoxidizethe chromicoxideorsalt to chromicacid,and the
chromicacidwouldoxidizethe hydriodicacidto iodine.

2. C tnayreaetwitha réduction(oroxidation)productofA. Slowaddi-

tionofB to a mixtureof AandC willgivea definiteinductionfactor. With
B in excess,additionof A to a mixtureof B and C willgivean induction
factorapproachingzero. WithC in excess,slowadditionof Ato a mixture
ofB andC willgivean inductionfactorapproachingthe definitevalueob-

tainedonaddingBto a mixtureof AandC. Schilow*studiedthesystemA =

HBrOj,B = HjSOa,andC = As«Os.The conditionscan be so arranged
that oneoxygenfromthcbromicacid willoxidizethe sulphurousacid,while
the twooxygensfromtheresultingbromousacidoxidizethe arseniousacid.
The inductionfactor is thereforctwo.

3a. C mayreact rapidlywith a stableadditionproductof A and B or
witha stableoxidation(or reduction)productofB andnot directlywithA

or withoneof its reduction(oroxidation)productsat anyappreciablerate.
Solongas C is présent,B willappearto be unehangedbecauseit isat once

regeneratcdbyreactionwithC. If thereissomeAleftwhenCisdecomposed
completcly,we«hallgetthe oxidation(or reduction)productof B. This is

whatha*been calleda consécutivereaction.

>Cf.LutherandSchilow:Z.physik.Chem.,46,783(1903).
J.Phys.Chera.,11,353(1907;.J·
Z.physik.Chcm.,42,541(1903)-
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MissBush'hasstudiedthe systemA <=Os,B HI, andC H4SO,.

Atmosphericoxygenreacts much morerapidlywith hydriodicacid than

it doeswithsulphuroiiBaeid,whileiodinereactsrapidlywithsulphurousaoid.

Consequentlyit iseasyto arrangeit sothat air oxidiswshydriodicacidand

the iodineoxidiwsthe sulphurousacid. In this as in other consecutive

reactions,the inductionfactor is one,becauseeachequivalentofoxygenis

passedon. Thisisa c!ear-cutcase of a homogeneouscatalysiswith inter-

mediateformationofadefinitechemicalcompound.Insofarasthehydrogen
ionof the hydriodicacidmaycatalyzethe reactionbetweenoxygenandsul-

phurousacid,thismightbe consideredas comingunderCaseI.

If wewishto considersulphurousaoidas actorand oxygenasacceptor,
wemaydo so,becausethesetwosubstancesare non-specificin thesensethat

Luther and Schilowused it. The oxidationproductof the inductornow

becomesthe inductor,and wewrite the systemA « H«SO,,B«=>h, and

C = 08.
Milas*hasstudiedthe systemA=• furfural,B = VîO&,andC «•chlorate.

Furfural reducesyellowVA to blueVsO,,and then to greenV»OS,while

chloratereversesthesechanges. Onecouldalsoconsiderthisas the system
A = chlorate,B = V80>,andC = furfural.

Hofmann'findsthat air willoxidizeosmiumdioxideto osmiumtetroxide,

and that osmiumtetroxidewilloxidizealcoholto acetaldehyde.Wemay,

therefore,considerthisasan inducedreactionwithA « Os,B = OsOs,and

C = alcohol. Bowman4hasstudiedthe systemA<=HBrOS)B HI, and

C' = AssO,. Thereisnoevidencethat there is anyappreciablereactionbe-

tweenHBrOtandAsjOj,thewholeoxidationof thearseniousacidbeingdue

to the iodine. Thisapparentlydiffersfromthe casestudiedby Schilowof

A = HBrOj,B = HjSOs,andC » As4Ojin that thesulphuricacidformed

by the oxidationof sulphurousacid dues not oxidizearseniousacid as

iodinedoes.

Federlin*findsthat the reactionsbetweenpersulphateand hydriodic

acid,and betweeniodineandphosphorousacid, HjPOj,are moderateiyfast,
whilethere is no reactionbetweenpersulphateand the phosphorousacid.

('onsequentlywe are dealingwith a consecutivereaction in the system
A = HSS,O,,B= HI,and C = H,P0,.

3b. C mayreaetrapidlywithan instableadditionproduetofAandBor

with an instableoxidation(or reduction)productof B and. not directly
withAor withoneofits reduction(oroxidation)productsat anyappreciable
rate. Thus we might have A + Fe" – kAw1.4- Fe,vl and FeVIreacts

withC. If Bisaddedslowlyto a mixtureofA andC, the limitinginduction

factorshouldbeobtained,becausethereis lessdangerin this caseofhexa-

valent iron reactingwith bivalentironif the concentrationof bivalentiron

1J. Phys.Chem.,33,613(1989).
J. Am.Chem.Soc.,49,3005(19*7). =

Ber.,4S,339(191a);46,1657(1913)- î
J.Phys.Chem.,11,292(1907).

»Z.41,565(1902.
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iskeptas near zeroas possible. If B isaddedto A alone,therewillboan

evolutionof oxygen,whichwillbe proportionalto the amountof B added.

Atfirstsightit seemsas thoughonecoulddéterminethe compositionof the

instablecompoundin this way. If nothingelsehappened,onecoulddo so;

but there is often a catalyticevolutionof oxygenwhichwillcomplicate

mattersunlessonecan correctfor it.

B is spécifie;but A may beany suitableoxidizing(or reducing)agent.

If thereare two or moreinstableformsof B, suchas FeIVandFeVIfor in-

stance,the onethat is obtainedwilldependonthe strengthofthe oxidizing

(orreducing)agent. Manchot'believedthat hehad Fe»O»as instableinter-

mediatecompoundwithhydrogenperoxidepermanganateand FejO4with

oxygen.Haie*has confirmedthe FesO4;but he findsthat the other eom-

poundis FeOj and not FesO*. With a strongoxidizingagent,weget the

higherinstableoxide:

A » HjOjî,B = Fe"–>-Fetv,andC KI.

A=• KMnO*.B » Fe" – H?eVI.andC *»sodiumarsenite.

Withaweakeroxidizingagent,wegetthe lowerinstableoxide:

A Oj,B = Fe" – ~Feiv,andC = sodiumarsenite

Theseexperimentsmakeit praeticallycertain that the instableoxideon

passiveironis FeOs;but thereare somemoreexperimentsto bedonebefore

thatproblemcanbesaidto besolveddefinitely.

Thepossibilityofan instableadditionproductcannotbe denied;but it

isnoteasyto seeat presentjust howonecandifferentiatethis in a general

wayfromthe caseofan instableoxidation(orreduction)productofB. To

takea definitecase,letusconsiderA « UtO»andB = Fe". Sofaras 1can

secnow,the intermediatecompoundmightbewrittenFe."»H*OjorFev.

If theactivationofoxygenby benzaldehydeor triethylphosphineais due

totheintermediateformationofa peroxideasEnglerandWeissbergassume.

wearedealingwithan instableadditionproductif wecannotisolateit and

a stableoneif wecan. In the firstcasethe systemwillcomeunder3b and

inthesecondunder3a.
Thedividinglinebetween3a and 3bis somewhatarbitrary,becausethe

reactionproductof AandB mightbestableunderonesetof conditionsand

instableunderanotherset.

Undercertain cireumstances,it may be practicallyimpossibleto dis-

tinguishby generalmethodsbetweencases3band 4. If wepostulatethat

A= Oî(B = Zn.and C«• H40,andthat the reactionsareOs+ Zn = ZnO»

andZnO,+ HSO« ZnO+ HsOï,thissystemcomesundercase3b if the

ZnO2is instableunder the conditionsof the experiment.Additionof zinc

slowlyto a solutionof oxygenin waterwillgivea definiteinductionfactor

1Ber.,34,2477U9°')-
Cornet]UniversityThesis(1928).

1Jorissen:Z.physik.Chem.,22,34(1897).
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of one; but this is complicatedby the instability of hydrogenperoxide.
If zincperoxideis instable,weshallget evolutionof oxygenon additionof

oxygento zinc;but it is hard to distinguishthis from a directreactionto

zinc oxidewithno evolutionof oxygen. The conditionsunderwhiehwe

mayclassthissystemundercase4willbetakenup whendiscussingcase4.

Thereis anotherinterestingpossibilityunder3b.Weknowthat hydrogen

peroxidereactswithcertainperoxidesin sucha waythat eachsubstanceloses

oxygen.It isimmaterialforthemomentwhetherthefirststepis theformation

ofan instableadditioncompoundof thetwosubstancesor whetheroneoxidizes

the otherto a higheroxidationproduct. It is conceivablethat the oxygen
wouldoxidizesomecompoundwhichneithercouldoxidizealone.Weseemto

have a caseof this sort with chlorateand osmiumtetroxide.1 If oneadds

o.oi% 080. to a saturatedpotassiumchloratesolution,the mixtureoxidizes

manganousacetateor sootand attacksiron,lead, copper,etc. Thedetails
are not sufficientto enableone to beabsolutelycertain; but it lookslikea

specialformof inducedreaction. The solutionoxidizescarbonmonoxide

whenadsorbedon palladiumbut not hydrogen.

4. B andC forma complexor a reactionproduct whichreactswithA.

What willhappenwilldependonthe rateof formationand the degreeofdis-

sociationof thecomplex,andon the relativeratesof reactionof thecomplex
and ofBwithA. If weadd Ato a mixtureofB and containingsomuchofC

that therewillbe nofreeB, weshallgeta definiteinductionfactorprovided
the rate of reactionofA withC is negligible.Additionof B to a mixtureof

A and C willgivevaluesof the inductionfactorvarying betweenzeroand

the limitingvalue,dependingon the relativerates. A caseof thissort is the

system2A = AgBror Ag«O,B «= hydroquinone,C = sodiumsulphite.
Silverbromideand silveroxideoxidizehydroquinonebut not sodiumsul-

phite. Theyoxidizesodiumsulphitein presenceofhydroquinone.

InsteadofB andC forminga complexas happenswith hydroquinoneand
sodiumsulphite,they may react to givea productwhichreactswithA. If

wc take the systemA = O»,B = Zn,and C = HsO,previouslydiscussed

under 3b,andpostulatethe reactionsZn + H«O«= ZnO + 2Hand 2H +

Oj, * H»Othissystembelongsundercase4. Additionofoxygento a mixture

of zincandwatershouldgivea definiteinductionfactor if wecanignorethe

reactionbetweenoxygenand zincand betweenoxygenand water. The

secondreactionis negligibleand the firstcanbe madenegligiblebymaking
the systemintoa celland introducingthe oxygenat the cathode. Withthis

arrangementthe systembelongsunquestionablyunder case4. Sincewe

keep the oxygenfromcomingin contactwith the zinc, wc haveprevented
the possibilityof zincperoxidebeingformedand consequentlythe experi-
mentprovesnothingin regardto thegeneralbehaviorof the system.

Thereseemsto be a differencebetweencases3 and 4 whenweadd B

slowlytoa mixtureofAandC,becauseundercase3b weshouldgeta definite

Hofmann:Ber.,45,1662,3329(1912);46,1657(1913).
'Gordon:J.Phys.Chem.,17,47(1913).
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inductionfactor,whileundercase4 the inductionfactormay vary between

the Umitandzerodependingonthé relativeratesof reaction. Thisdoesnot

preventthe relativerates beingsuchthat in the systemOj, Zn, and H8O,

the inductionfactormayand doeshavoa definitevalue. Withsodiumsub-

stituted for zinc,it wouldprobablybe difficultto preventan évolutionof

hydrogenanda consequentdroppingofthe inductionfactortowardszéro.

The generalmethodwillthereforenotenableus to decidewhetherwedo

ordo not havea primaryformationofzincperoxidewhenzinc,liquidwater,

and oxygenare in contact. 1 decideit for myselfon other grounds. The

corrosionofzincin presenceof liquidwaterisunquestionablyan electrolytic

phenomenonand consequentlycannotinvolvetheformationof zincperoxide.

Onthe otherhandsodiumburnsin theair to sodiumperoxideand zincmay

do likowise. It seemsto me quite possiblethat there may bc a primary

formationof zincpereniefcin the SystemO},Zn, and watervaporat tem-

peraturesabovethoseat whichzincis wettcdby the watervapor. This is

thé viewput forwardand for the samereasonsby Haber'nearlythirtyyears

ago. Sincebenzaldehydecannotreactwithwaterto givehydrogcn,it prob-

ablyrenctswithoxygento forma peroxide.

5. Nos.i~4mayoccursimultaneouslyinanygrouping. We mighthave

aHBrOs+ FeO – aHBrOs+ FeO,,andbothof thesemightreactwithC.

Case5 willusuallybe recognizedbypositivetests in at leasttwo ofthe pre-

cedingcases. Each problemwill then have to be consideredon its own

merits.
The gencralresultsof this paperareas follows:

1 Aclassificationof inducedreactionsbasbeengivenwhichisbasedon

the inductionfactoras determinedwhenthe reactionhas reachedan end.

This éliminâtesthe difficultyin interpretingreactionvelocityexperiments;

but is liableto seriouserror if the actorreactsat any appreciablerate with

the acceptor.
2. AUthe inducedreactionsstudiedso far can be arrangea in three

groupsor in combinationsof thesegroups. Theacceptormay reactwith a

lowerstageof the actor. Theacceptormayreactwitha reactionproductof

thé inductor. Theactor mayreact witha reactionproductof the inductor

andacceptor.
3. Consécutivereactionsshouldbcclasscdunderinducedreactions.They

are reactionsin whiehthe acceptorreactswitha stableoxidationor réduc-

tion productof the inductor.

4. Whena ferroussait acteasan inductor,the instableoxidationproduct

may be either Fe'v or FeVI,dependingon the strengthof the actorus an

oxidizingagent.

5. Theactivationof oxygenbybenzaldehydeis probablythe resultof a

peroxideformation. The activationof oxygenby zincin the presenceof

liquidwateris notdueto the intermediateformationofzincperoxide.

CarnettUnieersity.

Z.physik.Chem.,34,513;35,8t.



THE BOILING-POINTELEVATIONOF ACETONESOLUTIONSAS

HELATEDTOTHE INTERIONICATTRACTIONTHEORY*

BY A. L. ROBINSON

The 'InterionioAttraction'theoryof Debyeand Hückellhas hadcon-

sidcrablesuccessinexplainingmanyanomalouspropertiesofaqueoussolu-

tionsof strongelectrolytes.The behaviorof dilutenon-aqueoussolutions

ofstrongelectrolytosbas alsobeeninterpretedby the sametheorywitha

fairdegreeof succès»in a numberof instances.2The theoryhas alsobeen

appliedto solutionsofstrongelectrolytesin mixedsolvents.3

Theoriginalpurposeof thèseebullioscopicmeasurementswasto further

test thé validityof applyiiigthe Debye-Hûckeltheoryto dilute acetone

solutionsofstrongelectrolytes.4Thedeviationof theobservedfreezingpoint
orboilingpointchangesfromthe valuescalculatedfromtheclassicaltheory,

assumingcompleteionizationin the calculation,isgivenby equation(41)of

DebyeandHttckel

t f0
A, -A r w

e' 1/4^" Svi2iV1 f,
6..

Â
6Dk TV DkT !.V¡Z¡St1

t fe=
w _p DkTnv s^

wheref0is the osmoticcoefficient,Acand A are thecalculatedandobserved

/2v)Z~V~
valuesof the boilingpointchange,teisa valencefactorequalto

I -^– I
»

eis theclcmentaryelectricalcharge,D isthedielectricconstant,k andT are

the gas constantand the absolutetemperature,n is the numberof moles

ofdissolvedsalt per iooogramsofsolventandv is the numberof ionsfur-

nishedby onemolculeof the salt, Vtand z;arc the numberand valenceof

ionsofthe ithkindfurnishedbyasinglemoleculeofsolute,andorisa function

of 'a', themeanapparentionicdiameter,and the total concentration.In

ordinary'dilute'solutionsa willbe lessthanunity (itbecomesequaltounity

in the idealdiluteregion,wherethe ionsmaybc treatedas pointcharges).

Theaboverelationsforacetoneat theboilingpointbecomes

1 – fo = 2.46w\/nv<r

usings6.i°Cas theboilingtemperatureand 16,5as thédielectricconstant,

thislattervaluebeingextrapolatedfromthe meaaurement.sof Drude.

Byplotting(i-fo)againstVnv a curvcshouldbeobtainedwhichgoesinto

theoiiginwitha slopeof 2.46w;furthennore,fromtheshapeof thecurveit

ContributionfromtheDepartmentofChemistry,irràvcrsityofPittsburgh.

>DebyeandHOckcl:l'hysik.Z.,24,185(1923).
« XoyesandBaxter:J. Am.Chem.Soc.,47,sis» (içîS);Webb:48,«263(1926);

SehreincrandFrivold:2.phyrik.Chem.,124,1(1926);Frivo[d:J. Phys.Chera.,30,«02
(1926).

McAuIay:J. Phys.Chem.,30,1202(1926).
<Robinson:J. Phys.Chem.,32,1089(1928).
sDrudc:Z.physik.Chem.,23,267(1897).
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shouldbepossibleto détermine<rforeachsolute,and, by usingthe values

givenforthisfunctionin TableI ofthe Debye-Hûokelarticle,valuesfor 'a',

the meanionicdiameter,canbe calculated.

In additionto the test outlinedaboveit was thoughtthat somelight

mightbe thrownon thequestionofhydrationandapparentionsizebyusing

hydratedaswellas anhydroussalts.

Expérimental

The measurementsweremadewithboiling-pointapparatusdescribedby

MenziesandWright1anda differentialthermometerconstructedbyMenzies.*

At the boilingpointofacetonethis thermometerallowsthe measurementof

temperaturedifferenceswithan accuracyofo.oot°C. a

The acetonewasfirstdehydratedoverCaCl,,distilled,and then further

dehydratedoversodiumamalgam,or refluxedforsometimewithanhydrous

KtCO3.Whendistilledagain,thefractionboilingbetween56.08°ands6.1a°C

wascollectedfor use. The temperaturewasreadwith a thermometerre-

centlycheckedbythe Bureauof Standardsandwascorrectedto 760mm. n

The saltswereC.P. preparationsand wererecrystallizedseveraltimes tl

and dried to the desiredcomposition,as determinedby analysis. The

La(NOs)3wasa preparationkindlyfumishedby ProfessorJames;it wasal-

lowedto standfor a longtimein a vacuumdcsiccatoroverPA, andthen

heatedcarefullyto constantweight. Frivold8hasshownthat theanhydrous

saltpreparedin thiswaycontainsnobasicnitrate.

Results

In Table1njs the concentrationofdissolvedsaltin moisper 1000grams

of solvent,\/nv is the squarerootof the ionicconcentration,A. is thecal-

culatedboilingpoint rise (A, » i.72nv),A is the observedboilingpoint

rise,and1 f0isthe deviationoftheosmoticcoetficientfromunity.
e

TABLEI

Nal
FirstSeries

n Vnv~ Ae A i-f. (

0.00389 o.o88 0.0134 0.0130 0.150

0.00680 0.117 0.0234 0.0183 0.216

0.02627 0.219 0.0904 0.0678 0.250

0.05805 0.341 0.1995 0.1390 0.303

0.0916 0.428 0.315 0.2187 0.305

0.1318 0.514 0.453 0.2838 0.373

0.1746 0.591 0.601 0.355 0.405

0.22o6 0.665 0.754 0.443 0.412

0.3440 0.831 1.182 0.661 0.441

>Menziesand Wright: J. Am. Chem.Soc, 43, 2314(1921).
1Monte: J. Am.Chen). Soc.,43, 2309(1921J.
»Frivold: J. Phys. Chem.,30, 1155,1926.
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TABLEI (Continucd)

Second Series

n Vnv" Ao
A i-fe

0.00856 0.131 0.0295 0.0243 0.176

0.0174 0.187 0.0599 0.0468 0.219

0.0351 0.265 0.1208 0.0880 0.272

0.1368 0.504 0.436 0.290 0.334

0.1798 0.600 o.618 0.386 0.375

Third Series

0.00803 0.127 0.0276 0.0220 0.195

0.0425 0.292 0.1463 0.1072 0.267

0.0725 0.381 0.2495 0.1760 0.293

0.1550 0.549 0.534 0.331 0.379

0.2561 0.716 0.908 0.514 0.433

NaI.2H,0

First Series

0.00243 0.070 0.0084 0.0076 0.095

0.0292 0.242 0.1004 0.0769 0.235

0.0714 0.391 0.2456 0.1786 0.282

0.1104 0.470 0.380 0.254 0.302

Second Series

0.0153 0.175 0.0525 0.0430 0.181

0.0230 0.215 0.0790 0.0564 0.286

0.1089 0.468 0.375 °-»54 0.324

0.1398 0.529 0.481 0.300 0.376

CoCl,

First Series

0.00136 0.064 0.0074 0.0049 0.338

0.00783 0.153 0.0404 0.0159 0.606

0.0235 0.265 0.1210 0.0366 0.696

0.0558 0.409 0.288 0.072 0.750

0.1956 0.766 1.009 0.218 0.785

0.2830 0.923 1.460 0.290 0.803

Second Series

0.00386 0.108 0.0199 0.0089 0.553

0.0304 0.302 0.1570 0.0538 0.657

0.0931 0.529 0.480 0.122 0.745

0.1620 0.698 0.836 0.177 0.787

0.2431 0.855 1.256 0.217 0.828
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TABLE1 (Continued)

Third Series

n Vîtv" Ao A i-f«

0.00176 0.073 0.0091 0.0055 0.396

0.00718 0.147 0.0371 0.0175 0.529

0.0702 0.460 0.352 0.095 0.725

0.2582 0.875 1.332 0.278 0.792

CoCls.6H,O

First Series

0.00292 0.094 0.0150 0.0081 0.470

0.00879 0.163 00454 0.0191 0.579

0.0182 0.234 0.0938 0.0319 0.659

0.0398 0.346 0.205 0.050 0.760

0.0754 0.477 0.389 0.097 0.746

0.1343 0.660 0.683 0.137 o.800

La(NO,),

First Series

0.000856 0.059 0.0059 0.0038 0.350

0.00243 0.099 0.0167 0.0089 0.467

0.0140 0.237 0.0964 0.0255 0.735

0.0262 0324 0.180 0.046 0.745

SecondSeries

0.00168 0.082 o.ous 5 0.0064 0.440

0.00424 0.130 0.0292 0.0116 0,603

0.0121 0.220 0.0833 0.0304 0.635

0.0424 0.413 0.292 0.068 0.767

La(N"0,),.6H*0
First Series

0.00164 o.o8t 0.0113 0.0064 0.390

0.00391 0.125 0.0269 0.0128 0.525

0.00944 0.189 0.0644 0.0253 o.6o7

0.0185 0.272 0.1272 0.0365 0.713

0.0371 0.385 0.255 0.055 0.787

DiscussionofResults

In rigs. i 2,and3 are plottedthe valuesof (i-fo) against VnvforNal,

CoClj,andLa(NOj)>respectively(thesolidcirelesrepresentthe dataforthe

hydratedsalts). In eachFigurethestraightlinegoinginto theoriginis
diuwnforthe theretical relation1 -f0 = 1K2.46)Vnv(wbas the valuesof

1,2.83,and 5.2forthe salts in theorderlistcd). Althoughtoo muchweight

shoutdnotbe givento the observationsat thelowestconcentrationsit seems
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that the experimentalcurvesarestraighteningoutpreparatoryto goinginto

the originat an angleverycloseto the one indicatcdby theaboverelation.

In particularthe validityofthe valencefactorwseemsto beconfirmed.By

the methodoutlinedby DebyeandHiickel,1usingtheir TableI, valuesfor

'a', the meanionicdiameter,havebeen-calculatedwhichcloselyfittheexperi-

mentalcurves. Theyareas follows-

1DebyeandHUckel:loc.cit.
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Sait a. 10*cm.
Nal 2.03
CoClj 2-9S

La(NO»)3 4.4a

Thesevaluesarecertainlyof the correctorderofmagnitudefor the ionic

diameters. No particularsignificanceshouldbe attached to their exact 1

values,inasmuchas theory of Debyeand Hûckel,in introducingthe para- I
meter 'a', makesuseof certainarbitraryassumptionsin connectionwith the I

shapeof ions. Moreover,LaMer1bas shownthat valuesof la' calculated

by fittingequation(41)to experimentaldata are only firstapproximations,
and in generalthe moreaccuratevaluesaresomewhathigher. «

It isobservedthat the samecurve,in

the caseof each salt, fits the data both j
for the unhydratedand hydrated salt. [
Debye'bassuggesteda pictureofthe dis-

tributionof waterand non-electrolytein

the immediatevicinityof an ion. The

moreeasilypolarisablewater molecules
seekthestrongfieldscloseto the ions, so

that in a mixedsolventof the typemen-

tioned the concentrationof water rises

rapidlyas the ionisapproached,and near

the surfaceof the ion only water molé-

culesare present. As a result of this

distributionthe dielectricconstantof the

médiumsurroundingthe ions is not the

sameas the restofthe solvent,but varies

with the distancefromthe ion,the two “

becomingidentical at large distances. 1
Inniilpahv thc innavivnarisn tn a nrassiirp tTheattractionof thesolventmoteculesby the ionsgivesrise to a pressure e

whichcausesa compressionof the solventin the vicinityof the ion. Ac-

cordingto calculationsof Webb3the valuesof this pressurebecomevery

largeas the surfaceof the ion is approached. They are of the order 10'

megadynes/cm.*at 3 Â from the centerof the ion and 3 X 10*mega-

dynes/cm.1at i.ss 1, for water. The effectivecharge of the solvent

moleculedipolelargelydéterminestheseforces.

It seemsreasonableto supposethat the ions,as wellasthe solvent,suffer

a contractionof volumeasa resultof this electricalpressureand this effect,
whateverits magnitude,shouldbegreaterinsolventsof highdipolemoment,
suchaswater,than innon-aqueoussolventsof lowerdielectricconstant.

Theapparentsizeof ionsin solutionswillalsobedeterminedbythe firm-

nesswithwhichthe solventmoleculesare boundto the ions. Theopinion

1LaMer:Tram.Am.Elcctrochcm.Soc.,SI,5o7(1937).
1McAulay:J. Phys.Chem.,30,1202(1926).
Webb:Trans.Am.Elcctrochem.Soc.,SI,690(1927).

i
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generallyheldat presentis that the hydrogenionaloneis definitelychemi-
callyhydratedas the H5O+ion;otherionsaresurroundedbyorientedwater
moleculesheldlessfirmly,dependingon the sizeandchargedistributionof
the ions. Theseorientedmoleculesmaybe carriedbythe ionas it moves;
the distributionof waterandothermoleculesaroundan ionremainson the
averageconstant,althoughthisdistributionmaybe continuouslychanging
dueto thennalagitationandcollisions.

Thesamemeanionicdiametersfor hydratedand anhydroussalts will
accountfor the observeddata, usingthe sainedielectricconstantfor both

typesofsolutions. Usinga somewhathighervalueof this constantforthe
solutionsofthehydratedsalts(anintégrationshouldbeperformedfromr =aa
to r= co)lowervaluesof'a' wouldbeobtainedthan thevaluesgivenabove.
It seemsthen that theseionsdo not fortndefinitehydrates,as far as any
conclusioncanbe drawnfromtheuseof the Debyeand Huckeltheory.

Summary

Boilingpoint measurementshave been made of acetonesolutionsof
Nal, CoClt,and La(N0,)3betweenthe concentrationrangeo.ooi-o.3M.
Bothanhydrousand hydratedsaltswereused. For the threevalencetypes
of salts the results are in excellentaccordwith the intenanieattraction
theoryof Debyeand Hilckel,

Therésultaobtainedusinghydratedsaltshavebeeninterpretedas indi-
catingthe non-existenceofdefiniteionichydrates.

Pitttburgh,PenusyUania.
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UNTHE PRIMAHYPROCESSOFLIGHTABSORPTIONAND

ACTIVATIOXIN PHOTOCHEMICALREACTIONS

BY KALI FADA DASU j

AHphotochemicalreactionsmust,accordingto the presentstate of our

knowledge,begovernedbytwofondamentallaws. Thefirstis thoGrotthuss-

Draperabsorptionlaw. The secondis Einstein'slawwhichstates that tho

processof absorptionof radiationis a quantisedprocess,onlyone excited

system(moléculeoratom)beingproducedforeachquantumabsorbed. The

subsequentcourseofreactiondépends,as isnowhold,onthepropertiesofthe

excitedsystemwhichmaygivethe samenumberof résultantmoleculesas

excitedonesormore.

Asa resultof numerousexperimentsperfonncdmostcarefullyby various

investigatorsit hasbeendefinitelyestablishedthat almostinvariablya large

numberof resultantmoleculesare formedby the absorptionof a single

quantumofradiation. Thisisexplainedby a chainmechanismwhicheither

(i) postulatesthe productionofa free atomorgroupwhichentersintothe

reactionandis regeneratedas a reactionproductor (2)assumesa succession

of radiation-lesstransfersof energyfromenergy-richactivatedmoleculeof

oneof the productsto activatea reactantmoleculeby collision.

It is thepurposeof thispaperto showthat a singlequantumof radiation

neednot produceonlyoneactivatedmoleculebut can, undersuitablecon-

ditions,producemorethanone,sayfouror fiveactivatedmolecules.

That part of an incidentquantumof radiationcan be absorbedby a

médiumand theremainingpart canappearasa scatteredquantumofmodi-

fiedfrequencywasfirsthintedbySmekal.1KramersandHeisenbcrg*andalso

.Sehrodingcr1inclinedto this view. But no experimentalevidencefor this

wasforthcoming.liecentlythebrilliantinvestigationsofProf. Ramanand

his coworkershavefurnisheddefiniteproof.of the possibilityof such a

process. Prof. Ramanbas showndefinitelythat a part of a quantumof

incidentradiationcanbe absorbedby a moleculeof a mediumand thc re-

mainderscatteredas a quantumof modifiedfrequency,and the shift of

frequencyhas beenshownto agrée with certain characteristicinfra-red

frequenciesof the molecule.

We can nowextendthis ideato the primaryprocessof absorptionand

activationin photochemicalreactions. A moleculeof the photoactivecom-

ponent in a photochemicalreactionabsorbsa part of the quantumof thc

incidentphotochemicallyeffectiveradiation,is therebyraiscd to a higher

1Naturwias;11,873(19*3).
'Sï.Physik,31,68i(i92S).
» "AbhancllungensurWellcnmechanik,"112(1927).
« Kaman:Ind.J. Physire,2,387;ItamanandKrishnan:399(1928);l'roc.Roy.Soc.,

I22A,23(19*9)-
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levelofenergy,andposscssessuffîcientenergy(asisdemandedbytheenergy
of activationof the process)to initiate the chemicalreaction. The re-
mainderof the quantumis scatteredby themoleculea part ofwhichagain
is absorbedby anothermoleculeand a partscattered. Thisprocesswillgo
on tillthere is as muchabsorptionof incidentradiationas isdemandedby
the observedextinctioncoefficientof the photoactivecomponent. The

proccsscanthuswellextendoverseveralmoleculesandin eaohcase,though
onlya part of the quantumis absorbedbya moleculein agreementwitha
characteristicinfra-redfrequency,the moleculeswillhavesufficientenergy
to reaot,sincethisenergywillbcgrcater,aswillbepresentlyshown,thanthe

energyof activationof the process. Weshallnowdiscussthe questionof

energyofactivationin photochemicalprocesses.
It is wellknownthat a reactionthat proceedsunderstimulusof light

energyat the ordinarytemperaturecan goon in darknessat an elevated

temperaturegivingthe identical products. The temperaturecoefficient
of the dark reactionat oncegivesus, throughthe Arrheniusequation,the

energywhichanactivemoleculeshouldpossessin excessof the average
energyofmolecules.Thetemperaturecoefficientof thedarkreactionsgener-
ally variesfroma to 3. Applicationof theArrheniusequationfora tem-

peraturecoefficientof 2.5, leadsto thefollowingvaluefor the heat ofacti-
vation.

î-3Xlogw2S~i(^~2l3T7o)

whereQis the heatofactivation. Thisgivesthevalue17,360caloriesforQ.
This correspondsto energyper gm. molcorrespondingto absorptionof
radiationin the infra-red,the extremeredregion(76ooA)correspondingto
about37,000caloriesper gm. mol. Violetlight (4000Â)correspondsto an

energyofabout 70,000caloriesper gm molandwecan thusconceiveof a

quantumof incidentradiationbringingfourorfivemoleculesintoa sufficicntly
activestatc to be ableto initiatereaction.

Whilethe temperaturecoefficientofthecorrespondingdarkreactiongives
a valueofabout 17,000caloriesfor theheatofactivationit isprobablethat,
due to absorptionof light in photochemicalreactions,the energyofactiva-
tion itselffor the reactionis lowered. It iswellknownthat, accordingto
modemviewsaboutthemechanismofactionofa catatystina catalysedrcac-

tion,the functionof the catalyst is to lower,the heatof activationby dis-

tortingthe atomor molécule.1
It has recentlybeenobservedthat the temperaturecoefficientfor the

enzymaticinversionof canesugar' is lowerthanthe temperaturecoefficient
withoutthe enzyme. Hinshelwoodgivcsthefollowingexamples(p. 188)of
the loweringofheatofactivationin a catalyzedreaction.

Thecatalysedreactionshavethus heatsofactivationabouthalfasgreat
onlyas the homogcneouschanges. A catalystdoesthis by dimortingthe

1Hinshclwoml:"KineticsofChemicalChangeinGasconsSystems,"p. 184;Burk:J.
I'hy«.Chcm.,32,1601(1928).
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moléculeor atom. Nowthereis somesimiJaritybetweena photochemical

reactionanda catalysedreaction. Absorptionof radiationundoubtedlydis-

torts the absorbingatomor molecule,in that an electronis removedto a

higherquantumorbit. A photochemicalreactionshouldthushave a lower

energyof activationthan the correspondingdark reaction. The lowering

of theenergyof activationshouldbe greaterthe greaterthedistortionpro-

ducedand wecan thusexplainthe observeddiminutioninthe température

coefficientof the photochemicalreactionswithincreaseinfrequency.

Réaction Totalactivation Totalactivation
Thermaldecomposi- requiredforhomogène- î6?1" for'

tionof :– ouschange. catalyredchange

Hydrogeniodide 44,ooocalories 25,000(gold)

Nitrousoxide 58,500 29,ooo(gold)

33,500(platinum)

Ammonia probably>80,000 39,000(tungsten)

If the heats of activationof a photochemicalreactionshould be con-

siderablylowerthan 17,000calories,it is thusevident that on the basisof

theconceptionsoutlinedabove,a quantumofvisibleor ultravioletradiation

can activate8-io molecules.Whilechain reactionsmightplay their part

in photochemicalreactionsthis factor to whichwe drawattention should

reccivesomeconsideration.

EffeclofWave-lenglltonQuantumEfficiency.Accordingto Einstein'slaw

the quantumefficiencyshouldbe independentof wave-length.This is far

frombeing the case in actualexperiments.Reviewingthe field Prof. AU-

mand,1in his introductoryaddressto the FaradaySocietydiscussion,says,

"Nocaseis knownin which-y (i.e.quantumefficiency)increaseswith

In themajorityofcases,y increasesas Xdecreases,correspondingto the univer-

sal tendencytowards inereasedphotosensitivityat shorterwave-lengths.

In respectthereforeofIheeffectofwave-length,the Einsteinlawholdsbadlyin

factice."
Weshallgive onlya fewexamples.Thusin the decompositionof H*Oj

studiedby Henri and Wurmser(ioi3)>the quantum efficiencyis 4.5 at

280w, 6 at 20&Wand 130at 23«W- In the decompositionof potassium

cobalti-oxalateinvestigatedby Vraneksthe quantumefficiencyis 0.6 at

436MM.0.9 at 40SMA»and 1.5at 366^- In thephotochlorinationof cinnamic

acid recentlyinvestigatedbythe presentauthor the quantumefficiencyis

2 at 436/xit,4at 404MMand 7at 366/i/i.Numerousotherexamplesare to be

foundin the introductoryaddressof Prof.Allmand.

The mechanismof absorptionand activationsthat we have outlined

abovevcryeasilyexplainstheobservedincreasein quantumefficiencywith

increasein frequency. Rayleigh'sfourth-powerlawpostulatesthat scatter.

ing is proportionalto Scatteringand the numberof moléculesacti-

Tran».FaradaySoc.,21,447(1925).
Z.Elcktruchemie(1917).. r
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vated shouldthus increasewith increaseinfrequency.It is probablethat

if the reactionvesselsin photochemicalreactionshad their sides silvered

soas to presentanycseapeof radiationbyscattering,eventhosofewreac-

tionswhiohshowan identicalquantumefficiencyat differentwave-lengths
wouldshowan inereasein efficiencywithincreasesinfrequency.

Sucha conceptionas basbeenoutlinedaboveen8blesus to explainhow

moleculesof many substancesshowan absorptionof energymany times

the energyof dissociationand still showno signof dissociation. Thus

iodinemoleculesabsorblight ofwave-length1849 A – quantumof which î

correspondsto an amountof energyfivetimesthe energynecessaryto dis-

sociatea moleculeof iodine,but arenot dissoeiated.

Summary

Theabnormalyieldper quantumofradiationabsorbedin photochemical s
reactionshas beenshownto be duepartlyto the fact that one quantumof

incidentradiationcan activate more thanone moleculeof the absorbing

substance. The increaseof photochemicalefficiencywith increasein fre-

quencyof incidentradiationwhichcannotbeexplainedonthe basisof Ein-

stein's law,has alsobeenexplained. §

My best thanksare due to Prof. J. C. Ghoshand Prof.S. N. Bosefor

their kind interest and many valuablesuggestions.

ChemicalLaboratary,
DaccaUnivmity.
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BY NICH0LA8 A. MILA81

Our constantlyincreasingknowledgeof auto-oxidationreactionssince

the inceptionofthe Engler.Bach2theory,basbroughtforthnewbut conflict-

ing and at times irreconcilableinterpretationsof the mechanismof such

reactions. Althoughthe Engler-Bachtheorygavea reasonableexplanation
of auto-oxidations,Wieland'baschallengedits validityby presentingnew

expérimentalevidenceto provethat oxidationswith atmosphericoxygen
are not precededby the additionof molecularoxygento "auto-oxidants,"
as theEngler-Bachtheoryoriginallyassumed,but bytheremovalofhydrogen
atoms whichare subsequentlyabsorbedby the oxygenmoleculesto form

hydrogenperoxideas the primaryproduct. In other words,Wieland's

theoryassumesan initial"dehydrogenation"of theauto-oxidantfollowedby
an activationof the hydrogenatoms,whereasthe Engler-Bachtheory as-

sumesan initialadditionofoxygenmoleculesto theauto-oxidantfollowedby
the formationof "active"oxygen.Toexplainthe numerousauto-oxidations

in whichthe auto-oxidantis deficientin hydrogen,Wielandmade the as-

sumptiontbat water shouldaddon to the auto-oxidantbeforeit can be

dehydrogenated.
That Wieland'scontentiondoesnot holdwith "true" auto-oxidations,

is borneout bymuchchemicalandbiologicalevidence. It willbebeyondthe

scopeof this paperto attempt togivea completelist ofsuchoxidations;only
a fewreprésentativeexampleswillsufficetoshowthe inadequacyofWieland's

view. LotharMeyer'wasthe firstto observethat rigidly-driedmixturesof

carbonmonoxideandoxygencouldbemadetocombinenon-explosively,while

the morerecentand morereliableexperimentsof Boneand his students*

provedbeyondany reasonabledoubt that "theprésenceolsteam is notes-

sentialto theignitimiand explosionof carbonicoxideand oxygenmixtures,

as basbeensupposedhitherto,"but that thetwo gasescanand do combine

•ContributionfromtheResearchLaboratoryofOrganicChemistry,Massachusetts
InstituteufTechnology,Xo.43.

1HcscarchAssociatc,M.I.T. Theercaterpartof thisjiaperwaswrittenwhilethe
writerservedaaaXationalResearchFellowatPrincetonUmvewity(«926-1928).

'EnglerandWitd:Ber.,30,1669(1897);EnglerandWeisaberg:"KritischeStudien
uberdieVorgfingcderAutoxydation,"(1904).Bach:Compt.rend.,124,951(1897;;
"Fortschritted.naturw.Forsch."(EditedbyAbderhalden),1,85(1910).

» Wietond:Ber.,45,484,685,670,2603d9«);46,3327(1913);47,2085(1914)»and
severa)otherarticlesuptoandincluding1928.

•Meyer:Ber.,19,to8g(1886).
4Bone,XewittandTownend:J. Chem.Soc.,123,aoo8d9«); Bone,Fraserand

Newitt:Proc.Roy.Soc.,110A,615(19*6);BoneandTownend:"FlamcandCombustion
inCases,"346(1937).

•Theauthorsrefer,inthiscase,totheearlyexpcrinicntsofDixon:BritishAssociation
Keports,p.503(1880);Phil.Tran».,175,617(1884);J. Chem.Soc.,49,384«8*6). Thesc
expérimentahavebeenrecentlycitedhyAdickes:Z.angew.Chem.,40,1131(19*7),as^
conclusiveevidenceinfavorofWieland'adehydrogenationtheory.
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ictlywithout its intervention." Moreover,Lind' reports that underdirectlywithout its intervention." Moreover,Lind' reports that under

ionizinginfluencecarbonmonoxidecombineswithoxygenevenat the tem-

peratureof liquidairandconcludesthat "reactionat this lowtemperatureis

a proofthat moistureis not essentialto the propagationof the ionio reac-

tions." Similarconclusionshavebeenreachedby Dixon'in the caseof the

combustionofdry mixturesof cyanogenandoxygen,andby Baker9and by
DixonandRussell10inthe caseof the combustionof dry mixturesof carbon

disulfideand oxygen. Furthermore,Mellor"states that extreme drying
doesretard the oxidationof phosphorus,but doesnot completelyinhibit

theprocess.
Onefindsequallystrikingchemicalevidencein favorofthe Engler-Bach ?

theoryin the successfulattempts maderecentlyto isolate"truc" organic

peroxidesfrom auto-oxidationreactions. Clover"succeededin isolating
etherperoxidewhich,accordingto him,isresponsiblefor theexplosionsoc- =

curringduring distillationsof ether. Jorissonand van der Beek13have

recentlypreparedbenzoperacidinrelativelygoodyieldsbytheauto-oxidation

ofbenzaldehyde.VeryrecentlyStephens'4claimsto haveisolateda "truc" s

peroxideof cyclohexene.whileMardles"succeededin demonstratingthe

primaryformationofextremelyactiveand short-livedorganicperoxidesin
S

the slowcombustionof ethane. Theexperimentsof Mardlesareof special

significancesincetheyare at variancewiththe "hydroxylationtheory"1*of

hydrocarboncombustion.Moreover,theveryrecentexperimentsof Milas17

on the inducedoxidationseffectedduringthe auto-oxidationof anethol,

styrene,etc.,domonstrateclearlythe primaryformationofunstablebut very
reactiveperoxides.

Anothersourceofevidenceis to befoundin the fieldofinhibition. The

recentobservationsof Dhar," Moureuand Dufraisse,1»and others have

shownthat smallquantitiesof certaininorganicaswellas organicsubstances

arecapableof retardingor evenpreventingthe oxidationof auto-oxidants,
suchas acrolein,benzaldchydeand sodiumsulfitewith molecularoxygen.
Furthermore,Dixon50bas observedthat smallquantitiesof ethylene and

Lind:"TheChemicalEffectsofAlphaParticlesandElectrons"(SecondEdition)
167(1928).

Dixon:J.Chem.Soc.,49,390(1886).
•Baker:Phil.Trans.,179,582(1888).
>°DixonandRussell:J.Chem.Soc.,75,600(1899).
11Mellor:"AComprehensiveTreatiseonInorganicandThebreticalChemistry,"8,

775(19*8).
Il Clover:J.Am.Chem.Soc.,44,1107(1922).
11JorissenandvanderBeek:Kec.Trav.chim.,45,245(1926);vanderBeek:47,a86

(19*8).
Stephens:J.Am.Chem.Soc.,50,568(1928).

»Mardles:J.Chem.Soc.,1928,872.
>•BoneandTownend:Le.page373.
»Milas:Proc.Nat.Acad.Sci.,14,844(1928).
»Dhar:Proc.K.Akad.Wetenscb.,Amsterdam,29,1023(1921).

MoureuandDufraisse:InstitutInternationaledeChimieSolvay,Bruxelles,April
(1925^,page524;Chem.Reviews,3,113(1927). 3

mDixon:Kec.Trav.chim.,40,305(1925). s
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acetylenehave a powerfulinhibitoryactionon the phosphorescentcom-

bustionof carbondisulfide.

In the fieldof biology,Warburg"madethe significantobservationthat

smallquantitiesof narcotie2*or poisonoussubstancesnot only impedethe

respirationof livingcellsbut inhibitit in a "reversiblemanner." Since

the earlyworkof Warburgimportantobservationshave beenmade in this

fieldby Meyerhof,*3Fleisch,14Szcnt-Gyorgyi,*andWind." Onthe basisof

the foregoingexperimentalevidenee,onemayreasonablyconeludethat, with

veryfewexceptions,one importantcriterionof auto-oxidationswhetherin

gaseous,liquidor solidstate," ili vivoor in vitro,is theirsusceptibUUyto in~

hibitaryaction. Wieland'stheory is incapableof explainingthese experi-
mentalfaetssincedehydrogenationsareverylittleor not at all susceptible
to inhibitoryaction."

Stillanothersourceofevidenceinfavorof the"peroxidetheory"is to be

foundin the fieldsof promoteractionandinducedoxidations. Thunberg"
wasthe firetto showtbat smallquantitiesof ironsalts producedstartling
effectson theauto-oxidationof lecithin. In thisconnectionWarburg,wMey-
erhof"and othershavefurtherdemonstratedthat ironsaltsare capableof

acceleratingauto-oxidationseveninthe livingcell,whileSpoehr**and Spoehr
and Smith"have shownthat sodiumferropyrophosphateis an excellent

oxygencarrierin inducingthe oxidationof glucoseand relatedsugarswith

atmosphericoxygen.Thiscatalystwasfoundto inducenotonlythe oxidation

of reducingsugarsbut alsothat ofsucroseandpolyhydriealcoholswhichdo

not reduceFehling'ssolution. Theauthorsarenotquiteconvincedas to the
exactmechanismoftheirreactionsbutpointout threepossiblewayswhereby
oxidationsmayoccur,eitherbymeansofsurfaceeatalysis(adsorption),orby
electronicoxidationandreduetionofthecatalyst,orbyintermediateperoxide
formationwiththe catalyst.

Animportantclassof oxygencarrierswhichseemto play a very sig-
nificantrôleinrespirationphenomenaofthe livingcellisthat whichincludes

compoundsof the sulphydrylgroupwhichwasfirstsuggestedby the workof

31Warlmrg:Z.physiol.Chem.,69,452(1910);Erg.Physiol.,158,190(1914);Biochem-
Z.,136,266(1923).

"Winteretein:"DieXarkosc,"2t4,(1926)statesthatinhibitionofauto-oxidations
inthelivingcellshouldnotbeconsideredaspecifieactionofnarcoticsandthereforeisnot
thecauseofnarcosis.

Meyerhof:"ChemicalDynamicsofLitePhenomena,"Chapter1(1934).
«Fleisch:Biochem.J., te,294(1924).
9Sîenî-Gyorgyi:Biochem.Z.,150,195(1924);157,50,398(192$).
"Wind:Biochem.Z.,159,58(1925).
Feldmann:Giorn.chim.ind.applieata,9, 455(9927).

"Fora crucialtestofWieland'stheory,seeTanaka:Biochem.Z.,157,435('935'i
J.OrientalMcd.,4, 4(1925).

» Thtmberg:Skand.Arcb.Physiol.,24,90,94{1910).
"Warburg:Biochem.Z., 142,518(1923);145,461(1924);152,479(1924).
"Meyerhof:l.c.pages17-22.
a .Spoehr:J.Am.Chem.Soc.,46,1474(1934).
» SpoehrandSmith:J. Am.Chem.Soc.,48,336(1926).
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Heffter.MGlutathione"and thioglycollicacid"are twocompoundsof this

groupthat havebeenextensivelystudiedbothinvitroandin vivo, Various

nwchanismshavebeenproposedto accountfortheabilityofthesecompounds
to transportoxygento muscletissue. SomebiologistsbelievëwithWieland

that the sulphydrylgroupdoesnot actuallytransportoxygento the muscle

tissuebut insteadremoveshydrogenatomsfromit. The assumptionis

made,therefore, that the disulfidewhichis formedby the spontaneous
oxidationof sulphydrylacts as a hydrogenacceptor.That this mechanism

isnotplausibleisclearlypointedout byMeyerhofwhostatesthat, "Accord-

ingto this theory(dehydrogenation)it remains,however,incomprehensible,
howthe sulphydrylcompoundcan transporttheoxygenin a largeramount

andaboveall withgreater speedthan the disulfide."Hethen postulatesa

mechanismwherebyoxygenmay betransportedto themuscletissueby the

sulphydryl:
0-0

RSH + HSR + O,– »-RSH HSR

0–0

1 1
RSH HSR + M--HRSH + MO,

whereM representsthe muscletissue. Obviouslythisinterpretationgivesa

moreplausibleexplanationofthe facts,butchemicallyit ishighlyimprobable.
MorerecentlyKendalFsuggestedan interpretationofthisprocessin which

hemadethe assumptionthat the abilityofglutathioneand otheranalogous

substancesto transportoxygento muscletissuedependson the presenceof

"thermolabileunstableaddition productscontainingoxygenand sulfur."

Anotherinterpretationof this processbasedontherecentadvancesof elee-

tronicstructuresisproposedlater in thispaper.
Auto-oxidationsare not only susceptibleto inhibitoryand accelerating

actionof certaintypes of reagents,but arealsocapableof inducingthe oxi-

dationof othersubstanceswhichordinarilyarenotoxidisedwithmolecular

oxygen. Asfar backas 1890Pedler"noticedtheoxidationof atmospheric

nitrogenduringthe combustionof carbondisulfidewithair, whileveryre-

cently Mardlcs"reports the inducedoxidationof bepzene,aniline,etc.,

duringthe slowcombustionof ethyl etheror ethane. Furthermore,Feld-

mann" bas recentlyshownthat sodiumamalgaminducesthe oxidation,

withmolecularoxygen,of mercuryto mercuricoxideat ioo°, alsothat of

ethylalcoholto aceticacidunderpressure.Neitherthemercurynor theal-

coholaloneare readilyoxidizedwithoxygenundertheconditionsstated. The

"Hcffter:Mcd.nat.Arch.,1,81(1908).
»Hopkins:JohnsHopkinsHogpitalBull.,32,321d9«)îBiochem.J., 15,386(19*1).

"Meyerhof:Le.pages30-35.
"Kendall:Science,(2),62,384(1928).
»Pcdler:J. Chem.Soc.,57,625(1890).
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presentauthor"basfurthershownthatduringtheauto-oxidationofanethol,

styrene,etc., severalsubstanceslikeanthracene.phenanthrene.etc., are

inducedlyoxidized. Aitthesesubstanceshavebeenshownto be quiteinert

to oxygenin the absenceof the auto-oxidant.Therefore,one maysafely
concludethat anothervery importantand quite generalcharactcristicof

auto-oxidationsis theirabilityto inducethe oxidationofother substances.

In accordancewithWietand'sviewthesereactionsremainuttcrtyincompre-
hensible.

Thecriticsof the Engler-Bachtheoryhaveadvancedtheargumentthat

organicperoxidosalone,activethoughtheymaybe,arenotsumcicnttystrong

oxidizingagentsto oxidizeeitherthemuscletissueor othercomparativety
inertorganicsubstances.In orderto test the justificationof this criticism,
theauthorperfonnedthefollowingexperiment:Twog. ofanthracene(Eaat.
manKodak,C.P. quality,freefromanthraquinone)wassuspendedin 40c.c.

ofglacialacetieacidcontainedina 1:0c.c.test tube andto themixturewas

added5 g.of bcnzoperacid."Thetesttubewithits contentswasplacedin

an oil-bathkept at i to"Cfor onehour. The oxperimentyieMed,besides

otheroxidationproductsofanthracene,0.2$g. ofanthraquinone.m.p,28!-

a83"C. Thisexperimentseemsto provethe inadequacyof the foregoing
criticism.However,theperoxidetheory,alone,cannot,in its presentform,

adequatelyexplainthe inducedoxidations.Neitheris it compétentof ex-

plainingsatisfactorily,in the opinionof the author,the retardationor ac-

celerationeffectsproducedonauto-oxidationsby smai!quantitiesofcertain

typesof chemicalsubstances.

TheNewInterpretation

Grantingthat in all auto-oxidationsoxygenaddain themolecularform,
isthere anynewevidencetoshowhowthisadditionmighttakeplace? This

rather fundamentalquestionmaybe answeredsatisfactorilyonly after a

thoroughand eritiealexaminationof the most recentviewsconcerningthe

possibleelectronieconfigurationofoxygenon the onehand and of auto-

oxidantson the other.

Thereseemsto bea confusion,at present,as to théexactetectroniecon-

figurationof molecularoxygen. On the basis of the paramagnetismof

oxygen,onemay concludethat theoxygenmoleculewhichhas a moment

corrcspondingto twoBohrmagnetonsmay be analogousto an atom with

twoelectronsrotatingin the samedirection.~ But all gaseoussubstances

exhibitingparamagnetismconsistofmoleculesposscssingan "odd" number

ofelectronsand oxygenthereforeconstitutesa distinctanomaly. Toexplain
this anomalyLewis"madethe assumptionthat the predominantformof

motecutesinfreeoxygenisthat inwhicheachoxygenatompossesscsan"odd"

electronas, :0 0:. AccordingiyTaylorand Lewis*~thoughtthat if sucha

Houben-Wey):"DieMethodenderotj~nMchenChemie."2,tt} (t~M).
"Mtoner:Phil.Maf:(7),3,3j6(~7).

I~ewis:Chem.Hev.,t, 243()9es).
TaytorandLewis:Prot'.Xat.Acad.Sci.,il, 456(<9~).
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moleculereactedwithatomicchlorine,oneof the "odd" eleotronsshould

eitherbetransferredto thechlorineatomorbesharedwithit so that aninert

configurationis fonnedaroundthe ehlorineatom. The remaining"odd"

électronon thé othcroxygenatomshouldthen impartparamagneticprop-
erties to the chlorinedioxidemolecule.Thispredictionwasconfimedwhen

thé authorsfoundthat CtO;in CCt~was,indeed,paramagnetic.Fora time,
this evidencewasquiteconvincing.Nevertheless,the anomalystill remains

a mystery. Very recentlyGrimm~proposedan e!ectronicstructurefor

CtOtanatogousto that ofN0:,

:0 Ct 0: :0 N 0:

AlthoughGrimm'sstructuremayaccountfortheparamagneticpropertiesof

CtO: it failsto explainthe radicaldifférencein chcmiealpropertiesbetween

the two gases. Strangeto say, both lewis andGrimmfailed to consider

other possiblestructures. Therefore,if wemakethe followingassumption
that in oMat<<o-OMda<<ot)<(oxidationsinwhiohoxygenreactsin the molecular

fonn) theo<oms<ttwhich</<eoxygenmoleculeinitially«~ M<ayberegardedas

making~Kt'<econtributionsof tumerrons <o<<,in the caseof the chlorine

atom,the followingelectroniestructureof chloridedioxidemaybe deduced,

.0: +0:0: -Ct 0 0:

This.then,maybetenned"dative"peroxide~ofchlorine.It seemstoexplain
not onlythe paramagneticpropertiesof thegas,but alsoits instabilityand

explosivenature underthe influenceof lightor heat. In accordancewith

this reasoning,weare justifiedto concludethat molecularoxygenreactsby

sharing two electronswith other motccutcsto formmetastableor dative

pcMxides"whicharecharacterizedwithhighinstabilityandenergycontent.

Owingto their high instability,these peroxidesmay either revert instan-

taneouslyto the ordinaryperoxidesby transferringtheir excessenergyto

othermolecules,or initiatethe oxidationofothermolecules.

MolecularVatenceElectrons

Onthe basisofthe reasoningin theprccedingsection,it maybe inferred

that auto-oxidationscan occuronlywhenthe auto-oxidantpossesscsun-

sharedor "exposed"electronscomparableto valenceetectronsof thevarious

Grimm:"HandbuchderPhysik,"24,S)3('9~7).
The term"dative"haabeen6KtBuatcstedbyMeMies:Nature,121,457(tçtS),to

dénotea typeofcovalencyinwhiehoneoftheatomsinthe"dative"bondcontributca
botheteettem.

<*It isbesthèretopointoutthatindevelopingthisviewofauto-oxidations,I have
derivedeonsiderabh)bcnentfromtherecentviewsofSidga'ie)::J.Chem.Soc.,123,725
('9~3);"ThéEtectronicTheoryofVatence,"u6 ()9~7).

SharedelectronswMfhcaat3eeasily"exposed"byabsorptionofsomeformofexter-
na)energy.
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éléments." In viewof the recentdevetopmentsin connectionwith etec.

tronicbands,Muttiken~'andBirge~'haveshownthat the energylevelsasso-

ciated with valenceelectronsof moleculesare analogousin all essentia!

aspectswith the valenceelectronsof atoms. In other words,rnolecular

valenceelectronsare capableof existencein a series of electroniostates.

In moleculeslike CO,forexample,it is assumedthat eachatomrctainaits

ownK electrons,and of the outerten electrons,eight formsomesort of a

firmtyboundsymmetricalgroup,whitethe remainingtwo arc moreloosely
boundandthereforegiveriseto a set ofenergylevelswhicharcanalogousto

thoseattributedto valenceelectronsin atoms. These twoélectronswhich

constitutea "lone"or unsharedpair, are termed "molecularvalenceelec-

trons."

Now,if the viewexpressedin theearlypart of this sectionis correct,one

wouldnaturallyexpectCOto combinewithonemoleculeofoxygento forman

unstableand highlyreactivedativeperoxidewhichwillfurther reaet with

anothermoleculeofCOtofonntwomoleculesofCO;,as

:0:C:+0:0: :0:C:0:0:

:0:C:0:0:+:C:0 ïCO,

Theexplosivenature of this reaction,as notcd by Boneand his students,'
indicatesclearlythe possibilityof an intermediatemetastableperoxidefor-

mation.

This viewmaybe extendedfurtherto includeunsharedelectronsfound

inmoleculeslikeN0, NH.,PH.,80,, PHSOX,NH~NH,,Ht8,HI and those

containingunsaturatedlinkages. AUthese substancesare auto-oxidized,

althoughunderdifferentconditions,a tact whichseemsto indicatethat the

tnotecu!arvalenceelectronsare at different"penetration"levelsdepending

uponthe "promotionenergies,"the effectivenuc!carchargeof the parent

atom~and the stabilityof the "unpromoted"sharcdelectronsin the auto-

oxidantmolecule.Forexample,NH. reactswith0< onlyat relativelyhigh

temperatures,whitePHabumsspontaneouslyin 0: even&tthé temperature
ofsolidCO:. This differencein reactivitybctwcenNH. and Ot and FHt

Sincethéwritingofthepresentpaper,averyimportantarttdehMheenpuMMhedhy
MuUiken:Phys.Hev..32,t86(Augustt9:B),inwhichthewritertMesthetenn"promoted'
etectMMto denoteelectronswhosen values(principalquantumnumbers)havebcen
increasedasaresultofttomiccombinatiomandtheformationofmolecules.

« MuttitM'n:Phys.Rcv.,(2)26,s6t(t~es);Proe.Xat.Acad.Sei.,t2,144,338(t0t6).
"Birge:Bull.Kat.Reit.Couneil,tt. part!H,69(t026).
MLatimerandRcdebuah:J.Am.Chem.Soc.,42,<4<9(to:o).
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and Osindicatesnot only that the twomolecutcshavedifferentdegreesof

"pénétration"of molecularvalenceeleetronsbutalsoa differencein energy

contentof the moreCrm)yboundelectrons.

But is thereanychernicalévidenceto showthatmo]ecu!aroxygencom-

binesinitiallywithsubstancescontainingmolecularvalenceelectrons?From

the auto-oxidationof (CtH),)!.P,JoriBsen"succeededin isolating(CtHt~PO!,

the peroxidepropertiesof whiehhave beendemonstratcdby Englerand

Wi)d." Moreover,one might expect that the "blocking"of molecular

valenceelectronsby other atoms wouldmakethemoleculemore inert to

oxygen. This is actuallyfoundto be the casewithseveralsubstances. In

Table I, the compoundsJistcdunderColumn1 are readilyoxidizedwith

oxygen,whiletheir saltslistedin ColumnII arerelativelystablein oxygen.

TABLE 1

SubatancMeaaityoxidized Substancesstableinoxygen

H,P~ H,P:HI

(CJït).P~' (C,H,.),P:C,HtBr

(C,Ht),Sb~ (C,H.),Sb:C,H.Br

(CH,)tA8~ (CH.)<As:CH,Br

NH,NH~ NH~H,(H,SO<)<

RNHNH," RNHNHJÏ,SO<

ArNHOH' ArXHOHH;SO<

In additionto thesesubstancessevera!ary!amines,hydrazones,etc., well

knownto organicchemists,are iso!atedonlyin theformof their salts. In

accordancewiththe viewpresentedin thé foregoingpages,onewouldexpect

thesubstancesonthe righthand columnofTable1to reaetwithoxygenby

virtueof their molecularvalenceelectrons. Sincethe degreeof reactivity

of thèse substanceswith oxygenis knownontyqualitativelyat present,

wecannotdrawany definiteconclusionotherthanto state that the mole-

cular valenceelectronspresent in these substancesmay be insunicicntty

"cnergiiied"to initiatereactionwithoxygenunderordinaryconditions.

Jorissen:Ber.,29,tyoy(t896).
En~erandWHd:Ber.,30,t6M(t~).

"Obchewstty:MoMtshaft,1,37~()886).
Chrietiansen:"Or~tnieDerivativesofAntimony,"p.ïS('9~5).
RaizisandGavron:"OrganicArsenicalCompounds,"p.66(î<~3).

"CHyandBray:J.Am.Chem.Soc.,46, t~M(t9~).
Chattaway:J.Chem.Soc.,«t, !~3 (1907).
Bamber~e)':Ber.,27,)55'('894);33,t '8 (<9o6).
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Weare nowm a positionto explainthe abilityofsulphydrylgroupsto

transfer"active"oxygento muscletissueorto otherofgtnuesubstances.

0

0 1

R:8:H+0:0:R:S:H

R:8:H+M -~R:S:H+ MO,

0

0

Similarly,the ability of the disulfideto transfer thc oxygenmay be ex-

ptained:

0

0

R:8:8:R+M-~R:8:8:R+ MO:

However,the "pénétration"ofmolecularvalenceelectronsin the disulfideis

muchgreater,dueto a considerableliberationofenergyduringits formation

fromthesutphydry!,andthereforeit wouldbe expectedto bea pooreroxygen

carrier.

Theabsorptionof molecularoxygenby unsaturatedgroupaUkc–C~C,

H ?
>C=.C<, -C=0, >C=0, <~C-, -C=N-, >C=S, etc., to fonn

dative peroxidesmay be best iHustratedby the followingtwo typical ex-

amptes:
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(t) Aut<w)xidftt!onof Styrène:–

H H H

C CC

HC CH HC CH HC CH

!) ) + o :o )) ) Il
HC

il
CH HC CH

--+

HC CH

H H

r~ f~ C

HC CH HC CH HC :CH,
<

0 0 0

0

(!) or (2)

H H

C C

CH CH HCHHC CH HC CH HCH
jj ) +0,(Active),)) j + !)

HC CH HC CH 0

C C

HC :CH, HC=0

In the firstcasethe activeoxygenwilloxidizeothersubstancesinertto motc-

cularoxygen. Of course,the aldehydesfonnedduringthe secondcourseof

the reactionoxidizefurtherto the correspondingacids.

(2) Auto-oxidationof Sutfoncs:–DcMpine~observedthe formationof

ketonesandsulfurtrioxidein additionto stnaUquantiticsof sulfurdioxide

andsulfur. Themainreactionmaybeexpressedas follows:

R. R~ 1~

~C 8 :+ 0: 0 )>C: S: >C–8
o

s + 0: 0: -+

it
S; -+ C-fo;

R 1~ R~t ) I
0: 0–0

0

DcMpine;But).,31,76~(t~t).
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H R.
~C: S + 0: 0 .>C--S 0 0 ~)

R/[ R/j

0––0 0--0

R
~C~O+80:,

.>c 0
+ 803

R~

8idereactionsarealsolikelyto occur,duc,perhaps,to the interactionof803

with the originalsulfonemolecules.If the mechanism,as shownabove,is

eon-cet,the doubledativeperoxiderepresentedin thesecondreaction,would

possessmuchmoreenergythanwoulda singledativeperoxide.Thisisborne

out by the resultsof Detépincwhoobservedthat duringthé spontaneous

auto-oxtdatmnof sulfonesconsiderablevisibleradiationis produced. The

spontaneousauto-oxidationof yellowphosphorusmaybe analogouslyinter.

preted.

InhibitionandAccelerationofAuto-Oxidations

In the interpretationofbandspectra,modemspectroscopistshavearrived

at the conclusionthat the totalenergyofa moleculeismadeup oftheenergy

due to the transitionsofelectronicorbits,the oscillatoryenergyof nuclear

vibrationsandthe rotationalenergyof the moleculcas a whole. Sincethe

moleeularvalenceelectronsare moreloosclyboundto the molecule,they

maybe assumedto be moreeasilyaffectedby environmentaldisturbances,

suchas collisionsfromneighboringmoleculesorelectrons,radiationandtem-

peratureeffecta. Therefore,(Ae~M<changetvhichmayocc!<rtHanychemical

reaclionis thechangeqfelectronicener~caused enM'roMMeHta~forces.This

changecausesan immédiatechangein thévibrationaland rotationalénergies

of the moleculein orderthat equilibriummaybe established.

Arrheniuswas the firstto point out that moleculesshould be in an

"activated"statebeforetheycantakepart in anychemicatreaction. In the

caseof auto-oxidants,the "activation"or the "de-activation"of molecules

maybcgovernedbythe followingenergyconsiderations:(t) Theexistenceof

activated moléculesdependsuponthe "penetration"of molecularvatencc

etectrons. Penetrationmaybe definedas the energylevelof the molecular

valenceelectronsat a definiteequilibriumstate of the moleculein question.

(2)Theenergytransferamongmoleculesunderordinaryconditionsismanipu-

tatcdentirelythroughchangesofthe looselyboundmolecularvalenceelectrons.

If A: representsa moleculeofan auto-oxidantandel the energyofactiva-

tion,the changeswhichmayoccurduringthe auto-oxidationof themolecule

A:maybereprescntedasfollows:

A:+e~A~: (1)

A~: + 0 6 A: 0 0 (ci + e.,) (2)
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whercel istheenergyduoto the instantaneousneutralizationof théactivated

moleculeA ft: and 0<. Furthermore,the eleetronswhichare directly

responsiblefor the formationof thedativeperoxideshownin (2)haveunder-

gonean increaseintheirprincipalquantumnumbersdueto theabsorptionof

energye~. Moleculescontainingtheseetectronswouldbecharacterizedwith

a very lowenergyofdissociationandcxtreme!yhighinstability. Merecol-

lisionswithothermoleculesthereforewillsumcetoeffecta rearrangcmentor

evendecompositionof the dativeperoxidewith liberationofenergy. This

energy,accordingtoChristiansen"isutilizedto initiatereactionchains.

/0
A 0 0 (el+ e,) + A

A<. ) +
A~ (3)

\Q

wheree3is the sumofel + e:. Thisenergyincreaseswitheachsubsequent

reactionchainand eventually,accordingto Semenoff,"leads to explosive

reactions.

If an inhibitorcollidedwiththe dativeperoxide,aUtheexcessenergyof

the latter wouldbecompletelyabsorbedbythe molecularvalenceelectrons

of theformer,thus the initiationofnewreactionchainsispreventedandthe

rate of auto-oxidationis greatly reduced. A criticalexaminationof the

variousinhibitorsofauto-oxidationrevealsthe factthat ailof thempossess

molecularvalenceelectrons,but probablyat dinerentpenetrations. An

exchangeofenergy,therefore,betweenthe inhibitorandthe dativeperoxide

resultingin the partialactivationof the former,is inevitableto inhibitory

action. Moreover,this exchangeof energytakes place instantaneousty

eitherby eteotronicimpactsor by emissionand re-absorptionof invisible

radiation. The activatedmoleculesof the inhibitorean then be either

oxidizedby the organicperoxidesor by freeoxygen,"or combinewith the

activeauto-oxidantmoleculesformingunstablecomplexeswhichmayde-

composeto yield the originalinhibitormolecules.Anthraquinone,forex-

ample,wasfoundbytheauthorto inhibittheauto-oxidationofanetholyet it

wasrecoveredunchangedat theendof thereaction."

The mechanismof the promoteractionon auto-oxidations,on the other

hand, can be explainedby assumingthat the valenceelectronsof the pro-

motertransfcr theirenergyto the inactiveauto-oxidanteither directlyor

throughthe formationof an intermediatedativeperoxideof the promoter.

"Chtisthnsen:J. Phya.Chem.,26,t~s(t9~).
<' Semenotf:Z.phytik,48,S7'('9~).
"tMekatrOm:Medd.K.VetCMkapMkad.XobeMnst.,6,38(t9t7).

Mihs:Proe.N&t.Acad.Sci.,Ju)y(t~9).
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SchematicaHy,the inhibitoryandacceleratingactionproducedbyamaU

quantitiesof substanceson auto-oxidationsand the inducedeffectof thé

lattermaybc explainedasfoUows:

A:+~A~: (')

A~ + 0 0 A 0 6 (pi + ei) (:)

(a)A + BO,

A 0 U (e,-f-eg)-1- B -->
/0

-I- ..°=~ (3)A 0 0 (e, + e,) + B A<. + B
1-X

(3)

(b).A='0+B'=0

Rcaetion(b) is irreversible,while(a) tnight under favorableconditions,

reverseitself.
In the caseof thepromoteraction,the followingschememaybeadopted

A:+C~A~:+C: (Promoteraction) (4)

or C~:+6:b:C:0:0:(et+e!),

and

C 0 6 (et + c<)+ A C + AO,+ et + e,

or + Af, C + AO,+ :Ct +e, (5)

Réaction(5)showspromoted+ inducedoxidation.In the aboveschemeB

representsthe inhibitorandCthe promoter.
Asa eonciudingremark,it may be stated that the new interprétation

of auto~xidationreactions,as presentedin the foregoingpages,thoughit

differsfromanyviewsso far presentedserves,in the opinionof theauthor,

as a compromiseamongthe prevalent,widelydifferentviewsheldby thé

varionsinvcstigatorsin the field.

~earcA~ohom<or!/«fO~KtcC/temt'
.M'!<M)cAM<t«a/n<MM<e<~?'ec/tt)o<aft~,
CmMM~.~"M.
.~n-~30,~?N.



THE SHAPESOF DROPS,ANDTHE DETERMINATIONOF

SURFACETENSION

B. B. FREUD AND W. D. HARKINS.

Introduction

Whitcthe surfacetensionofa liquidmaybedeterminedwithconsiderable

accuracyby thedropweightmethod,providedtheempiricalcorrectioncurve

of Harkinsand Brown'is used,the surfacetensionthusobtainedis based

fundamentallyuponcapillaryheightdéterminationsasmadeby them. The

apparentlyweU-justinedassumptionwhichtheyusedMthat the correction

factoris detenninedentirelyby the shapeof the drop. Their methodis

franklyempiricalin regardto the relationbetweenthésizeof the dropand

the knownconstantsof liquidand tip, althoughthe comparisonbetween

dropsof differentliquidsis supportedby theory. Thepresent study was

undertakenin the hopeof supplyinga theoreticalbasisfor the empirical
relationsjust noted. Althoughthishopehasnot beenrealized,other rela-

tionshipshavecorneto light.
Theproblemis thestudyof thechangestakingplacewhena dropofliquid

fallsfroma circularhorizontaltip. It basbeenfoundconvenientto consider

it underthe topics,the hanging,thedetaching,andthedetacheddrop. It is

necessaryto simptifyfurther by assumingthat the liquidbas a verysmaM

viscosity,or that sufficienttimeisallowedto permitthe systemto coineto

equitibrium.Thesecondalternativedoesnotofcourseapplyto thedetaching

dropas in thiscasethe time changesare not underourcontrol. Thestart-

ingpointforthe investigationmustbethe initialstate,that is,thé dropwhich

hasnotyet becomeunstableandstartedto separate,-whatwehavetermed

théhangingdrop.

TheHaagingDrop

The shapesof liquid surfaces.havebeen discussedmathematicallyby

manyauthors,and areexpressedbythefamilarequationof ï~ptace:

~~R.+R-J
p a

~(Tt, + Iial
(r)

wherep indieatesthe pressureat any point of the surface,Ri and R2the

principalradiiof curvatureof thé surfaceat that point,and r the surface

tensionof the liquid. Thespecialformof it applicableto surfacesof revolu-

tionis:

y
+

y'
-(h-y)2 du U 3 (2)

(7+W~+,(.+y'~=~-y) or ~+,~(h-y)

KentChemicalLaborator)',ThéL'oivefsityofChicago,Chicago,Illinois.
Hat-kinaandBrown:J.Am.Chem.Soe.,4t,499(t~t?).
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y"
whereRI and H<havebeenreplacedby their équivalents and

––T..
x and y beingthé coordinatesof the point measuredfrom

x(t+y'')'
the bottomof the dropas originand the axisof symmetryof thc dropas

y-axis,y*and y' the secondandfirstderivativesofy withrespectto x re-

specttvety,anduthesineoftheanglethetangentto théprofile(theboundary
ofa verticalsectionof the dropthroughthe axis)makeswiththe horizontal.

For p/'y bas beensubstitutedit(h-y)/a'. The factor (h-y) is the height

of the cohmn of the liquidwhiehwouldexert the pressurep at thé given

point. If the pressureof theatmosphereoutsidethedropandonthe liquid

surfaceinsidothetip isthesame,andif thissurfaceisnotsosmallas to show

the effectsof a capillaryrise,then(h-y) is the headof the liquidabovethe

givenpoint,andh is the headabovetheorigin. Bydéfinition:/a~ is equal

to gd/'y. It shouldbenotedthat weare followingthe Gennaneustom,in-

steadofthat ofcertainEngUshwriterswhomakea*= 'y/gd.

Thereare otherwaysofobtainingthe sameequation,of whiehthe sim-

plestlisthat ofequatingtheforcesactingon a horizontalsectionofa drop,as

follows:

2)rxuy = Vgd+ irx*(h-y)gd (3)

V = ~dy = wxua'' wx'(h-y)

Vis thévolumeofthe liquidbelowthcsectionweareconsidering.It willbc

sccnthat thé surfacetensionaroundthésectionholdsup the weightofthe

liquidbelowit anda cotumnof liquid(h-y) in heightandofbaseequatto

théareaof thesectionitself. DinerentiationofthisequationyictdsEquation

(2)andconverselyintegrationofthat expressionyieidsthis.

Quitcdifïcrentpremiseswillalso give this expression.The shapesof

soap bubbleshave been developedby the calculusof variations. The

problemin that caseis to Rndthe smallestsurfaceenclosinga givenvolume.

A similartreatmentof ourproblem,withthe additionalconditionthat the

centerof gravitymust be ina givenposition,yietdsthe aboveexpression.

The additionalsymbolsrequiredare r, the radiusof thé tip (a partioular

valueof x), andc, the distanceofthe centerof gravityfromthe origin. Wc

mustconsiderthe thrcc integrats:

V ° M'y'dx

Vc= wx'yy'dx

S =~~x(t+y~dx

Theprocedureisto let theformof thefunctiony = f(x)(whichisnot known

to us)changesothat x andyremainconstant,buty' changesbyan amount

6y'. The correspondingchangein Vis <V. Then

y + $V= ~(y' + Sy')dx=. ~M'y'dx + .y'dx (4)

1 Worthington:Proc.HoyetSoc.,32,363()88t);i~yteigh:Phil.Mat: (5)<S.3~'
('S99).
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CancellingVanditsequivalentinEquation(4), andsubstituting.y) forSy',

<V
.x~(.y)

= trx'.yH ~~ydx(lx

Thesamereasoningappliedto Vcand Syields:

o(Vc) ~yoy]~ ~~xy!ydx

<I-f(7~ -f~
d1/

(t + yf2)1!2 lu (1 .1,, y~ o (t y~)ais
I/Y X

It isa principleof thecatoutusofvariationsthat iftwointegralsareto beheld
constantand a third maximizedor minimized,and if the expressionsleft
underthe intégrâtsigns,after the variationsofy' and of higherderivatives

hâvebeenreducedtocyasabove(exclusiveofSydx),bef),fi, andf:,then

f)+ mf.:+ nf: =o

wherelnandnare constants. Applyingthis to ourproblem,weobtain the

expression:

-i- :Trny' ~nxy* a:)rx+ zwmxy+ ––––n + –––~n =*o2rX+ 21rnl.Xy
(1+ y")' (' + y~

= 0

Thisean bceasilytransformedintoEquation(2),withm/n in theplaceof

:/a' and t/m in that of h. At the bottomof thedroppo = hgd. Ash in

the old notation equals –i/m in the new,m = –gd/po. Accordingly,
n == r/po.

It acentsto be impossibleto integrateEquation(2),and sofinddirectly
thefunetionalrelationbetweenyandx,orevento integrateit onceandobtain
therelationbetweeny', y andx. It can,however,bc integratedinseries,by
the useofTaylor'stheorem,as basbeendescribedby Rungc'andby Lohn-

stein.~Thetwoconstants,a andh,maybcreducedto oneby thesubstitution

ofax, ay, ah and a*Vforx, y, h, andVrespectively,enablingus to useone
seriesof curvesto expressthe resuttsforall Hquids.'Fig. i showsthe drop

profilesforvaluesof h rangingfromo to 4. It willbeseen that they are

of twokindsof profiles:in oney continuouslyincreaseswith x, and in the

other thereare one or moreconstrictions,whichweshall eall necks. If a

constant-xline is foUowedfromthe x-axisto Curve I, Fig. t, (the

meaningofwhichwiUbeexplainedlater),the portionofthe curvesbetween

that iso-xlineand they-axisshowsthesuccessiveprontesof the dropas the

volume inereases.

Beyondthe pointon the iso-xlinewhereCurve1 crossesit, the volume

calculatedfromEquation(3)nolongerinereases,and weshaUthereforccaU

this the curveof maximumvolume. Fig.shows moreclearlythe increase

Run~:Math.Ann.,46,tys ('895).
Lehnatein:Ann.Phymk,(4)20,~7,6o6(t9«6);2t,t03<;22,767(<907).
BMhfordandAdamshavepublieheddataonhangingas wellasonsémitedrops.

"CapiMatyAction,"CambridgeLniveraityPreM,(~83).
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of V with inereasingh untila maximumis reached,after whichVdeereases.

The procedurein the usuatdrop weightmeasuremeatis to inercaBeslowly

the volumeof the dropuntilfinallyit faUs. Lohnstein'aconclusionwas that

the point wherethe volumecanno longerbe inereasedmarks the limit of

1

stabilityof the drop,whichseemsentirelyreasonable. In otherwords,the

profilebelowthe curveofmaximumvolumeshowsthe shapeof the drop at

the momentbeforeit beginsto detach. Thèsedrop profilesmust be thé

starting-pointofanysatisfactorytheoryof dmp-weights.
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TABLE1

SigniBcantPoints of Fig. i

f n ° )lat du
0

Dropof MaximumVolume

-°
a

? x y V

.9 !.250 -130

.4 1.269 .272

.6 !.233 .407

.8 !8o .538
t.o t.tta .665
i.i 1.070 .7:6 :8 .s; 6.68
t.a !.o:s .785 :.os .63 6.so
1.3 .973 .~4' '-86 1.73 6.06
t.4 .9!8 .894 t.67 .8: s.73
i.S .858 .94! 1.39 .83S 4.44
t.6 .795 .983 !-2! 1.868 3-70
i.~7 .7:7 i.ot6 .98 .8:8 2.8:
t.8 .658 !.o4t .6<!8 t.041 .8: .800 a.ao
t.99 .603 .790 .589 1.077 .66 .7S9 ''7' 1

.576 i.3!o
2.0 .560 .692 .5~~ 1.054 .5*7 1-654 !8

.485 t. 402
2.1 .524 .626 .460 t.04! .418 1.601 1.005

399 '423
2.2 .495 -575 .417 1.020 .330 t.5<'o .787

.3~3 '-402
2.4 .446 .500 -3'i .958 .213 '300 .5'a

.213 1.284
3.0 .346 .369 ."68 .756 .078 .920 .205

.078 .916 .190 094
.538 2.073

4.0 .255 .a64 .084 .547 -0~6 .6:0 .074
.026 .609 .o86 .673
.284 :.ot6 .154 1-346
.o8): 1.504 -'70 1.678
.382 2.258 .349 !582
.5!7 !.890

Fig. 3showsnot V but V/vx, whichis caUede, plottedagainstx. A

maximumV fora particularxofcoursemeansa maximumEabo,and so the

envelopeofthisseriesofcurvesmayalsobeusedforthedeterminationof the

curveof maximumvolume. Asit is somewhatcasierto read thepointsof

contactofthe curveswiththeenvelopeonthissetofcurvesthanon thoseof

Fig.2, it basbeenusedto obtainthevaluesofthe maximumvolumesofthis

paper. It tnustbc said, howevcr,that thèseare the most inaccuratedata

in the paperbecauseof this difficultyin readingthe exactpointof contact.
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Thetheoryof the hangingdropbasreceivedsomeexperimentalcon-
firmation. Gross'foundthat if the headof the liquidabovethetip (which
wecallh-y) takeptconstantthereis onlyonestabledropaameasuredbyita

lengthwhiohcan hangon a giventip. If, by usingsuetionor pressure,a

dropofanothersizeis formed,onreatorationoftheoriginalpressurethe drop
willeitherchangeto the stableformoretsegrowuntilit becomesunstableand

detaches. There is another criticatlength,however. A dropsomewhat

shorterthanthis contraotsuntilthe stableformis rcached;a dropsomewhat

longergrowsuntil it detaches. Theexptanationon the basisof thé theory
of the hangingdropis as fouows.Fig.4showsthe drop profileourvesinter-

1

sectedbyanotherseriesofcurvesauchthateaehconnectapointsofconstant

h-y. The independentvariablesofGrossare our valuesof h–y and x.

Fromthefigureit willbeseenthat thechoiceofthesetwovariablesingeneral
déterminestwo points,that is,twodrops.A dropshorter thanthe smaMcr

is in equilibriumwith a pressure(h-y) !essthan that initiaUyset by the

experimenter.Whenthe initialpressureis reestaMished,by removingthe

externalpressureor suction,the dropwillgrowuntil it is inequilibriumin

obédienceto the lawthat Hquidsrunfromrégionsof higherto thoseof lower

pressure. Similarly,a dropsomewhatlongerthan the stableone,havinga

higherpressurethanthat dueto theheadofliquid,willcontractuntilequilib-
riumis reached. The largerdropdetenninedby the abovechoiceof h-y
andx isofanothercharacter. Ashorterdropthan this basa higherpressure;

liquidwillthereforcrun out of it untilthestabledrop is reached. Alonger

P.L.Gross:CMvcKHtyofChicagoDimertat!on(t9:6).
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drophasa amaHerpressurethan thatdue to the head;liquidwillrun into it

continuouslyuntilthecurveofmaximumvolumeisreachedand thedropde-

taches (seeFig. 4&).
Grosshas madea numberof experimentalobservationsconnectingX,

h–y, andthe lengthy ofthedrop,whichonthe wholeagréewiththis theory.
The portionsof the curvesabovethe curveof maximumvolumeare un-

explainedasyet. Possiblytheyhavenophysicalreality. Thusa dropmight
assumesuchshapesif r/a werevariable-saywhenfallingfroma verylarge
surface. The partsof the curvesbelowthe curveof maximumvolumeare,

howcver,the shapesof thedropsbeforethe limitingincrémentofvolumehas

beenaddedto themwhichmakesthemunstable.

Thé figuresdiscussedabovearealso interestingin connectionwith thé

considerationofthe idealdrop.Theweight(W*=Mg)of liquidsupportedina

capillarytube bysurfacetensionis equalto awry,providedtheangleofcon-
tact is zero. Themaximumweightof liquidsupportedby a dropweighttip
of infinitesimalradiusappearste begivenbyjust thesameexpression.More

cxactly the valueof r/a, not that of r alone,shouldbe very small. The

maximumdropwhichis stableon aucha tip is designatedby Harkinsand
Brown' as the idealdrop. This use of the term ideal is analogousin a

certain sense to its applicationto gasesor solutions,for whichideal be-

haviouris postulatedat infinitesimalconcentration.The generaltheoryof

the dropindicatesthat the weightof the idea!dropis that givenabove,or

W = Mg :trrr (forthe idealdrop).

HarkinaandBrown:loc.cit.
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This is supposedto be not onlytheweightof the maximumhangingdrop,
but it Mverynearlythe weightofthat whiehfalls,sincepracticallyallof the

hangingdropdetaches.
The aboveparagraphis entiretyin agreementwith the theoryof Lohn-

stein,but severalwritersduringthe last fifteenyearshâveclaimedthat the

weightofthe idealdropisnot :~ry butonlyhalfofthis,orwry.Theoriginof
this idea is to be foundin the fact that in :88ï Worthingtonobtainedthe
lattervalueas the weightofa dropwhiohbas"verticalcontact"withthe tip.
That is,the topof thedropwassupposedbyhimtobea cylindricalextension
of the verticaloutsidewallof thé tip. Hisequationfor the weightof the
maximumdropundersuchconditionsis

W'=' 2<r~y trr'ir =wry

inwhichr istheradiusofthe tipandr' thatofthecurvatureofthe dropin the

planeof the tip. Sincetheseareofnecessityequaltheequationmayseernat
first sight to be justified. Howevera referenceto the equationsused by
Worthingtonhimselfa fewpagesearlier,showsthat it is entirelyincorrect,
sinceit neglectsthe curvaturein theverticalplaneof thesurfaceofthedrop
at the pointof contact. Assumingthat the connectionof drop with tip is

at the narrowestpart of the neck,whichisprobablyexactlytrue onlyin the

limit, the correctequationis, obviously,
W = 2irr7 ~rr~(t/r + i/s) (5)

in whichs is this secondcurvature.
Thecontourof the smaHestdroprepresentedin Fig. t showsthat at the

pointofcontactwiththe tip (CurveI) thecurvatures bas the oppositesign
fromr, and is numericallyalmostequalto it. Further,visualobservation
ofdropsformuchsmallervaluesofr/a indicatesthesamerelation. If r and
s are numericallyequalthe secondtermofEquation(5)disappears,so

W=':wry

whichis theweightof this idealdropasgivenbyHarkinsandBrown.
Whileit is impossibleto déterminethe weightofa dropwhichfallsfrom

aninfinitesimaltip, recoursemaybemadeto thesameprocessusedwitha gas
ora solution,extrapolationto a zérovalue. If the generalequation

W = a~ry-F

is used,it isfoundthat an experimentaldéterminationof F givesa valueof

0.6at r/a = i. At lowvaluesofr/a as highas 0.93basbeenobtained,and
the curve extrapolatestowardunity. Furthermorethe theoreticalcurve

calculatedby LohnsteingivesF*= i for r/a = o, and it is seen that the

envelopeof the curvesof Fig. 3 approachesF*=*1 rather than that of o.s
as demandedby the equationofWorthington.The theoryand the experi-
mentsshowplainlythat it is impossiblefora stablehangingdropto havea
sectionat its top whichis merelya cylindricalextensionof the tip. Un-

fortunatelysome recentwritershaveselectedthe only incorrectequation
of Worthington'sexcellentpaperas its singleimportantcontributionto the

subject.
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TheDetachedDrop

It is"theweightofthe completelydetacheddropwhiehis theeasilytne»

urablequantity. It seemsrcasonabtethat its weightshouldbe a function

of theshapeof thestabledrop. Nevcrthetess,the theoryconnectingthe two

hasnotbeenfonnulatedinanybutthecrudestmanner. Anexpression,some-

timesascribedto Tate, W = :irrv, is one of the earliestguesses,although

Tate' himselfdid not state his lawin this way,but said instead that the

weightof the dropis proportionalto the diameterof the tip, and alsoin pro-

portionto the weightof thé liquidwhichwouldbe raisedin that tube by

'T.te:PM.Mag(4).M.'?6('?4).
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capillaryaction. He didnotevaluatetheproportionalityconstant. Morgan
and Stevenson'foundthat the constantis, fora limitedrangeof r/a, about

o.625. Even !n this short rangethis relationshipdoes not hold exactly.
Suohrelationshipsare of courseempirical,and are not in closeagreement
withthefactsforallvaluesofr/a. Severalauthorshavesaidthat the weight
of the detacheddrop isequalto a~rrymultipliedby an unknownfunctionof

r/a, or the equivalent. Lohnsteinevaluatesthe function,basinghis argu-
menton the ideathat theportionofthe maximumstabledroplefton the tip
makesthe sameanglewiththe tip that themaximumstabledropdoes. This

guessagreessurprisinglyweUwiththe facts,althoughit is possibleto con-

struotother relationshipswhichagréeas wellor better. Thus it might be

assumedthat the dropbreaksin suoha waythat the lengthof the profile
betweenthe curveofmaximumvolumeandthepointof infectionis bisected.

This is as unsupportedtheoreticallyas the theoryof Lohnstein,and bas

about the samedegreeofcorrespondencewiththefacts,asmaybe seenfrom

Fig. $. By appropriatemanipulationthis couldbe made to fit the facts

muchmoreexactly. No theorybas yet beenfonnulatedwhich is at aU

adequate. Approachingthe questionfromthe oppositeviewpoint Harkins

and Brownhavedeterminedan empiricalcurvewhiohmaybe used for aU

liquids,becauseof the principlethat if twodropsof two differentliquids

hangon tips for whichthe valuesof r/a areequal,and havealsooneother

dimension,suchas the lengths,in the sameratioas the tip radii, they are

simiiarin everyotherrespect,i.e.,the pronteofoneismerelya magniScatioa
of theother. Thisis sometimescaUedtheprincipleofsimilitude,and is only
the statementin wordsof the principestatedmathematicaUyin the begin-

ningof this paperwhenweeliminated"a" fromthe equationfor liquidsur-

facesof revolution. Thedropweightdeteminationcarriesit a step farther

whenit is implicitlyassumednot onlythat theshapesof twosimilardrops
are alike,but that the samefractiondetaches.Thismaynot be true if the

liquid is viscous.

Therelationbetweentheweightof thedetacheddropandanyof the con-

stantsofthe liquidor tip,orevenanyofthedimensionsofthedropjust before

falling,is thereforefar fromsimple.It seemsthat theonlyhopeof findingthe

connectionliesin takingthemaximumstabledropand in somewayfollowing
all thechangesthat takeplaceondetachment.

TheDetachiagDrop

Thereisa scarcityofinformationaboutthedetachingdropin the litera-

ture. It consistsmostlyin photographsofdropstaken at varyingintervals

and rates of fall. Boys'givesthe profilesof dropsof coloredwater falling
intoa mixtureofparaffinoilandcarbondisulfide,taken at interval8ofabout

i/eo second,in the formofa thaumatrope,but the outtincsare not at all

1 MorganandStevenson:J. Am.Chem.Soc.,90,960(too8).
Boya:"SoapBubblesandtheForeeswhichmoldThem"(t8<)6).
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distinct. Guyeand Perrot' havepresenteda few photographsmuch like

Boys'. ThoseofOUivier*arenotdistinctbecausothe dropsaretoosmalland

are evidentlyfallingvery rapidly. Lenard'has picturesof a dropat the

momentof detachingand at short intervalsthereafter. One of these is

extremelyinterestingas the dropprofileseemsto be angular. This ia very

similarto oneofours(Fig8.10and6c). Ourphotographsaremotionpictures

ofsaturatcdaqueoussolutionsofpotassiumpermanganatefallingintoa solu-

tionofstanolinandcarbontetrachtoride.Thedropsshownosignsof sharp

breaksuntil the necksare verythin. This fact is not easyto observewhen

the neckissmall,forthechangeinshapcofthedropnear theneckisso rapid

that evenveryshortexposureofthefilmgivesa négativeinwhichtheoutline

in this regionisnotdistinct. But thé picturesdoshowthat the liquidissuf-

ficientlymobileto preventsharpbreaks. Thebottompart of the droppuUs

awayfromthe tip withan accompanyingnarrowingand lengtheningof the

neck. The profilesareperfecttysmoothcurves. In the veryshortinterval

just before rupture, however,the neck becomesvery elongated and

probably indentationsappearwhichcausethe angular appearanceof the

drop profilesin the photographs.This effectis muchplainerin our second

seriesof pictures. Thesewere taken with a super-speedmotion picture

cameratakingn8 framespersecond,andthedrop wasdetachingmuchmore

rapidlythan inthepreviousseries.The longneckandthe angularappearanee
at the joiningof thedropandneckare veryplain. The laterpicturesshow

the wayinwhichthe neckdividesintosmalldroplets,lookinglikea pendant

of graduatedbeads. Whenthe drop is fallingvery slowlythe secondary

dropsare sosmallas to be almostinvisible.

The fundamentaldifferencebetweenthe stableand unstabledrops lies

in the fact that the variousparts of the liquidhave acquireddownward

motions. Theproblemisto formutatethem,whichat presentweseeno way

of doing. The weightheldup by the surfacetensionis no longerMg but

M(g-G)whereGmaybeconsideredas analogousto an accélération.G is a

variableanda funetionofx andy. that is,of the positionof the particlein

the drop. The factora' in the equation

V '='trxua* irx~h-y)

is then nolongerconstant(weshallcaUthe variablea'. A') and mustbe so

treatcd in thedifferentiation,giving

j. + ~"y) (6)
dx xx

°
A"dxx A<

WhenA~is constantthis reducesto the ordinarystatic form. We know

nothingaboutthe formof the funetionA~exceptthat it mustbc suchthat

whenx = o andu = 1,h andy havinganyfinitevalue,the conditionsfora

CuyeandPerrot:Areh.Soi.Phys.Xat.,(4)U,345('90'); Compt.rend.,135,6at
(<9M)-

OMhter:Ann.CMm.,? M,M9(t~oy).
sLtM)rd:Wied.Ann.,30,ao9(tM~.
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neokwhoseaidesjust touch,the rightaideof (6) mustbeequal to infinity.

This doesnot ofcoursetakeintoconsiderationthe secondarydropformation

and so wouldbe merelya firstapproximation. The Mmp!estassumption

that satisHestheserequitements,that A* k/x + a', doesnot proveto be

the desiredrelation,whichisofcoursenot at all surprMng.
Thetheoryof thedetachingdropbas thusbeenbaretytouched,andmuch

workmuetbedoncuponit beforethedesiredretationshipcanbefound.

Summary

i. In this paper the dropweightmethodis discussedunder the three

divisions;a.) the hangingdrop,b.) the detacheddrop,andc.) the detaching

drop. The theoryof thefirstbasbeenfairlywellworkedout,the information

regardingthe secondisentirelyempiricalandthere isalmostnoinformation

or even spéculationregardingthe third.

2. Asa preliminaryto the studyof the hangingdropmany tediouscal.

culationshâve beenmadeand theseare representedbythe accompanying

figures.
3. Profilesof hangingand detachingdrops takenby motionpicture

camérasare
reproduced. 1

r
Fm.66

ShapMof DetachingDrope.
Drawn from Mga.a-u.s.

Fta.7y

HamdtyDetaching Drops.
DHumfromFtK.ta.
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FtO.88

Profilesof otabtchangin);drops.
tntervft),6 aeconth. 1 ip, .897cm.
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Fm.9g

Pbotographaof detaching drop.
Interval )/t6 Mcond. Ttp .897cm.

Secondarydrop !nact of forming.
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F)o.)o

Photo)trMtM!ofdet<M:hine;d)'op.ïnte)'vatt/'6 second. Tip.S~cm.

Showin)!funnel shape of neck and aecondary drop.
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Fto-tt

Photo~ptMofdetMhinj:drop.
Showingmapeofdetteheddrop.
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FtU.<~

t'hoto){raph<!of rapMtydetachit)f{dmp.
ïnterva) t/t~Soectjnd.

Tipt.~t'm. !~ttr)!cr/a. Water de-
tafMng into air. Showingbeaded

spcondttrydn)))whichdivides

into several.



STUDIESON HYDKAZINE:80LUBILITYRELATIONS0F

HYDRAZINEPICRATE,ANDTHE EQUILÏBRIUM

N:H~ + NH,~± NH.++ N,H<*
s

BY E. C. OtLBHRT**

Hydrazineforrnstwocomplèteseriesof salts in oneof whichit funetions

asthe ion N<H.++andin théotherN:Ht+. Bythe extendedtheoryofacids

andbases'thèse ionsmaybeconsideredas acidsdissociatingto givehydra-

zineandhydrogenion.

(.) N:H.++~=±N:H~+H~-

(2) N,H~~±N,H<+H+

Thedissociationconstantforreaction(r) hasneverbcenmeasured,though

the lowerlimit for it bas beendeterminedby us by the potentiometric

méthode The exactdeterminationwouldbc a mattcrof considerablediffi-

culty. The reactionsof thesaltsof this seriesin solutiongive noindication

of thepresenceof the divalentionandtheyaregeneraUyconsideredas bcing

completelydissociatedto givethe monovalention andhydrogeniona.

Thedissociationconstantfor reaction(2)bas beendeterminedby Bredig

andbyHughes.~TheresultsofBrcdigarcdiscordantvaryingfrom:.3 X to"~

to 5.0X !o~ with a meanof4.4X !o-' overa rangeofM/8 to M/2s6, due

to ctTorsinhérent in the procedurefollowed.The morereeent value was

obtainedby HughesusingHabcr'sglassélectrodeforaconcentrationof M/io

and variesfrom 5.9 X '<r' to 7.1 X lo-' dependingupon the methodof

catcutation. A dissociationconstantfor an acid or base is strictly valid

onlyat a particular ionicstrengthas the constant is dépendentuponthat

quantity,6thoughfora dissociationofthistypewhercthebase isanunchargcd

moleculethe effect shouldbesmall.

Theagreementbetweenthe twomethodsisnot goodbut it indicatesthat

hydrazincas a base is about ten timesas weakas ammonia,or conversely

hydraziniumion N~H~ is a ten-foldstrongeracid thanammoniumion. A

directcomparisonof the twomightbemadeby the studyof the equilibrium

NJL+ + NH,~=±N~ + NH~

Theconstantfor ammoniabeingquiteaccumtelyknown,that ofhydrazine

maython bc calculated. Adirectand simplemethodofattack wouldbe to

ContributionfromthéI~boratoryofPhysicalChetnhtryofthe PotytechnicInati-
tute,Copenhagen.

FeUowofthéJohnSimonOus!Bnhe:mMemorialFoundation.
BrOtmtcd:Rec.Trav.chim.,42,7t8(t9~);J. Phys.Chem.,30,777('9~).
GiMx'rtJ.Am.Chem.Soc.,46,9648(to~).
Bach:Z.physik.Chem.,9,241(t~a);Wtctand:"DieHydrazine,"tt (t9H).

Breditt:Z.phyaikChem.,M,308(t8ot);Hughea:J.Chem.Soc.,130,491('9~).
UrSMted:Chem.Hev., ~St(<9~8);BronstedandKing:J. Am.Chem.Soc.,47,

~M('9~5).
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measurethe increasein solubilityofa s!ighttysolublehydrazinesalt whena
knownamountof ammoniais added to the solvent. Whitethe activityof
dissolvedsolutesis a constantso longas they are inequilibriumwithexcess
of the solidthe solubUityand activity coeSoientsare verymuch affected

by the total ionicstrengthof the solventhencethe solventshould consist
of a salt solutionofsufficientionicstrengthto renderthe effectof theaddi-
tional salt dissolvedin the presenceof ammoniaunimportant fromthat

standpoint. Onecomplicationis the extremesensitivenessof hydrasineto
oxidationin aUtatinesolutionwith accompanyingfonnation of hydrogen
peroxidewhichinterfereswith the customarymethodsof analysis.' This

may beavoidedby carefuldeoxygenationof aUsolutionswith a streamof

nitrogen. Asecondcomplicationwasthefact that ofaUthe hydrazinesalta

includingbothseries,nonesavehydrazinesulfatehad beenrecordedin the
literatureas beingslightlysoluble. Thesulfateis muchtoo solubleforour
use but a seriesof tests showedthe picrate to be relativelyinsolubleand
thereforesuitedto the purpose. It basthe addedadvantagethat picricacid
likeperch!oricfonnsreadilyand directlyby neutraMzationthe monovalent

sait, N:Ht.OC,H,(NOt),.

Usingthissalt a seriesofdeterminationswasmadewithwater, saltsolu-

tions, and ammoniacalsolutionsas solventto déterminethe solubilityand

equilibriumrelations.In the courseof the workcertaininterestingobserva-
tionsweremadeconcerningthe behaviourof picratesin homoionicsolvents
whichrequireddataonsaltsotherthan hydrazinepicrate. Thèseareincluded
in the tablesanddiscussionwhichfollow.

BxpMimeatttIPaft

Preparationofma<ert<t!s.J~~M~tMp<cra<e.–Sodiumpicrate (0.1mol)
wasdissolvedinhotwateranda hot solutionofhydrazinemonohydrochloride
(0.1 mol)wasadded. Uponcooling,hydrazinepicrateseparatedoutas a
massoffineyeUowneedles. It wascollectedon a suctionntter,washed,and

rcerystaUizedfromwater and alcoholsuccessive!y.Prepared in a similar
mannerbyRothenburg~in a!eoboticsolutionit hada meltingpoint ofiM'C.
and analyzedto be the anhydroussalt. Our preparationhad a melting

pointof :oi'*3.(uncorr.)andtitrationofthe hydrazineindicatedthe presence
ofone-hatfmoleculeofwaterofcrystaHizationevenafter repeatederysta!Mza-
tion fromalcohol.A weighedsamplewasdriedoversulfuricacid in vacuo

and showednoJossin weight,but whenheated inan ovenat 110"fora half

hourit lostweightcorrcspondingeloselyto one-halfmoleouleofwater. Abso-

luteagreementcannotbeobtainedin thismannerasthe saltitselfwillsublime

slowly. The lossis very slowafter thefirst halfhour, however. Titration
of the oven-driedsampleforhydrazineshowedit to bc now po. of the

theoreticalrequirementfor the anhydroussalt.

GMbert:J.Am.Chem.Soc.,inpuMicaticn.
Rothenburg:Ber.,27,690(t894).
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Anatysis:(a) o.! gramof salt wasdissolvedin water. 25.ogce. aliquots

requircd7.37ce.,7.36and7.40cc.o.osN iodicacidto oxidize

the hydrazine. Requiredfor NtH~CtHtN~Ot;7.6$ce.; for

N,H..C.H,N,Ot.;H,0;7.4tce.

(b) o. 1313g. heatedat i !0"C.for one-halfhour.

Lossrequiredforone-halfmoleculeofwater,0.0044g;
Lossfound,0.0043g.

An attempt wasmadeto titrate the picratewith soidumhydroxideusing

thymolphthalein(pH g.o-io.6)as indicatorbut the colorof the solution

maskedthe blue of the endpointsufficientlyto render the methodof no

valueexccptto furnishadditionalconfirmationthat the salt containedone

equivalentof picrateto oneof hydrazine,rather than two.

Sodiumpicrate. Thiswaspreparedby mixingequivalentproportionsof

sodiumhydroxideandpicricacid,Kahlbaum"zur Analyse,"in hot solution.

The salt wascoUcctedon a niter, washedwith water, recrystattizedfrom

water,washedwithalcoholand dried. It containedone moleculeof water

of crystaUization.
~wmontMmChloride.Kahlbaum'sbestproductwas recrystatlizedfrom

water,washed,anddriedinairandthenat i i o.

Sodiumchlorideand nitrate. KaMbaumsaits "zur Analyse"weredried

andusedwithoutfurtherpurification.

Triethylaminepicrate. A smallamountof this material,already pre-

pared,wasallthat wasavailable.

?'rïprop~<!Mîtiepicrate. This waspreparedfrom Kahlbaumacid and

tripropylamine,and recrystallizedfromalcoholand water.

Two cobaltammines,~apo~e<rorAodoNo-~tamMtt!€chromialeand nitro-

fAodaMO.<e<t'oNtMK'necobaitipicrateweretakenfromsuppliesmadepreviously
in this laboratory.

&!Mrbromate.Madebymetathesisfromthe purestobtainablemateriats'

Procedure

Solutions. Solutionsof the saltsweremadeup by dilutionof stronger

stock solutions. Ftasksand pipetteswere calibrated. The ammoniacal

solutionswerecarefullyde-oxygenatedwitha stream'of pure nitrogenand

the amountof basedeterminedby titrationwithstandardacid. The total

ammoniacontentwaschcckedbydistillationofthe ammoniaintoa measured

excessofstandardacid.

Analysis. Hydrazinewasdeterminedby the iodieacidmethodofBray
and Cuy,' usinga solution0.05N (asoxidizingagent) in iodicacid. The

methodinvolvesthe oxidationof hydrazineby excessiodicacid and back

titration with thiosulfateafter additionof potassiumiodide. It is advan-

tageousbecauseammoniaor picricaciddoesnot interfereand the oxidation

equivalentofhydrazineis fourgivinggoodaccuracy. Testsweremadeas

followsto detenninethepossibleeffectofammoniaorpicricacid.
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(a) Titrationof hydrazinein thc presenceof picrioacid.

(:) To10.02ce.hydrazinesolution(nopicneacidpresent)wasadded

25.05ce.iodicacid. n.sz ce.thiosu!fatewasrequiredfor theback

titration.

(2) To to.o2ce.hydrazincsolution(and i grampicricacid)wasadded

z 5.05cc.iodicacid. Againt 52ce.thiosulfatewasrequired.The

test wasrepeatedwith no evidenceof any interferenceby the

picricacid. The colorof the picrate doesnot interferewiththe

blueof the starch-iodineendpoint.

(b) Titrationofhydrazinein the presenceof ammoniumpicrate.

(1) HydrazineSol'n Iodicacid Thiosulfate Ammon.Pic.

to.o: ce. 25.05 't -53 0.0

(2) fo.o! ~5.05 n-S~ o.ag.m n.53 >9

The latter test alsoconfinnedthe resultsof Bray and Cuy whofoundno

interferencebyammonia.
Theconcentrationof the cobaltamminesand the aminepicrateswasde-

terminedbydistillingonthe ammoniaoramineintocxcessof standardacid.

Hèreagainprecautionswercobservedto ensurethat aUthe base badbeen

drivenoffand that no decompositionof the picricacid took place. If the

solutionbccomcstoo concentratedor tooalkalineor if solidsodiumpicrateis

formedonthesidesof the Haskand becomesoverheateddecompositiontakes

placeand volatilebasesare formed.

MHo<7)<tM.The slightlysolublesalts as preparedabove wererotated

withwatcrto constantsolubilityat M"C.± o.o t. Theywerethen driedsome-

what,placedin the appropriatesolventand the processrepeateduntilsuc-

ceedingsamplesgaveconcordantresults,thc solventliquidbeingcompletely
renewedeach timc.

Thcsolubilitybottlesand tubeswerenushedout withnitrogencarefully
beforeany alkalinesotutionwas introducedinto the présenceof hydrazine
salts. No traceof pcroxidewaseverdetectedexccptinone casewherethis

precautionwasomitted. This resultwasdiscarded.

CelculationsandDiscussions

A determinationof the solubilityof hydrazincpicrate in ammonium

chloridesolutionsat :o"C. showednormalbehavior,the solubilitybeing

expressedup to an ionicstrength of o.t2 (measuremcntswere carriedno

further)by thé équation'

!og– '= o.5\t – 0.25~
So

Dataare givenin Table1and Fig. t.

MrfiMtedandïjtMer:J.Am.Chem.Soc.,46, M5('9~4).
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FtO.!i

SotuMtitvof HyttraHnePicrate in NH,C)sohtions_

SoM Curve Theoreticatfor Log8/8. o.sV~

DottedCurve*= Ëx~nmenta) Loe;8/8. o.sv~ o.

TABLE ï

Solubility of Hydrazine Picrate in Salt Solutions nt i:o"C

~· 4.
Concentrationof addedsalta <

Ka.N,H..Pic. X 10'.

XH.Ct XH.H< XaKe. KttXO, X.HtCt X.a

– – – – o.otj,9S

0.01397 t.95

0.020
0.01497

0.01501 2.:5

– – – – o.o5186

0.01586 ..5~

o..8.
o.o1654

o.ot6s6 2.74

0.100
– – o.ot68{)

O.tOO – –
“

O.OtÔt)! t0b

0.01690

0.090 .o 0.01310 3.03

0.01316 3.05

0.080 o.o.o
<'<

0.01191 381

0.070 0.030
o.otto8 4.55

0.~04 0.0050
0.01496

o.ot4o8 !.99
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TABLE 1 (Continued)

Solubility of Hydr~zioe Picrate in Sait Solutions at !:o"C

Concentmttonofaddedsatta Cône. t!p.p.

XH<C! KH,Pk. XaPic. X~O. N.H.C) X.Ct

o.:02 0.0030 – –
o.ot57t ~.94

0.01562 :.9t

0.100 0.0.20
.y

o.t0303 3.49

o.too 0.01745
– – –

0.01387

0.01388 5.47

0.050 0.0)0 – – – 0.01210

0.01208 Z.ô~

o.too o.oto – – – –
0.0:390

0.01386 3.30

o.too 0.0050 – – –
0.01495

o.t495 ~.98

– – O.tOO – – o.o16tI 1

o.otôto ï.59

–
o.too –

o.04316 4.49

0.04329 4.50

0.090 – – –
0.009793

–
o.ot~o

0.01233 :.7:

0.080 – – –.
0.01959 0.00903

0.00904 2.59

0.070 – – –
0.02952 0.00688

0.00691 z.~t

At !s<'C
– o.too – –

0.00314 3.:4

–
0.0500

–
0.0500 0.00413 :3

– – – O.!00 0.01:76 !.38
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To déterminethe constantforthe equilibrium

N,H~ + NH,~± NH+4+ N,H<

and therebythe dissociationconstantof the ~H.+ ion,an amountofam-

moniacalculatedto givoa maximumincreaseofabout ao%in the solubility

of hydrazinepicratewasaddedto 0.1M ammoniumchloride(oxygen-free)
and afterdeterminationof the solubility,calculationsweremadeas follows:

(t ) The totalamountofhydrazinedetorminedbytitration isthe sumof

N:Ht+andN<H<.It isalsoequaltothe concentrationofpicrateion.

(2) The solubilityor ion producthavingbeen previouslydetermined,

(K,.p.picrateion)givesNtH~. Fromthis and (i)N:H< maybedetermined

by subtraction.

(3) BytheprocedureusedtheconcentrationofN:H4isstoichiometricaUy

equivalentto the ammoniawhichhasreacted,and the equilibriumconcen-

trationof ammoniamaybe obtainedfromthis figureand the originalam-

moniaconcentrationby subtraction.

(4) The amountof N:H<fonnedis also equivalentto the amountof

ammoniumionformedand the equilibriumconcentrationof ammoniumion

may be obtainedby addingammoniumion formedto the originalconcen-

trationof the solvent.

(5) The equilibriumconstantobtainedfrom these figurescan readily
be shownto beequalto the ratioofthe dissociationconstants

~'H< X NH<~
(4)

k~ NA+XNH.

Thé dissociationconstantfor ammoniabas been carefullydetennined'

!.76~X 10-
Thedissociationconstantof theammoniumion as an acid is relatedto

thisconstantforammoniaasa basebythe equation

KAtMKB).M= KH,o

Usingthe valueof Michaetis'0.9 X !0-< at :o~ for Kn,o, KA.Mbecomes

S.to X !o- Substitutingthis valuein equation(4)a valuefor the disso-

ciationconstantof the hydraziniumionmay be derived. Data are givenin

TableII.

Previousworkonanotherreactionhad givenstrongindicationhowever

that the solubilityor ion productof hydrazinepicrate dependsnot only

uponthe ionicstrengthbut alsouponthe particularions whichmay be

present. In dilutesolutionsas a generalrule the chieffactor in determining

solubilityand theactivitycoefficientsis the total ionicstrength. It is recog-

nizedhoweverthat thereare in additionin manycasesspecifieeffectsof in-

dividualions.'

Xoyes,Kato,andSosman:Z.phymk.Chem.,73,t (tg'o).
'Michtetia:"DieWametstoiïionenttontentmtion,"(t9)4).
A.A.Xoyes:J.Am.Chem.Soc.,40, m(1924).
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The individualeffectof ionsin additionto that of their valencecharge

scemsto be particularlypronouncedwith picrates. The effectdoesnot

becomenoticeaMeas longas the solventsalts possessno commonionand

hydraxineand picrateare presentin equivalentamounts. This is evident

in the normalbehaviorofhydrazinepicratein ammoniumchloridesotutions,

Fig. i. Further,the effectseemBto bc due mainlyto the picrateion. Thé

solubilityproductisnot the sameby manypercentin o.tM sodiumcUoride

as it is in a solutiono.o8Min sodiumchlorideand o.o~Min sodiumpicrate.
The effectof the picrate is superimposedon the effectof increasedionic

strengthand thé two are somewhatdimcutt to evaluateseparately. The

equilibriumof hydrazineand ammoniashowedevidenceof this phenomenon
as théuseofa.constantsolubilityproductovera rangeofconcentrationsgave

F<o.ex
Changeofk..p.ofHvdrazinePicrateinXH<(:t

NH<P)c-NtH.CtMixturM.
SolidCurveCène.ofsolventsatt o.)M.

DottedCurveCône.ofsolventfiattvariablebut > o.)M.

anenormousdriftin the equilibriumconstant. Fonnationof freehydmzinc

in the reactionresultsin inequa!itybetweenthe concentrationof hydra-

ziniumandpicrateionandtheeffectcornesinto prominence.
A carefulstudyof the solubilityof hydrazinepicratein solutionsofam-

moniumchloride,hydrazinemonohydroch!ondc,and ammoniumpicrate

wasmade in orderto arrive at figureswhichcouldbc used for the K,.p.

inour variousequilibriummixtures. In Fig. 2 the solidline representsthe

changein solubilityproductwith changein picrateion concentration,the

addedsalt concentrationbeingmaintainedat o.tM. The pointsto the left

wereobtainedby replacingpart of the ammoniumchlorideby hydrazine

hydrochloride,whilethe higherones to the right reprcscntsubstitutionin

partofammoniumpicrateforammoniumchloride. It iscssentiaUya straight

linethoughunavoidablevariationsin the total ionicstrength amountingto

a few percentundoubtedlyaffectthe slope. Whenthe added salt is in-

creasedaboveo. M the solubilityproductincrcascsmorerapidly(alongthe
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dottedlinein Fig. 2). Thisrepresentsthe changeinpassingfroma solution

of o.t M ammoniumchlorideto 0.1M ammoniumchloridepluso.oi2M

ammoniumpicrate. Hèreboth thé picrateionand the total ionicstrength

are increasingrapidly. Thisdotted linereprésentaalsoas nearlyas possible
theproportionsofourequilibriumexperiments(exceptthe last twoin Table

II) andfromit thé solubilityproductsweretakenfor calculation.Asimilar

procédurenotplottedwasadoptedfor the last two.

t'fO.}3
EffectofPieratc-MnonSolubilityProductotslightly

SotubteSatts.
SaturizingSalt SolventSatts(Totalcone.

sotv.satta='o.tM~
(OHydraHnBPtCMte XaCtPiets'C.
(~ KtNO,P:o.ao''C.
.3) XH,Ci NH<Hc.
(4)TnpropytaminePicrate XaCt– NaPte.
5) Dinitntotetrammine

CobattiPicrate NaC) NaPio.
(6)Ftavo-tetrarhodanodiammine

chromiate KaCt NaPic.
(7)SilverBromate KaXO, NaPie.

Thé questionalsoaroseas to whetherthis phenomenonis peculiarto

hydrazinepicrate,aloneperhapsdueto the hydrazine. To answerthis the

solubilityofhydrazinepicratewasdeterminedin varioussalt solutionsand

thenseveralothcr slightlysolublesalts werealso investigated,particularly

withrespectto their solubilityin the presenceof picrateions.

Hesults,TablesII and IV, and Fig. 3, showthis behaviorto bequite

generalwithpicrate salts. Uponchangingfromo.tM ammoniumchloride

to 0.1 M sodiumnitrate as solventthe ion productof hydrazinepicrate

changesabout8% but in changingto o.t M sodiumpicrateinsteadwefind

an increascof ;o%. Triethylamineand tripropylaminepicrateshowthe

!!am<-effect. Withthe latter thereisan mcreaseofca. 50%. Withdinitrito-
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TABLEIIITABLEIII

Solubilitiesof Cobaltammine Satts in NaCt-NaPicrate Mixtures

(A)Croceo.Di-Nitro.Tetrammine Cobatti-Picrate

ConcentrationofaddedM)ta Concentmtionof
NaC! NaPie MturatingMtt h..p.

0.100 0.008796

0.008807 7.75 X 10'~

0.075 o-o~s 0.0032:1
0.003~!S 9.09

O.OSO 0.050 0.002tl6

0.002109 tt.o

0.025 o.o7s 0.001702

0.001708 i3.i

O.!00 0.00!S'6

0.0015:0 15.4

(B) Flavo-Tetra-rhodano-DiammineChromiate

0.100 – o.ooo9!7 8.47 X io"~

0.0009:55

0.090 o.otoo 0.00094$

o.ooo945 8.93

TABLEIV

Solubilitiesof AlkylaminePicrates in NaCl-NaPicrate Mixtures

(A) Triethylamine Picrate

ConcentMtionofaddedsatta Concentrationor
XaCt NaP:c MtuMt:nt:Mtt ):?.

o.too 0.07730

0.07508 5.64 X 10-3

– O.!00 0.00608
0.00598 9.56 X ro-3

(B) Tripropylamine Picrate
– 0.00569 3.23 X 10"'

0.00569

o.îoo – 0.00720
o.oo7!7 5.t6

– o.too 0.00075

0.00075 7.54
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ÏABLKV

Solubility of Silver Bromate in NaNOt-NaPicrate Mixtures

~'u)~ent)'ationofaddedsatta Concentrationof
XtXU, XaP:e A);MrO, h..p.

– o.too 0.00848 7.2 X 'o"'

o.too – 0.000897
0.00844 y.tl

o.o;o 0.50 0.00837

0.00840 y.:l

.1- _6. 1. 1
tetnnnminc cobatti-picratc (croceo) the change is nearly too% in changing
from sodium chlorideto sodium picrate of the same concentration, (0.1M).

FinaUy,two salts not picrates were used. Ftavo-tetra-rhodano diammine
chrotniatc showcda large increase in solubility but thc avaitaMc range was

smatt duc to the slight solubility of thc picrate of this sait. On the other

hand silver bromate showed no change in solubility beyond thé limits of

our cxpcrintcntat error betwcpnsodium nitrate and picrate. It 'M'emslikely,
thprpforpthat the effect is to bc antictpatcd most surely in slightly soluble

picmtcs and aUowanccmust bc made for such déviation.

C.'orrectedas wellas possible from our data the pqui!ibrium constant bc-

tweenhydrazine andannnonia shows a certain drift with changing concent ra

tion, which is reflected in thé dissociation constant for thé hydrazinium io n
Our result however,agrées tvell with that of previous investigators. It is of
course vatid only at the concentrations here used.

The author wishcsto expresshis gratitude to thc John Simon Guggen-
hpim~J'cmoriatFoundation and the Hegents of the Oregon State CoUegcfor

providinj;opportunity for this work and to Professer Brônstcd for the hos-

pitality ofhis laboratory.

Summary

( ) Hydrazine picrate is pointed out as a sparingly soluble hydrazine
sa)t suitabic for easy and accurate solubility studios.

~2) The solubility of this and other picrates in sait solutions showeda
considerabledéviation from the law of constancy of the ion product wherc
the sol ventshad a commonion. This effect is not noticeable exceptin hotno-
ionicsolventsand is apparently a specifieeffect of the picrate ion.

(3) The constant for the equilibrium bctween hydrazine and ammonia
and their salts bas bcen determined at ao"C.

(4~ From this a value of 5.3 6.5 X t<r" has been calculated for the

dissociation of the ion N:Ht.+ This corresponds to a dissociation constant
of hydrazine as a base of '.4-1.7 X !o"' in solutions of ionic strength o.oy-

o.'a5.

f'a/XKAe~H,

.t~t<S, ~RM.

e

)



THRCOLORS0F COBALTOUSHYDROXIDE

BY CHAPES W. STtLLWELL

Whenan excessofcausticpotash is added to a solutionof a cobaltous

salt a voluminous,deepblueprecipitateis formedwhich later tums to rose

cobaltoushydroxide.Thischangewasprobably first studied by Winkel-

Mcch.' Healsonotedtheappearanceofgreenflakesif the précipitationwas

madein dilutesolution. Winkelblech'sconclusionis that theblueisa basic

salt of cobaltand that the green is the saine thing partiallyoxidized. In

t9t2 Hantzschshowed'thatthe blueprecipitateis also cobaltoushydroxide

but that it adsorbsstronglythe cobaltoussalt fromwhichit is precipitated,

or a basiesalt of cobaltformedduring the precipitation. He postulates

~OH
hydrateisomers,blueCoO.H,0and redCo-OH, the formerbeingstabiHzed

by the adsorbedsalt. Weiscr'review the pros and cons of the matter,

castingasidethe explanationof Hantzschand offeringevidenceto indicate

that thé bluemaybedueto finelydividedparticlesand the redto largerpar-

tieles;or that wemaybedealingwithtwo allotropieformsofcobaltaushy-

droxidc. Thepresentworkwasundertakento detennine which,if either,

oftheseexplanationsisthe truc one.

Manyworkershaveendeavoredto explainthe changeincolorofa cobalt

solutionfromredto blueas conccntratedacid is added, and it wasthought

that this controversymightthrowlighton the presentproblem. Hantzsch,~

studyingabsorptionspectra,concludesthat in the rcd solutionthe cobalt

atomis associatedwithsixothergroups,whilein the blue thecobaltis asso-

ciatedwithfour. Howe! reachedthc sameconclusionsindependcntlybya

comparisonof the absorptionspcctraof the solutions with the absorption

spectraof solidswhosecrystal structure had been determinedby X-ray

analysis. Morerecentpapersseetn to support this genernlidea." If these

conditionsholdfor the cobaltoushydroxidesweshould expecta différence

in thc crystalstructureof the two,andthere is further evidenceto substan-

tiate this. 8)naUamountsof nickeloushydroxideprecipitatedwith the

cobaltoushydroxidewillretard the changefromMueto rose.? This could

beexplainedbyassumingthat thé crystalstructureof the bluemoreelosely

corrfspondsto that of the nicke!oushydroxidethan does the crystalstruc-

'Ann.,t!, t55('«35).
Z.anorg.Chem.,73,304(t9)t).
"ThéHydroMOxides,"t~y.

<Z.MOt);.Chen).,79,309(t9").
Phtt.~ttg-,(6)48,83:( t9~t).ThispapercontainsacompleteMbhographyofeanter

work.

'Hcwe)):J.Chem.Soc..tM7,)s8,~039,2843;HantMfh:Z.ano)-g.Chem.tS9,273
(t9~7):166,237(t9~7).

Benedict:J. Am.Ct<-n).Fcc;,26,695,( ~04)Ftcc.!nd!en<tAced.M.,M,t63(to~).
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ture of the rose. SeveralsirnHarcasesare known;notably redand green
chromicoxidewithaiumina~red and yeUowmercuriciodidewithmerouric

bromide,'andyellowandorangesilveriodidewithsilverbromide.'

Beforeinvestigatingthé crystal structuresof the blueandrosecobattous

hydroxides,the conditionsnecessaryfor their preparationwerestudiedin
moredetail.

Whenpotassiumhydroxideis added to cobaltouschloridethé 6rst pre-
cipitateisalwaysdeepblueandgelatinous,laminarin appearance,regardtess
ofthe relativeproportionsof reactantsused. If theprecipitatesubsequently
changesto green,it hasa noticeablegreenishtingeimmediatelyaftermixing;
that is,althoughpredominatelyblueit is not as purea blueas thosewhich

subsequentlyundergochangeoneor twoin the ehartbelow. If concentrated
solutionsare used,say two molar, a stiff gel is actually formedand later

experimentsshowthat the originaldeepbluecolorcan onlybepreservedin
the stin gel. Assoonas the gel breaksdown,agingand a changeof color
set in. Thegelmay be stabitizedand the deepblue colormaintainedby
addingglycerine,as wellas by usingmore concentratedsolutions. Under
normalconditionsthis deep blue may changeeither to green,or through
violetto rose,ormayremainblue-a Ughterblue-dependingupontherela-
tiveamountsofreactantsused. Undercertainconditionsthe greenchanges
onlongstandingfirstto blueandthen to rosé. The followingdiagramindi-
catesall thesechanges:

Darkgreen i Deepblue(greenish)
gelatinous -<– gelatinous

4 lightblue1 rose1

granular granular

Aged 5 Aged 6 Aged
lightgreen – light blueII –~ roseII
granular granular granular

It is shownbelowthat the blueand roseprepareddirectlyaredifférentfrom
thesamecotorsobtainedbythe agingof thegreenprecipitate,andtheformer
are thereforeseparateand are designated"blue I" and "blueII" although
superficiallythe two bluesappear identicalas do thé two roses. Theaged
precipitateandchangesfour, fiveand six are discussedin sectionII. The
immediatediscussiondealswithchangesone,twoandthree.

StittweU:J.Phys.Chem.,90,t44t(<9~6).
MeHor:"ACompM-hcMiveTreatiseofInorganicandTheoretiea)ChentMtry,"3,4:7
Mp))or:!hid.,4,~04.
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Thecolorchangesofthé deep-blueprecipitateand the rate of change
dependonseveralfactors. Thedeepblueto rosechangeisaecelcratedby

h Heatingl

Increasingthe concentration,keepingthe molar ratio of rcaetants
constant.

3. Increasingthe ratiomolesKOHto molesCoCtt,keepingthé concen-
trationconstant.

Thischangein coloris accompaniedby a visiblesettlingof the precipitate
and a changefromgelatinouslaminaeto granules.

Thedeep-blueto greenchangeis acceteratedby
Dccreasingthe concentration,keepingthe motar ratio constant.

ï. Increasingthe excessCoCt!added, keepingthe concentrationcon-
stant.

Thegreenprecipitateremainsgelatinousandthere is noevidenceofsettling.
Thedeep-blueto light-bluechangedependson thé molar ratio of the

reactants. The light-blueis a granularprecipitateand settles to about half
the volumeof theoriginalprecipitate,ocoupyingabout thesamevolumethat
an equalweightof roseprecipitatewouldoccupy.

Thefollowingseriesof experimentswasrun in orderto detemine more

accumtelythe conditionscontrollingthesechangesand to explainthe part
playedby the cobaltouschloridein excess. To nxed amounts(10 ce.) of

o.83MCoC):varyingamountsof i.ssM KOH were added, the resulting
precipitateshakenwellandsmaj]amountsof the motherMquorfilteredoff
and testedfor cobalt. The remainingprecipitatewasallowedto stand in
the testtubeforseveratdaysand the supernatant liquidwas again tested
for cobalt. Theresultsaregivenin TableII.

TABLE IITABLEII

Vo).KOH \Marratio After<!vemhmtM Afterfourdaya
Xo. ttdded CoCtt:KOH Cotestcote)' Cotestcoter
t 9.occ r. 68 + green + greea
2 9.4 1 t.~6 +Mui8h-Kr<*en +Mui8h-green
3 9.S 1 i 78 + greenish-blue + bluish-green
4 9.6 1 t.So – blue + blue

S 'o.o '.87 –Mue +b)uc
6 to. 1 1.96 –Mue + reddish-blue

7 )o.?6 z2 – tfddish-Mup rose

It basalreadybccnshownby Hantzsch"that the cobaltsatt isadsorbed
and docsnot forma basicsa)t.' Thé resultsindicate that the cobalt ion is
adsorbedin considerableamount. The washedand driedprccipitatcsalways
cvotvehydrogenchloridewhentreatcd with concentratedsu!furicacid,

WinMbtech:Ann.,H, tMC~S).
Z.anorg.Chern.,73,504(t9)t).
itiaahownonp.~70thatw)ienagreat<')'exctMof('oCt<istMedahM)eaa)tiBformed,

but thatdoesnotconcen)thépresentdMCM~ion.
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indicatingthat chlorideMataoadsorbed. Fromthe table it Mevidentthat

betweenmolartimits i CoCt<:t.8 KOH and t CoCtt:1.95KOHthe blue

precipitateremainsblue in the test tube indefinitely,changingontyfrom

a dark,gelatinousto a light granularform. WithmoreCoCt,the precipi-
tate turnsgreenon standing,the rate of changedependingon the concen-

tration of the excesscobaltouschloride,probablybecausemorecobaltous

chlorideis actuallyadsorbed.Asthe amountof adsorbedcobaltouschloride

decreasesthe tendencyto changefromblue to roseincreases.

Dhar' bas investigatedthe effectof adsorptionon the colorof various

precipitates,findingthat certain ones are greatly affected. But in the

present instancethe adsorptionis not directly responsiblefor the color

changesbecausethé blueappearsfor a timitcdtimeeven whenan excessof

potassiumhydroxideis used. Rather, the cobaltoushydroxidenaturally
formsfirst as a gelatinous,laminarprecipitateand a moderateamountof

adsorbedcobaltouschloridestabilizesthis. If insufficientcobaltouschloride

ispresentit willchangeslowlyto the rose,and anexcessof cobaltouschloride

producesthe green. The blue to rosechangecouldnot be reversedby al-

lowingrosecobattoushydroxideto stand three weeksin contactwith an

excessof cobaltouschloridesolution,'and this suggeststhat the changeis

froma metastableto a stable form. Thé occurrenceof cobaltion in the

supematantliquidafter severaldays wherenonewas present whcnfresh,
indicatesthat as crystattizationprogressesthe cobaltouschlorideis released.

Thistooshowsthat theadsorbedsalt merelyinhibitscrystallizationanddoes

not takepart mit. Thiswascorroboratcdby the X-ray diffractionpattern
for cobaltoushydroxidecontainingadsorbedsait, sincethe patternwasnot

atteredbythé présenceof the cobaltouschloride.

It has beenstated that nickeloushydroxidewillretard the blueto rose

change,whenaddedin smallamounts. It wasfoundthat if a largeramount

of nickeloushydroxide(5%) wereadded to a precipitatewhichwouldnor-

mattyremainblue, it wouldtum green. This, coupledwith the effectof

cobaltouschloride,suggeststhat the rcat causalsequenceof the colorchange
is greento blueto rose; that sincethe blue is stabitizedby intermediate

amountsof eitherof these substances,its propertiesmust be intermediate.

Sincethe blueand roseprecipitatesare the samechemically,a differencein

physicalproperties:s to bc expected,and it wasdetectcdby followingthc

colorchangesmicroacopicattyandwithX-ray diffractionpattcms.It should

bc emphasixodthat the aetual sequenceof cotorchangeis neverfromgreento

blue. Onceconditionshave producedthe blueto greenchange,it doesnot

reverse,exceptunder the exceptionalconditionsdiscussedin SectionII

Sincethe blueto greenchangebasheretoforebeenattributed to partialoxi-

dationit wasnecessaryto investigatethat pointbeforeassumingit tobcdue

merelyto cobaltoushydroxidewithdifferentphysicalproperties.

1J. Phyo.Chem.,29,t394(!9:5).
'FarnamandWittween:J. Ind.Eng.Chem.,13rto6o(!9:t),claimthatunderauch

conditionstheMMtoMuechange<!°esoccur,buttheirexperimentcouldnotbeduptieated.
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The tendencyof the freshly-precipitatedblue to tum greenwas men.

tionedby Winkelblech,lbut he notes that analysisshowedonlyo.s% more

oxygonin the greenthan in the blue. Thismight be sufficientto givea

surfacefilmof green,but the precipitatein questionis greenthroughout.

Hantzschnotedthatthe leastquantityofairwouldcausethe bluoto change

to green.' Bemardiina recentpapcr*bascattedattentionto this,statingthat

the greenprecipitateis stable only whenthe ratio of mo!sof cobalt salt

to motsof sodiumhydroxideis betweent:o.o2and t :o.44. Hestates that

in the absenceofoxygenonlyblueprecipitatesare obtainedwhichtum green

when air is bubbledthru them. Of course,there is no doubt but what

partialoxidationof the bluewouldgivea greenprecipitate. Cobaltichy-

droxideis brownanda mixtureof brownandbluewouldgivegreen but the

followingobservationswiHmakeit c!earthat the changeoccursasa resultof

someothorcause.

t. Usingexact!ythesamedegreeofcautionto excludeair, onemayprepare

a greenor a blueprecipitatesimplyby varyingthe ratioof cobaltchlorideto

potassiumhydroxide.Thechangefromblueto greenonstandingoannotbe

due to diffusionofair intothe tnassbeoauseit changesuniformlythroughout.

Onthe otherhand,the blueonewillaftera coupleofdayshavea brownlayer

on top andthonagreenlayerbeneath. Thisgreenis of coursedue to oxy-

dation.

2. Whena blueprecipitateispouredona filterpaperandexposedto theair

it tumsgreen,thechangebeingfastcrthe greaterthe excessofcobaltchloride.

ThegreencolorremainsindeSniteiy.If a littlepotassiumhydroxideisadded

it reactswiththeexcesscobaltsalt,restoringthe bluecolor. Nowon stand-

ing,the colorchangesfirstto greenandthento brownandthe bluecannotbe

restored. Obvioustythis secondchangeis dueto oxidationand showsdefi-

nitely that the firstoneis not.

3.. Ablueprecipitatemaybe prepared,placedina desiccatorto dryand

foundtohavea thinlayerof greenonthe outsidewiththe insideagoodblue.

Thisgreenisduetooxidation. But a lumpmaybe greenall thru,or it may

be bluewhenin the lumpand tum greeninstantaneouslywhenpowdered.

Thesechangescouldnot be ducto oxidation.

4. A blueprecipitatefonned in the absenceof air in dilute solution

and usinga lightexcessof cobaltsalt is greenby transmittedlight. Avery

heavyprecipitate,blue,willappeargreenifheldin directsunlight. In this

case the lightis sufficientlyintenseto penetratethe surfaceparticlesso wc

reallygetthe coloroftransmittedlight.

5. Bernardi'sexperimentin whicha changefrom blue to greenoceurs

when air is bubbledthru the suspensionmay be easilydisposedof. A

microscopicexaminationdescribedbelowshowsthat the gelatinouspre-

cipitateis madeupofthinplateswhicharegrecnestwhentheyare thinnest.

Ann.,13,tss ('<?).
Z.Mtorg.Chem.,M,30~(t9~).
GaM.,S?, ("?7).
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Henceanythingwhichwouldbreakup the Mueraggregatesof plates into

thinnergreenplatesshouldchangethe massfromblueto green. Twopre-

cipitatesweremade,bothfromoxygen-freesolutionsandbothprecipitatedfrom

3 ce.of I.SSMKOHand5ce.ofo.83MCoCta,dilutedto zocc.withoxygen-
freewater. Airwasblownthru oneand hydrogenthru the other. At the

endof halfan hourbothweregreen,althonaturallythe onethru whichair

hadbeenblownwasa littlegreenerthan theother. Theprecipitatewasfine

andhomogeneouswhilethat madefromthe sameproportionsof reactants

butnotstirredwasheterogeneousandthecoarserpartièleswerebluelaminae.

Obviouslythe stirringhastensthe changewhichwouldnormallytake place
whcnthe precipitatestandsseveraldays. Anotherexplanationof this blue

to greenchangeis discussedonpage1265.
It isevidentthatoxidationdoesnotalwayscausethébluetogreenchange,

althoit iseasyto makethe mistakenassumptionthat it does,sincethere isa

changefromblueto greenwhenoxidationoccurs.

MicroscopicStudyof the Green,BlueandRosePrecipitates

If a dropofcobaltouschloridesolutionis placedon a microslideand a

dropof thepotassiumhydroxidesolutionisaddedto the centerof thisdrop,
three differentcoloredprecipitatesare produced-rosenearestthe center

in theprésenceofan excessofpotassiumhydroxide,greenfurthestfromthe

centerandbetweenthèsea narrowerringofblue. Aitarelaminar,gelatinous
andamorphous.WithX 2tomagnincationaUthreeshowirregularstriations

in the surfacewhichin manycasesappear like brokenedgesof unevenly

piledlaminae. There is alsoan apparentpittingover the surfaceof thé

yellow-red,the blueandthe greenish-bluenearestthe blue. Thispitting is

invisiblewithX 75magnincationbut the striationsremainveryprominent.
The greennearestthc excesscobalt salt has a smoothglassyappearance,

exceptforthéstriations,evenwithhighmagnification.Whenthe coverglass
isprcsseddownto disturbtheprecipitates,the yeUow-redtendsto breakup
intogranularform;the bluebreaksup intofinematerialwhichis then more

yellowby transmittedlight,orthe largebluelaminaemaybreakintosmaller

laminarpieceswhiehare still blue; the greentends to breakinto smaMer

laminae. This suggeststhat the pitting may actuallybe the first visible

manifestationof crystalnuelei.

By changingthe ratio of reactantsverygraduallyan attemptwasmade

to producea homogeneousprecipitatewhiehwouldbe entirctyblue by
transmittedlight,sincethe aboveresultindicatesthat thereshouldbesomc

intcnncdiateconcentrationwhichproducestheMue. Adescriptionofseveral

typicalprecipitatesfollows:

t. s.oce.of .S~MCoCt:plus4.8ce.or lessof i.55MKOH,thc precipi-
tate shakcnuntil homogeneousand a sampleexaminedunder the micro-

scopeat once. Thisgivesa precipitatewhichisblue,witha stightgreenish

tinge,by reflectedlight. It consistsof thin laminaerangingfromgrasagreen
tobluishgreenby transittedlight. Thc greatertheexcessofcobaltchloride.,
the moredoesthe greenpredominate.Thegreenerplatesare thinnestas
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evidencedby their greatertranstuccnce. Wheretwo green plates overlap
a Muet'plateisapt to result. Thesamestriationsareevident,indicatingthat
the laminaeare piled. WithX zto magnincationthe sameapparentpitting
occursin the Muer,heavierlookingplates. With lowermagnincationthe
taminaepresenta glassy,smoothappearance. Theyare isotropic. Dichro-
matianmaybc partiallyresponsiblefor the changein colorwith thickness
fromgreento blue-green.This is a fairlycommonphenomenondescribed
in dotaitby Wood,'whereinthe transmittedcolorof a substancechanges
eithcrwith the thicknessor with thé intensityof the transmitted light.
In thiscase,however,thé laminaedo not bceomcblueras thc intensityof the
illuminationis decreased,as they shoutdif the increasingbluenessof the
thickcrplateswereducto dichromatism.

5.0ce.of .83MCoC!<pluss.oto 5.3ce.of t.~gMKOH,the precipitate
mixedas before. (Molarratio i r.87to 1.99). The precipitateis a good
blue,nogreenishtinge,by renectcdlight. Bytransmitted lighta fcwlarge
irrfgutarbluelaminaeare visible,occupyinga maximumof fivepercentof
the total area. The other ninety-nvepercentis fine, apparently laminar,
greenor bluish-greenby transmitted light. ~îost of this blue, if not all,
isdueto refleetionsinceifthe precipitateisexaminedin a darkroomwithall
lighteut outexceptthedirectlytrahsmittedbeam,the fineniaterialis green
to yellow-green.

Afterthirty minutesthe largelaminaehavechangedfromblue to green
bytransmittedlight,whHcthe finematerialis yellowto greenish-yellow.The
renectedcoloris stillblueagainsta dark background.

3. 5.occ.of83MCoC!;ands.4cc.oft.s5MKOH. Thisis slightlymore
than the potassiumhydroxideequivalentto S.oce.of cobalt sait, assuming
that cobattoushydroxideis formed. The entire arca is blue by reflected
light. A fewlargeirregularlaminaeare blueby transmittedlight,occùpying
a maximumof fivepercentof the total area. The rest is a fine,granular
precipitatè,essentiallyyellowby transmittedlight.

Afterthirty minutesthe large taminaeare green and the fine granules
areyellowto yellow-red.By renectedlightthe large laininaeare still blue,
whitethe finesare bluish-rose.

In the freshprecipitate,viewedbetweencrossedNicols,the largelaminae
areisotropic,showingas darkpatchesagainsta lightgray background. This
meansthat the finegranulesare transmittingsomelight and must therefore
be anisotropic.Sincethe rnagnificationis not sufficientto distinguishthe
individualparticlesof thé finematerial,its behaviorin this respectis rather
deceiving.The wholefieldis a uniformgrayand there is no variation in
brightnessas the stage is rotated,fromwhichone wouldconcludethat the
granulesare isotropic. Withveryminutecrystalsarrangedin a haphazard
manner,however,the brightnessof the fieldwouldalso remain constant
duringthe rotationofan anisotropicsubstance,sincethe averagenumberof
crystalsin thc positionof "extinction"wouldalways bc thé same. The

Wood:"PhysipatOptics,"438(!<p4).



tî$4 CHAJtLES W. 8TtH.WEL!<

factwhichpointsto the anisotropyof the granulesis that the wholefieldisa

lighter shade than one composedof fine isotropiogreen partiolesunder
identicalilluminationand by directcomparison.

In all of the above descriptionsthe colorby transmitted lightis that
shownwhencarois taken to eliminatea!!reflectedlightand alltransmitted

lightincidentat anglesat or nearthe grazingangle. If lightotherthan that
transmittedat normalincidenceispresent,the colorwillbe morebluedueto
thescatteringofbluelight,as discussedonpage~64.

Severalimportant conclusionsmay be drawn from the data fumished

by thismicroscopicexamination.

i. The most signincantis that a precipitate,only fivepercentor tess
of thearea ofwhichis blueby transmittedlight,is a goodblueby reflected

lightovertheentirearea. It is thisreflectedbluecoter,andnotabluetrans-
mittedcolorwhich,if it existaat all is onlymomentary,whichmustbe ao-
countedfor to explainwhyfreshlyprecipitatedcobaltoushydroxideappears
bluein bulk. This reflectedblueis treated in détailon page1260.

2. Thepreeipitatewhichis blueby transmittedlight fora shorttimeis
cobaltoushydroxidewhiehbas adsorbedsomecobalt salt. If it werepure
cobaltoushydroxideit wouldnot tum green,sinceail the experimentsindi-
catethat someadsorbedsalt is necessaryto preventthe blueto rosechange.

3. Freshlyprecipitatedcobaltoushydroxidevaries in colorby trans-
mittedlight fromgreen to yellowgreen,and these are the colorsof thin,

isotropiclaminae.

4. Thegreencolorisnot dueto a basicsalt, sinceit oecurswhenequiva-
lentamountsofthe reactantsareusedto precipitatecobaltoushydroxide.

S. Thegreaterthe proportionof potassiumhydroxide,the morerapidly
doesthe greenprecipitateage, changingin colornrst to yellowandthen to

rose,and fromlaminaeto anisotropicgranules.Thereforehydrousnickelous
oxideandadsorbedcobaltsait maybc assumedto inhibitorystalgrowth,or
to stabilizethe metastable laminarform. Again,since cobaltouschloride
stabilizesthe laminarfonn and sincegreenplatesare greenerthanpilesof

plates,a largecxcessof cobaltouschloridecausesthe plates to breakup
intothinnerplateswhichcxhibitan increasingtendencyto appeargreenby
reflectedlight as wellas transmitted.

Recentworkon bcryttiumhydroxide'offersan analogyto thebehavior
of cobaltoushydroxide. The former,freshlyprecipitatedfromdilutesolu-

tion, is in thin hexagonalleafletswhich later recrystallizein rhombicbi-

pyramids.The changefromtaminaeto granulesis accomptishedby heating
or by adowingthe precipitateto stand in contactwith the motherliquor.
It is apparcntlynot uncommonfor the precipitateof a hydroxideto be first
laminarand changeto a stable,granularform.

It remainsto account for the precipitatewhichis blue bytransmitted

light. Its occurrencebetweenthe greenand yellow-redprecipitateswhena

Fricke,Gottfried,SMiks,MunehmeyerandEngelhardt:Z.anorg.Chem.,166,944
("?7).
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dropofpotassiumhydroxideisaddedto a dropofcobaltouschloridesuggests

that the co!ordependson the relativeamountsof reaotantsused. Assub-

sequentlyshown,however,no precipitateentirelyMuecouldbeobtainedby

mixinggraduaHyvaryingamountsof the reactants. Theonlypart of such r

precipitateswhiohwasbluewasa smaUpereentageof the noticeablylarger

laminaewhichhad not been mechanicallybrokenduring shaking. This

suggeststhat the bluecoloris peculiarto the structureratherthanbeingdue

to a differencein chemicalconstitution. Furthermore,if morediluteso!u-

tiens areusedso that the supersaturationof cobaltoushydroxideis not aa

gréât whenthe reactantsare mixed,and thereforethe laminaeformedare

not as thick,therearenolargelaminaepresentaftershakingandnoneof the

precipitateis bluebytransmitted!ight. The structuralexplanationis, on

the otherhand, contradictoryto the fact that after standinga short time

these largebluelaminaebecomegreenwithoutanyvisiblechangein struc*

ture. NeithorexptanationharmonizesaHthefaets.

The behaviorofsolutionsof cobaltouschloridesuggestsa moreprobable

explanation.It hasbeenpretty definitelyshown'that whenthe cobaltatom

is associatedwithsixothergroupsthe solutionis red, whilewhenassociated

withfourothergroups,it is blue. Whenthe concentrationof the cobaltion

in the bluesolutionisdecrcased,the solutionbecomesgreen. It is possible

that whencobaltouschlorideand potassiumhydroxideare mixedwithout

stirring,as ie the dropexperimentdescribed,weare dealingwith an inter.

mediatestage betweensaturationand true precipitation,probablya very

highdegreeofsupersaturationinvolvingthe sameinteratomicorinterionicre.

lationsasare manifestin the solution andthat theconcentrationofcMoride

ion controlsthe numberof groups(ions,atomsor molecules)whichwiUbe

associatedwiththecobaltatom, and therebycontrolsthe color. The glassy

appearaneeand lackofstructuralfeaturesin the isotropicprecipitateformed

under theseconditionslendcredenceto this idea. VonWeimarnpostulates

sevcralintermediatestepsbetweensupersaturationand the 6naiorientation

of thé atomsin a preeipitatedcrysta! Afteragitatingthe precipitate,of

course,theseforcesarebrokendown,resultingin the formationof the green,

yellowor yellow-redprecipitates,dependingon the environment. If this

be truc, it ispossiblethat the entireprecipitateismomentarilybluebytrans-

mitted lightwhenjustthe right proportionsof reactàntsare used, but only

the sturdierpiecessurvivein their originalform. In a fewmomentseven

the largerpieceshaveturned green.

A comparisonof the absorptionspectraof the originalgreen, blueand

yellow-redprecipitateswith those of the correspondingcotorsof cobalt

solutionswouldbe helpfulin decidingthe validityof this analogy. Until

that isdonc,nofinalexplanationcanbeofferedto accountforthe transmitted

bluecolor.

Seepafte!247.
'KoUoid-Z.,44,279(~8).
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X-RayDiffraction Data for the Green, Blue and Rose Predpttates

X-ray diffraction patterns were obtained for the fresh Mue' cobaltous

hydroxide, the gelatinous green precipitate, rose cobaltous hydroxide and

hydrousnieketousoxide. An account of thé préparation of the samplesand

their description follows.

Blue C«&a«otM~~f/t'M't'd'e.
This sampte was prepared by adding 5.0 ce. of .8~M CoCt, to 5.1ce. of

1.55X1KOH (molar ratio t :i.()t), mixing with hydrogen till homogeneousand

washingon a filter paper with oxygen-free water in an atmosphère of hydro-

gen. Luter it was found that it is not necessary to guard against oxidation,

since it does not occur enough to alter the crystat tattiec in any way. Thé

washedprecipitate was dried in vacuo over sutfuno acid to constant weight

and analyzed for cobalt. It contained 60.3% Co, as conipared with 63.4~

cobalt catcutated for pure Co(OH)ï. It should bc emphasized that this

"b!uc cobaltous hydroxidc" whcn finally powdered for X-ray examination

is neither blue, nor is it pure cobaltous hydroxide. It bas been shownthat

adsorbcdcobalt salt is necessary to stabilize thé blue, and the anatysisshows

this to he present. In regard to color, thé above preparation driesa goodblue

color,but tums gray when ground. If a greater cxccss of cobattouseliloride
1

is u.('d thé tendency to tum green when ground incrcases. Xicketoushy-

droxidecausesthe satnp tendency. The gray powderobtaincd withthe above s

mixture consists of a mixture of rose and green particles, giving an over-all

cobr ofyellowby transmitted light. Portions of the sample are anisotropic.

'fhe sampleis designated "blue (gray)" in the discussionwhich follows.

<)'r<;eH,iy<'<o<t<)o<«prect'pt<M<e.

5.0ce.of o.8.;M C'oC~ wereadded to 2.0 cc. of 1.55~ KOH (motar ratio

i :o.74?)to whichhad been added tocc. of oxygen fret*water. The precipi-

tate was stirred with hydrogen until the green color developed and was then

washed twice by centrifuging, removing the supernatant liquid, adding

wash-water,stirring and ccntrifuging again. It was found that too thorough

washingmade the precipitate colloidal in every case. It was dried as was the

blue and foundto contain 53.0%cobalt. Thcrc wasa considérableevolutionof i

hydrogenchloridewhen it wasdissolved in concentrated sulfuricacid. t

This sample contains a large excess of cobaltous chloride which!cads to

thé possibitityof a basic satt being formed. On the other hand, wcare inter-
1

csted in knowingthc crystal structure with the impurity présent, since the

impurity controlsthe color. The powder is essentially an amorphous-looking

mass, containing very few rose pll.l'ticles,and is more green and tcssyellow

by transmitted light than was the blue described above. It is isotropie. It

is designatedas "green" in the following discussion.

A secondgreen sampte was prepared by adding 5.0 ce. of .83X1CoCt:

to 5.t ce. of t.5sM KOH, thus eliminating the large excess of cobaltous

chloridc. It was found that, by washing this only once, it tumed decidedty

Forconvenience,this freshprecipitatewillstill ttercferredto as "Mue."its reHectcd

color,whcreas"green"willdesignatethe precipitatewhickisgreenby relleetedlight.

t
)
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bluishgreenafterit wasground,bcinga good blueuntil then. Théadsorbed

potassiumchlorideprobablybas thé sameeffectas the cobaltsalt to a toiser

extent. Afterdryingin the usualwayanalysis showed59.9%Co. This is

designated"blue(green)"in thé discussion.

~ose Co<M/<(M<sHydroxide.

5.occ.of .83MCoCt<wereadded to ~.occ.of r.55M KOH (molarratio

t :a.s6)and the precipitatewashedsufficientlyto give 63. Cobaltand

to.4% îf<0, comparedwith 63.4%Cobalt'and t9.2% HjtOcalculatedfor

pure cobaltoushydroxide.By transmittedlight the powderedmassis rnore

transtueentthan the blue or green and appears ntore crystalline. It is

rpddish-yeHowby transmitted light and rose by reHectedlight, and is

anisotropic.

/roMs A~'cA'e<OMsOx:'f/f'.

A solutionof nickelousnitrate wasaddcd to a moderatepxcessofpotas-
sium hydroxideand the precipitatewashedas thoroughlyas wasthe rose

cobaltoushydroxide,and dried to constantwcightfor three days in vacuo

oversulfuricacid. It wasfoundto contain50.6%nickeland 23.15%water.

Theevidenecregardingthe compositionof nickeloushydroxideissome-

what contradictory.Proustl and later L. Scha<ïner'detenninedit to be

4Xi(OH):.H!0.Thisis in agreementwith the compositionexpressedby the

analysisgiven above. On thé other hand, Tower3showsdefinitelythat

Ni (OH);maybcpreparedbydryinga colloidalsuspensionofhydrousnickel-

ous oxidefor seventlwceks. It is probablymerelya coincidencethat the

compositionof the incompletelydried satnptes approximatcsa definitc

hydrate,and it is thereforemoreaccurateto designatethe sampteprepared
aboveashydrousnickelousoxide. Whateverits formulait willhaveproper-
ties more!ikcthé frcsHyprecipitatedhydrousoxidethan willone whichhas

beendriedfor severalweeks;and it willthereforebe tnorosignificantin its

causalrelationto the stabilizationof the laminar cobaltoushydroxide. The

freshly precipitatedhydrousnickelousoxide was laminar, and the dried

powderisotropie.
TheX.radiograms'weretaken by the powdermethodof Davey.' An

aceuratedeterminationof the structureswasnot attempted,merelya quali-
tative comparisonofdifferences.A discussionof thepatternsfollows.

The crystalstructureof rose cobaltoushydroxidebas been detennined

as orthorhombic."Theblue(gray)samplewas foundto hâvethe samclines

in exactlycorrespondingpositions,indicatingthat the arrangementof the

Xeueallgem.J. Chem.,(t8os).
AM.,SI,t68(<&t4).
J. Phya.Chem.,2S,176(t9~4).

<ThéauthorisindebtedtoMiœM.K. Slattery,of theDept.ofPhyaicsat Cornell
t~nivctMty,whoobtainedthéX-MdiogMmsforallthésamples;andto Dr.MarieFarM.
worth,ofNewYorkUnivermty,whoprofferedtheX-rayequipmentofthat)a))orator~'for
furtherinvestigationoftheproblem.

Cen.Ktee.Iteview.,Sept.(tOM).
XattaandReina:Atti.Accad.Lineei,(6)4,48(<9a6).
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atomsandthesizeofthe unitceUare thesamein both. InoidentaHy,it abo

showsthat the adsorbedcobaltsait doesnot gointo theorystattattiee,since

it wouldbeexpectedto causea shift in the lines. The intensityofthe lines

fromthegraypowderis lessthan that of thosefrom therose,indicatingthat

the concentrationof the crystab givingthese lines is less. If it is recaUed

that the graypowderconsistedofa mixtureof greenandroseparticles,the

comparativeintemsitiesof the lines impliesthat the patternobtainedis

simplythat ofthe rosepartiotespresentin largeamountinthegray,andthat

thegreenparticlesareamorphous. Sinceonlythe rosepatternispresenton

the grayfilm,the greenparticles,if crystalline,must be identicatwith thé

roseandtheirpattem superimposedonthe rose pattem. Butin thisevent

the twointensitieswouldnot vary.

Inorderto try to eliminatethis rosepattern and getthe truostructureof

theblue,if thereboone,the blue(green)preparationwasexamined.Since

that one tumed greenwhenpowderedwhereaathe blue(gray)tumed gray,
it mustcontainmuchless ofthe rosé. TheresuMofthiscomparisonisbrought
out in Table III.

TABUBIII

RoseCo(OH)t Btue(fp-een) KCf
JmgstrCnMInten~ty Angotr&MlntenNty AngetrOfMIntenetty

4.65 4 4.80 4

3-!7 4 3.1!: iS

a.yô 3 2.78 g

2.37 4 ~-40 4

!4 2

.82 1 !.8! 3

i778 3 -79 2

1.590 3 595 2 '-57 1

1505 2 -5'~ 2

1.423 2 -4i6 1 1.403 2

1.375 1 -3~0 1*J<J

Theintensitieswereestimatedby inspectionand assignedto oncof fourdif-

ferentvalues,numberfourbeing most intenseand numberoneatl but in-

visible. The numbersbearno relationto those listedfor KCI. Thé table

showsthat the blue(green)pattern containsall the Unesof therosepattern
andsomeextraones. Thèseextra onesare the strongestlinesofpotassium

chloride,whichwasnot thoroughlywashedfrom the precipitate.The lines

do not matchexactlyand is was suspectedthat perhapssomepotassium
chloridewasactuallyadsorbedand alteredthe cobaltoushydroxidelattiee

somewhat.To checkthis,another picturcwas takenof theroseand blue

(grecn)sidebysideonthesamefilm. The lineswereexactlythcsamespacing

as indicatedby theircontinuity.

D~vey:Phya.Hev.,(2)!t, se.
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It mustbe rememberedthat both thé M<te(gray)and blue(green)are

sampleswhichhave beendriedand powdered. Neitherthrowsany light
on the conditionof the freshgelatinousprecipitate. Sincecobaltouscbloride
in greaterexcessstabilisesthé laminarstructure, the greenpowdercon-

taininga greateramount of cobaltoussalt should more nearly represent
the conditionofthe freshpreoipitate.The positionof the linesaregivenin
Table IV.

TAMJBlV

ÂageMnM Intemity ÂngatrOma ïntemity
:.78 t.60 !tt ~L
..39 i.Si ~jMurn.db.nd
1.79i.y~ ~/i<

ThereareonlythreedefiniteUnespresent,twoof whichare aUbut invisible.
It is significantthat thèselinescorrespondto the strongeston thé rosepat-
tem as recordedabove;but theyarevery indistincteventho thesamplewas

exposedto théX-raysmuehlongerthan wastherosé. EvidentlycrystaUiza-
tionbasjuststarted,andit iBsafetoconcludethat the freshgreenprecipitate
is truly amorphous,andthat in thé freshbluepreoipitatecrystallizationis
not as far alongas it is whenthe pattern for the blue is obtained. Clark
states' that thiarnethodis thé mostsensitivefor detectingthe beginningof

crystallizationas a gelages.
ThereareonlytwoveryfaintandblurredUnesonthediffractionpattern

for hydrousnickelousoxide,locatedat 2.72À and i.;6 À., the Jatterbeing
very muchweakerthan the former. If these mean that crystallizationis

just beginningit is interestingto notethat hydrousnickelousoxideremains

amorphousforsometimewithoutthéstabilisinginfluenceof anyaddedsalt.
Tower~foundthat nickeloushydroxidewas isomorphouswith cobaltous

hydroxide;but ho wasdealingwitha samplewhiehhad beensubjectedto
moredrastictreatment,as explainedabove. Tbereare otherpossibleinter-

pretationsofthispattern. WyckoS*saysthat so-caltedsemi-liquidcrystals,
in whichatomsare orientedin onlytwo directions,do not givea definite
diffractionpatternbut showonelineand sometimesa repetitionof thisline
in a higherorder. Atomsorientedin two directionssuggestthin plates.
It bas sincebeenshown'that sucha pattern doesnot nccessarHyindicate
a semi-crystallinesubstance,but doesmeanthat the substanceis laminar.

Also,Clarksays:*"Themesomorphicphasesrepresent the primaryorienta-
tion of themolécules–thisresultsin swarmsofminutecolloidalcrystallites
which combinewith a growingnucleusto give the completedcrystal."
Thus, regardlessof whichinterpretationis thé correctone, the hydrous

"AppHedX.raya,"!79(t~y).
J. Fhys.Chem.,28,tyô(!9~4).
"TheStructureofCryatab,"379(t~).

<Wyckott,HuntandMent-in:Science,6t,6t3(t~s).
"ApptiedX.Mya,"t76(t997).
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ifttftf~tfMtu ftvtftn tM tatntnHf ttttft !a ~!t.h~p tKiftnw~htrma ~t* la mat twmnmtntnickelousoxideis laminarand is either amorphous,or is just beginningto

crystallize;whichmeansthat it is amorphouswhenfreshlyprecipitated.
TheX-raydiffractiondata, therefore, bringout thé followingtacts to

corroborateand supplementthe informationobtainedwith the microscope.

Freshly-precipitated,greenorblue,cobaltoushydroxideis amorphous.Hose

cobaltoushydruxideis crystalline. In that sensethe two differin crystal
structure. Thcydo not followthe analogyof rcdand bluecobaltsolutions,

howewr,norshouldthey be expectedto, sincethe true colorsin this case
are roseandgreen,the bluebeingonlya reflectedcolor.

Thereis no intenncdiatecrystalformof cobaltoushydroxideto aecount
for a colorchange;only the final rose pattern exists. Hydrousnickelous

oxide,wht'nfrcshiyprecipitated,is !aininarand amorphousand therefore
stabitizcsthe laminar fom) of cobaltous hydroxideand inhibitscrystal
growth,retardingthe blueto rosechange.

.Justwhycobaltoushydroxidein laminarfonn shouldbe greenand in

crystallinegranularformrose,is not known. It may at leastbcpointedout
that thpreare numerousfamiliarexamplesof the manner inwhichthe size
andshapeofmassesaffecttheirhuesby transmittedlight. Hedva)!'investi-

gateda numberof metallieoxideswhichexistedin two differentcolorsunder

differentconditionsand foundthat the crystalstructures of the twocolors
wercinmostcasesidentical. A closerscrutinyshowed that the changein
colorin severalcaseswas accompaniedby a changefrom a laminarto a

granutarstructure. In the present case, however,it is possiblethat the

differenceincolorisaffectedto a greater extentbythe fact that oneisamor-

phousandthe other crystalline. The differencein orientationof the atoms
or ionsundertheseconditionswouldgiverise todifferencesin interatomicor

interionicforceswhichwoulddoubtlessaffect the color absorbed,if that
colorisan etectroniceffect.

The ReflectedBlue of CobaltousHydroxide

Thisblueis the reflectedcolorof a precipitatewhieh iscssentia)!ygreen
to yellowby transmittedlight. It has been shownthat the contributionto
this colorof the smattamountof precipitatewhich is blueby transmitted

light isalmostnegligible. Apparentlythe study of Opticsoffersonly two

possibleexplanationsto accountfor the true reflectedcolor. It maybe the
surfacecolorofa substanceshowingselectivereflection,or it maybeoneof
severaitypesofstructuralblue.

Selectiverenection,or surfacecolor,is discussedin detailby Wood*and
morebrieflyby Bancroft.3 Whensome or ail of the light whiehis most

stronglyabsorbedby a substanceis reflectedstronglyfroma polishedsur-
face of the substance,the phenomenonis known as selectivereflection.
The resultwillbc a body, or transmitted color, approximatetycompte-

Z.anorg.Chem..t20,338(t~t).
"Physica)Optics,"409(t9:4).
"AppMedColloidChemistry,"~52(tt)26).
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mentaryto the surface,or reflectedcolor. Thus, magentais red by trans-
mitted lightand greenby reflectedlight. Many other cases are known.
Michetson'bas listedthe chief characteristicsby whichselectivereflection
maybe recognized:

"i. Thebrightnessofthe reflectedlightis alwaysa largefractionof the
incidentlight,varyingfrom;o% to nearlytoo%.

"2. Theabsorptionisso intensethat metat ntmsare quite opaqueeven
whentheirthicknessis tessthana thousandthofa mittimeter.

"3. If théabsorptionvarieswithcolor,that colorwhichismostcopiously
transmittcdwiUbepart ofthe incidentwhitelightwhichis least reflected-
sothat the transmittedlightis comptementaryto the reflected."

The prècipitateof cobaltoushydroxidedoesnot satisfyany oneof the
threepoints. Thérenectedblueis notas brightas the firststatementwould
indicate. Thegreenlaminaeare farfrornopaque,beingverytranslucentand
almostooiorlessundermoreintenseillumination. Greenand blueare not
comptementary,althotho disagreementon this point is notseriousbecause
the transmittedcoloris usuallyyellow-greenor yellow. On the firsttwo
points,howcver,it isevidentthat the blueis nota surfacecolor.

Thercareseveralkindsofstructuralblue;gratingblue,thin.Shnblue,the
blueofcolloidalparticlesandTyndallMue.

Thé blueis not a gratingcolor. The striationson a diffractiongrating
mustbc in a regulararmngetnent,whilein the present instanceboth the
striationsandthe laminaeareentirelyirregutar,both indirectionand spacing.
A)so,the huedoesnotchangeas theangleof incidentlightchanges.

The blueis not a thin.ntmcolor. The laminacare not thin enoughto
causeinterférencecolorsandthe bluedoesnot exhibitthe opticalproperties
of thin-nhncolors:notably,it doesnot changehue as the angleof incident
lightchanges.

Theblueis not ducto finelydividedparticlesof cobaltoushydroxidefor
severalreasons,whichfollow:

t. Thereisnogradua)changeincolor,as thcrcshouldbeif the particles
changedinskefromsmallblueto largerose. The blueto rosechange,thru
violet,seemsto satisfythis but the violetprecipitateis foundto consistof
a mixtureofgreenlaminaeandrosegranulesand novioletassuch. Further-
more,whena deepblueagesto a lightbluethere iscertainlyan increasein
particlesize,butthemisnochangeincolor.

If thebluewerethe colorof finelydividedparticlesthey shouldbe
bluebytransmittedlightas wet!asbyreflectedlight. Thereare somecases
whercmetalsolsareonecoterby reflectedlightand anotherby transmitted
light,but thèsearc spécialcasesof selectivereflectioninvolvingrésonance,'
and arethereforeeliminatedfor the samereasonsthat selectiverefleetionbas

'Phn.M<)t;(6)2t,564(t9u).
Wood:Phi).M<K.,(6),3S,98(t9t9;KoMonogotT:Physik.Z.,4, M8,~sa(t903).
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beeneliminated. Recentiy,Bancroftbas suggestedthat the blue reflected

colorof a goldsol, in whichthé particlesthemselvesare yeUowor brown,

is a Tyndallblue.1L

3. The followingexperimentis significant. A freshblue precipitate

preparedby addinga sûghtexcessof cobaltouschlorideto potassiumhy.

droxidewascentrifuged.the motherliquorpouredoff, distiUedwateradded,

the precipitatestirred and centrifugedagain. After the secondrepetition

thesedimentconsistedof twolayers,a roseonoon top anda bluelayerbe-

neathit. Ofcoursethé rosetayeriscontposedofthe smallerparticles. Since

crystallizationis inhibitedby cobaltoussalt, the smalleraggregateswhich

canbemostquicklywashedfreeof cobaltouschloridewillcrystallizein the

roseformsooner;whilethe largeraggregateswillremainblueand goto the

bottom. If thisprecipitatebe washedseveraltimesmoreinasimilarmanner

it willnot settle out, nor can it be ccntrifugedout, but will remain in

suspensionseveralweeks,a fairindicationthat the particlesareprettysmall.

Thèsesuspendedparticlesare rose,not blue,but they aresmaUenoughto

givea weakTyndalleffectand scatterbluelight.

Bya processof elimination,then,wecometo a considérationof the blue

as a Tyndallblue; whiehis a bluescatteredby smallparticles,the sizeof

whichis oftheorderof thewavc.tengthofbluelight.
Mason~baslistcdsixpropertiesofa Tyndallblueandofthemediumwhich

mayscatterit. Someof thesepropertieshaveactuallybeenobservedin the

blueprecipitate;most of the othersmay bc indirectlydeduced. Theyare

consideredbelow.

t. "Partictes,or otheroptica!inhomogeneities,of a refractiveindexdit*

ferentfromthat of thc mediumwhiehsurrounds them. No colorif re-

fraetiveindicesare not different."

It basbeenshownthat thefreshgreengelatinouspreeipitateis amorphous

and the finalrose precipitateis crystalline. The blue is an intermediatc

color. Theremustatsobean intermediatestagefrom thestructuraistand.

pointwhencrystallizationis just startingand the crystalnucieiwouldbcof

thepropcrsizeto scatterblue light. It is very unlikelythat the refractive

indicesof thé amorphousand crystallineformswouldbe thesame. A clear

picturcof whatis happeningduringcrystaUizationis importantin following

thediscussion.It is togicatto assumethat the crystalnucteifonnwithinthe

amorphousgreen laminaeand growwhileembeddedthereinuntil they be.

corneof sufficientsizeto breakapart fromthis matrix and appearas rose

granutes. Thecrystals are probablyroseby transmittedlight throughout

theirgrowth. The processis analogousto thé devitrificationofa combustion

tubingwhencrystal nueleiof glassform withinthe glassitsctf,' and such

a tubingis knownto scattera Tyndallblue.

t. "Dimensionsof theseparticlesofthe orderof the wavelengthof blue

light(somethingtessthan o.6~t)."

Privatecommunication.
J.Phys.Chem.,27,~~4f!9!3).
J.Phys.Chem.,27,MX(!9<3).



THE COLORS OF COBALTOU8 HYDHOXtDN ~63

Assuggestedabove,at somestagein theirgrowththe nuoleimustbe the

rightsizoto scatterblue. It mightbearguedthat the X-rayditTmetionpat-

tern of the blueshouldindicatethis by a broadeningof the lineson the

pattern,sineeit is knownthat suchbroadeningdoosoccuras partiolesiae

decreases.It basbeenshown,'however,that sharpJinesare obtainedfrom

particleslargerthan 10~cm.or .0! so that particlesof the orderof .6~

wouldgiveasharppattern.

3. "Depthor shadeofbluedependenton sizeof particles. Largepar-

tiolesgivewhitishblueor white."

Asbas alreadybeennoted,with the properproportionsof reaotantsthe

deepblue,gelatinousprecipitateagesand becomesgraduallymorewhite-

a lighterblue. Thisfadingparallelsexactlythé colorchangein the sample

of Tyndallbluepreparedby heating the Jena combustiontubing. The

heatingcausesthe partial devitrificationof the glass, the crystalsbeing

largestin theportionwhichwashottest. The reflectedcoloris nearlywhite

at thispoint,whilethe bluebecomesmoreintensetowardthe portionwhich

wascooler;thatis,thetubeisbluerwherethe particlescausingthescattering

aresmaller.Ofcoursethis analogydoesnot provethe presenceofa Tyndall

blue,but it iscertainlysignificant,forif the precipitateis amorphouswhen

firstformedandcrystallinewhenthe diffractionpattern isobtained,a graduât

growthof crystalsmustoccur. The samefadingof the blue coloroccursin

théblueta rosechange,but the appearanceof the rosecolor,whichis natur-

ally lighter,masksit.

4. "Scatteredlight blue, transmitted light rcddish. Blue soen only

whentransmittedlightis eut off."

Whena verythin layerof the blueprecipitateis examinedon a micro

slide,there is no évidenceof any transmitted reddishbeam. Whenthe

freshtyprecipitatedsuspensionisplacedina glasscet!5mm.thickandastrong

beamof lightpassedthru it, the transmittedcolor is decidedlyreddish.

Ofcourseanyfinesuspensionwill showthc Tyndallcffect,but it must be

rcmemberedthat in this casethe suspensionis ofgelatinouslaminae,large

enoughto settleoutrapidly. Thesewouldnot, in themselves,givethe effect

andthe scatteringmustthereforebe due to somestructure,suchas crystal

nuctci,withinthe laminaethemsctves. The followingseriesof precipitates

wereformedbyaddingthe indicatedamountsof t.ssM KOH to 5.0ce.of

.83MCoCtt,shakinguntilhomogeneous.Alittle wasthenexarninedin the

absorptioncell:
Color

ce. KOH KeHcchid Transmitted(diff<Me) Transmitted(direet)

4.y greenish-blue green green

4.8 blue greenish-blue greenandred
somered

4.9 blue grecnish-blue greenandred
morered

.0 blue distinctreddish-blue greenandred

'Chrk:"AppMedX.mys,"<8t(t92y).
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It is significantthat as tho ratio of reactants is changedthe nrst suggestion

ofa reddishtinge in the transmitted lightcorrespondsexactlywiththe first

appearaneeof a lastingblue by reflectedlight.
If the ceûis simplyheldbetweenthë eyeand a fairlylargesourceof light,

the transmittedcolorsin the third columnare observed;andthé morecon-

centratedthesolution,the moreblueis the precipitate. Thereisnota great

differencebetweenthehuesby transmittedand reftectedlight. If the beam

of light is sharplydefined,however,by wrappingthecellin Mackpaperand

allowingtho light to be transmitted thru a smallwindow(t cm. square),

thencethru the solutionand out a similarwindowoppositethe first, the

transmittedlight is a mixtureof redand greenas notedin columnfourof the

table. The results in columnthreeare obtainedwhenthe incidentlight is

diffuse,so that muchof it passesthru the precipitateat suchan anglethat r

theobserversecs the scatteredbluelight rather than the transmittedbeam.
i

Asthe cet)is movednearerthe source,the tunountofdiffuselightdecreases j

and the bluecolor givesway to the red and green. The intensityof the

transmittedlight also increases,whichmightsuggestdiohromatismas the

causeof the changein color. But if the sharplydefinedbeamisused,there

is no changein the hueas the intensityof the transmittedlightis varied,

whichof courserulesout diehromatism.

Thefollowingexperimcntshowsdefinitelythat the apparenttransmitted

bluewhena diffuselight sourceis used is merelybluescatteredfromlight

whiehis incidentat anglesvaryingwidelyfromthe normal. The precipi-

tate, blueby diffuselight,is placedin the cettand the transmittedlightde-

finedby the windowsdescribed. Whenthe openingthru the cettis in posi-

tion Ain the followingdiagram,the transmitted light is red and green.

Asthe cellis movedto positionB, the light comingthru growsmoreblue,

untit at B it is a goodblue, as purea blue as is obtainedin the freshblue

precipitateby refleetedlight. Theexperimentshouldbedoneina darkroom. f

1: ft~ e):-t.*~–

!n the ordinary sense the light is transmitted, sincc it is shining thru the

hôte in the dark aercen. Actually the observer sces the scattered light at or
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nearrightanglesto the transmittedbeam. If the observermoveto position
C,thecolortransmittedis againred andgreen. It is actuallypossibleto dis-
tinguishredandgreenwiththenakedeye: but thé absorptionspectrumalso
bearsout this observation,showingan absorptionband inoludinga)) the
yellowand part of the red andanotherbandincludingal!of the blue. The
spectrumabo indicatesthat thered transmittedinereasesas the proportion
of potassiumhydroxideincreases. With more dilute solutionsor thinoer
cetts,the proportionofred decreasesand thegreenbodycolorprédominâtes.
Whenlaminaeare examinedunderthe microscopethe layer is gothin that
thereare notenoughpartictesin the path of the normalbeamto scatterthe
lightand sothe greenbodycolorof the amorphouscobaltoushydroxideis
manifest,ratherthan the reddishTyndallbeam.

5. "Seatteredlightpolarized,vibrationsin planenormalto thedirection
of thé incidentbeam. Comp!etenessof polarisationdépendenton SMeof
particles."

The bluelight scatteredfromthe precipitatebasbeenfoundto be polar-
izedin the properdirection. The completenessof polarisationwithsizeof
partMeswasnot tested.

6. "Intensityof scatteredlight inverselyproportionalto fourth power
ofwavetength." Thispointwasnot investigated.

Anothercriterionfor a structuralTyndallblue whichis notioeablysatie-
fiedby the bluecobaltoushydroxideis that it is mostintenseagainsta dark
background.'

If the blueof freshlyprecipitatedcobaltoushydroxideis a Tyndallblue
it natural!yfollowsthat the light blue,aged,granularprecipitateis alsoa
Tyndallblue. Athin layerof this is slightlyreddish-yellowby transmitted
light. The reflectedblueis planepolarized. Thé existenceof opticallyun-
homogeneouBparticlesbasbeenpostulated. The blueismore intenseagainst
a darkbackground: It bas alsobeen stated that this aged bluemay turn
greenwhendried;or if bluewhendried,it may tum green instantaneously
whenground. The resultinggrayish-grcenpowderis found to consistof
greenand roseparticles. Bancroft'bas attributed the blue colorof some
slags,whichturn a dirty greenwhenground,to their structure.

If the bluecoloris scatteredby crystalnuclei,it is necessaryto account
forthe changeto greenof the deepblueprecipitatewhichis firstformedin
the presenceof an cxcessof cobaltouschloride. Aspreviouslystated, this
deepblueactuallybasa greenishtinge and a detailedinspectionshowsthat
thereare largebluelaminaedistributedthru a finergreenprecipitategiving
the bluecoloroverall. A fewof these blue laminaepersistafter prolonged
stirring. Someof them may be blue by transmittedlight and thesehave
beendiseusscdelscwhere. The rest are laminaeformedunder conditions
whichwouldpermit thé formationof crystal nuctei. During the actual
mixingof the reactantsthere wouldbc spotswherethe excessof cobaltous

Maaon:J.Phys.Chem.,27,M~(t9:3).
J.Phye.Chem..28, M(t~).
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chloridewasnotsumcientto preventthis,sincethé reactantsarenot homo-

geneousat the instant they are mixed. Subséquentstirringbreaksdown

these laminae,libérâtesthe nuctei,and muchof theirlight scatteringeffect

is lostdueto theirgreaterdistnbutionand dilution,althosincethe change,

amorphouHgreento crystallinerose is irréversible,the nueleimust still be

present.
Thestructuralpropertiesof the precipitate,to whiehthe Tyndallblue

tnay bedefinitelyattributed,hâve not been directlydetected. Apparent

"pitting"of the laminaehasbeenobservedin all but the greenprecipitate;
that is,in precipitateswhichare blueor whichhavebeenblue. It is very

likelythat crystalnucteicausethis pitted appearance,altho whenobserved

they havealreadygrowntoo largeto scatter bluelight. Theirpresencein

the amorphousmatrixlendsfurthersupportto the ideathat a largenumber

of srnaUernuclei,similarlydistributed,are presentalongwith them and

alsoat an earlierstage. The irregularstriationsmightalsobeexpectedto

scattersainebluelight,but in thecrystalnucteiliesthemostprobablecause

of the Tyndallblue. b
Sincethe particlesof the orderof .6phave not actuallybcenobserved,

oneisperhapsjustifiedin questioningtheconclusiondrawn;butbecausethe

opticalrequirementsfor a Tyndallblue are satisfiedalmostcompletely,and

particularlybecausethe opticalpropertiesof the bluecobaltoushydroxide
are in decideddisagreementwith thoseof other formsof structuralblue,it

may bestated fairlydefinitelythat the blue colorof the freshprecipitate
is a Tyndallblue.

Attributingthe bluecolorto the scatteringeffectofcrystalnucteisounds

vcry muchlikea confirmationof the suggestionthat the differencein color

of the blueandroseisdueto a differencein the sizeofthe particles,the blue

beingthe smaller. Postulatingfineparticleswhichscattera Tyndallblue,

howevcr,is quitedifferentfromassumingthe bluecolorto bedue to finely e
dividedcobaltoushydroxidewhichis itselfblue.

Sectionn. TheAgedPrecipitates, Green,BlueandRosé

When4.oec.or lessof t.ssM KOHare addedto ;.o ce.of .83MCoC)~

(molarratio 1.49:1),the bluegelatinousprecipitatechangesto a greengela-
tinousprecipitateasusual,and the latteragesgradually.It settles,assumes

a granularappearanceand changesto a lightgreen,then to blueand finally
to rose. The progressof this changeand the conditionscontrollingit are j
illustratedin the followingtable.

Varvingamountsof i.ssM KOHwereadded to to.occ.of .83MCoCk,

and themixturestirredby bubblinghydrogenthru it for ten minutes. It

wasfoundthat subsequentagingwasmorerapidwhenthe timeof stirring

wasinereasedandalsowhenthé temperaturewasincreased.

The volumesare roughlyestimatedby comparingwiththe oneof greatest

volumetakenasunity. Thetablebringsout severalpoints:
i. Theagingisaccompaniedbya changeofcolorfromgrecnto blueto rose

and by a mechanicatbreakingdownof the gelatinousprecipitateto forma

e

r

<
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granularone,as shownby the decreasein volume. It wouldbe expected,
therefore,that longmechanicatstirringwouldhastenthé aging,and it does.

e. Therate of agingmereaseaas the ratioCoCt~KOHincreases.This is

evidentthroughout,but is emphasizcdparticularlyby the appearanceof

theroseinNo.r aftorsixdays,whiteit didnotappearinNo.4forfiftydays.

3. No appreciableaging,M evideucedby colorchangeandsptttingtakes

placewithexeesscobaltsalt present in amountsless than i molCoCtt:t.5
molesKOH.(theconcentrationofNo.4)

TABLEV

Descriptionafter
°

Ko.ce.KOH 3days 6days $0days
Vol. Color Vol. Color Vol. Color =

i s .0 t/3 blue,nogreen !/4 roselayer 1/8 ftUrose
on top top,blueat

bottom
2 6.0 3/4 lightgreen t/3 blue-green 1/4 rose, green l

ontop ontop
3 7 o 7/8 greenas 2/3 blue,green 3/8 rose, green

above ontop ontop
4 8.o 1 green,looks t green,

freshgelat. looksfresh 7/8 alightlyblue

greenat bot- =

tom, middle

layer rose,
green top

5 g.o i grecn,tooks i green, i green,looks
fresh looksfresh fresh

6 0.6 ~/8 bluishat 7/8 MuMhatbot- 2/3 yeUow-green

bottom,top tom,topgreen

green
7 lo.o 1/2 blue i/a gray-green 1/2 brown-green

4. Theagingresultsnotonlybecausea greateramountofcobaltouschloride
is ongmaUyadsorbed,but it also resuttsfromthe.precipitatestandingin

contactwithcoba!touschtorideso!ution.Thisis clearlyshownin No.t.aftersix

daystherewasa rose layernearcstto the solution,whiehis furtheradvanced

than the blueat thé bottom. This rosesubsequenttyworkeddown. In a

separateexperiment,the precipitatewasformedin the sameproportions,
but the excesscobalt salt was immediatelywashedout with potassium
chloride.Thisprecipitate,leftstandingfortwomonths,didnotchangefrom
the originalgreencolor(exceptfora brownishtinge due to oxidation),and
didnot becomegranular;that is, noagingoccurred.

5. Thetendencyto turn brownor yellowin Nos.6 and i isdueto partial
oxidation.In Nos. 2 and 3 someoxidationof the surfacelayertook place
beforetheagingstarted,producingagreenlayerwhiehdidnotagelater.
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The three stagesof the agingpreeipitate-green,blueand rose-were

examinedwitha microscope.TheyareaUmadeupoffineparticleswithonty

anoccasionalplateofanysize. Thefrequenoyofoccurrenceof largerplates

dépendsonthe lengthoftime the precipitatewasstirred. Théstirringhe!pB

breakthe plates,althothey tendtobreakeventuallyanyway.Thefewplates
leftareportionswhichhave not undergoneany aging. Theyarc isotropie.

Thesmallparticlesoftheseagedprecipitatesare verydifferentinappearance

fromthosein the freshprecipitates. The latter werecomparativelytrans-

parent,whitethe formerare quiteopaque,neecymassesmadeupofagglom-

eratesof veryfineparticles. This is true of Nos. i thru 4 in table,exam-

inedafter fiftydays. No. 5 appearsexactlylikea freshlypreparedprecipi-

tate, consistingof transparent,greenlaminaewhiehare isotropic. No. 4,

whichbas settledsome,is Peecylookingand transmitssomeUghtbetween )

erosaedNico!s,althonot as muchas the roseof No.3, whichis definitely

anisotropie.Thétransmittedandreflectedcolorsof the precipitatesas they

agearelistedin TableVI.

TABLEVI

Colorinbulk BytMMmittedUght ByreNeetedUght S

green yeUow-green slightly bluish-

(a fewredspots) green

blue yellow clearpowderblue

(redandgreenmixed)

rose yellow-red slightlybluish-red

(somegreenpatches) to red

Ofcoursethe propermixtureof red and greenwilltransmityellowand the

blueismadeup ofsucha mixture. Theblue,then,is an intermediatestage

inthe changefromgreento rose. ThismerelyrecaMsthe actualchangeof

colorobservedduringaging,but it alaoindicatesthat the blueis not inher-

entlydifferentin itself,merelya mixtureof the greenandrose. The green

isa true absorptioncolor,transmittingand reflectingthe samecolor. The

roseislikewiseanabsorptioncolor. It isaisoevidentthat thegreenisamor- (

phousand the rosecrystalline,whitethe blue is againa Tyndallbluemade

upofa mixtureof the two. Thesamenumberofcriteriaofa Tyndallblue

werenot appliedhcreas werewiththe freshblueprecipitate,but this aged

bluedoesalwaystum greenorgraywhenits structureisdisturbedbydrying J

orpowdering.It is quite possiblethat smallcrystalnucleiare responsiMe t

forthebluecolor. Theprecipitatesbeginto showa bluishtingebyreflected

light(ascanbeseenfromtheabovetable)as soonas theybeginto settleout

andcrystaUizc.
X-raydiffractionpatterns wereobtainedfor the green,blue and rosé.

Thesamptcswereat!preparedbyadding7.0ce.of t.ssM KOHto 10.0ce.

of .S~MCoCi!)plus!o.oce.ofwaterand stirringten minuteswithhydrogen.

Ontythe time of agingwas variedto obiain thé differentco!ors. These

precipitatesaUcontainmoreadsorbedcobaltsalt thandothefreshones,and

f
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~)H!ndi<!atff!h<'tmfpne~Mi<)<'e%<'fth&)tinn<K'h ThHn~ttom)tnht<nn<'Wanalysisindicatesbetween54and55%cobaltinoach. Thepattemaobtained
are givenbelow. Sincothe analysisindicatesweare not dealingwithpure
Co(OH)t,thepossibleimpuritiesare listedinTableVII forcomparMon.

TABLE VIIA~CM~Tt~

Green Blue Hoee CoCt, CoCt, Co(OHh KCt
anhyd. 6H.O

A Int. A Int. et Int. A Int. À tnt. À Int. A Int.

4.39 5

j,.8 blur 3.8 blur 3.62 Ib
3.2 2 3.!8 ab 3.05 3 3.t6 Ib 3. t~

2.88 3b 2.89 2 2.89 <t
ï.8: zb 2.79 5 z.8o 4 a.ys 5 ~7~ 3
!.7: Ib 2.68 t
:.39 z a.40 4 2.3? 5
t.3: 3 a.t8 5 2.29 5 2.39 3
:.z4 t 2.23 t a.aa 1 2.16 3 :t to

a.t4 t 2.1$ t a.08 5
1.96392 1.96$!1

!.84 i 1.82633 1.82533 t.8$ t
1.79 t 1.76722 -7651 1 1.79 5 i.8tSï 2 t.8t 3
!.72 i r.7i24 4 -7'34 1~083 3 1.77822 '.77833

t.ûzszb 1.626 ab 1.744!2
'-59 '-S503b .55< 2 !.7t8i 1 1.59033 's6 i
t.Stbtur 1.522 3b .5202 2 1.68533 t.505: 2 1

..1.1. I!.I .1.1.1 1
AJtthèsepatterns listedexceptthe greencontainmoreUnescorresponding
to tessthan t. sÀbut they are faint and of no significancein the present
discussion.A letter "b" after the intensitynumbersignifiesthat the line
wasblurred,makingthe readinginaccurate. The estimatedintensiticsare
fromfiveto one, fivebeingthe strongest.

Certaindefiniteconclusionsmay be drawnfromthe above comparison.
First,the structureof the rosecorrespondsto that of the blueas wouldbc

expected,sincethe bluewasfoundto bea mixtureofroseandtheamorphous
green. Secondly,this rose pattern is differentfrom the pattem of pure
cobattoushydroxide,althothe blueand rosecolorsmatchperfectlyinappear-
ancc. It is weUknownthat whentwo or moresubstancesare mixed,eaeh
substancein thé mixturewillproduceits owncrystal diffractionpattern,
independentlyof the others,providedthat it ispresentin sufficientconcen-

tration,say s to to%. Thercforcif the rosepattem containslineswhich
cannotbe foundin the pattern of cobaltoushydroxideor thoseof any of =

the impuritieswhiehmightbe present(namelyCoC!6H<0,CoCtt,or KCt),
it isdefiniteevidencethat a differentcompoundis present. Adetailedcorn-

parisonof the pattern for the roseaged precipitatewith the othersrecorded
showsthat to bc the case. tn makingsucha comparisonthe relativein-
tcnsitiesof the linesmust be kept in mind. Thus,wefinda lineat t.SçÂ
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on thehydratepattem whichcorrespondswith a Une(z.SoÂ)onthe rose

pattem. But if this lineof the hydratewithan intensityof4 is presenton

therosepattern,then lines:.o8 and 1.79withintensitiesofSshouldbestiM

moreevidenton the rosepattern. Sinceneitherof these linesdooccuron

the rose,it meansthat Unez.89Âon the roseis notdueto adsorbedhydrate,
but isa lineof the rosecompoundwhichmerelyhapponsto coincidewith

thehydrateline. Followingthis reasoningwithaitthe mostprominentlines

on therosepattern, wefindthem to be unique,indicatingthepresenceof a

differentcompound. Thisis doubt!essa basicsalt of cobaltchloride.Ap-

parentlythe onlybasicsalt recordedin the Htcratureis onecorresponding
to the formulaCoCtt.3CoO.~1/2 HsO, precipitated fromhot ammonia

addedto boilingcobaltouschlorideand of peach-blossomcolor.1The rose

precipitatemaybe a differentoneand is beingmorecarefullyinvestigated

at the presenttime. f
Thepattern for the lightgreen granularprecipitatetakenbeforeaging

hadprogrcsscdveryfaris interesting.Thelinesarefewand nonctoodefinite

eventhothe samplewasgivena longerexposurethan thé others. That in t

itselfindicatesthat crystallizationis just starting. Consideringthe Unes )

in detail:the blur at 3.8Àcorrespondsto the strongestline(alsoindistinct)
of theanhydrouscobaltchloridepattern. The weaklineat 3.2corresponds

roughlyto the strongestlinefor potassiumchloride. Theremaininglinesof

thé lightgreenpatternare tabulatedagainstthe mostprominentlinesofthe

rosebasicsalt and pure cobaltoushydroxidein TableVIII.

TABLEVIII

Lie,ht)!fpen Rose))Micsalt Co(OHh
Â.!nt. A. Int. À. !nt.

2.82 z(btur) 2.79 5

2.72 z(btur) 2.76 3

2.39 2 ~-37 S

2.31 33 2.29 5

2.24 1 (2.22 1) (2.2tstrongonKC!)

1.84 1 1.82633
f

1.79 1 ('.765!) ".7783.3

1.7~ 1 '.7'34 4

bturredband
3

J.SU '-5<'5~2

Of course,the Unesdonot correspondexactiy,but consideringthe indis-
tinetnessof the Hghtgreen pattern, the correspondenceis morethan a

coïncidence.The relationsof the intensitiesof the linesis mostconclusive,
howcvcr.The two mostdistinct tincson the greenpattern,thoseat z.39Â
and:.3 À,are takencareofby the strongestlineonthecobaltoushydroxide
andthe rosebasicsalt rcspectivety;and oMthe linesof boththe basicsalt

Habermann:Monatshefte,5,439.

c
t
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and thehydroxidewith intensitiesofthree or greateroccuronthegreenpat-
tem. It isquiteevidentthat the greenitselfisamorphousbutcontainssmall ?

amountsof the erystattinebasicsalt and crystallinecobaltoushydroxide,
and perhapssomepotassiumchlorido. Certaintythe roscbasicsait is the

onlycrystallinecompoundformedduringaging. It is easy to accountfor

thc presenceof thesetwo crystallinesubstancesin the green. Therosebasic

salt, as suggestedby the microscopieexamination,has alreadybegunto
form. Cobaltouschlorideinhibitsthe formationofcrystalline,rosecobaltous

hydroxide,but the action is irreversible. Sothé smaUamountofcrystalline
cobaltoushydroxideprésent in a freshgreen precipitate,as shownby its

diffractionpattern in Table IV, willnaturally remainas suchin the aged

precipitate.
Thesignificantthing shownby the X-raydata is that thecrystallinebasic

salt is formedonlyafter the precipitatehasstoodsometimein contactwith

cobaltouschloridesolution. At firstthe basicsatt, if formedat all,isamor-

phous. It is more likely that cobaltouschlorideis first adsorbedby the

green,amorphouscobaltoushydroxideand then slowlycombineswithit on =

standing. It has recentlybeennoted by Neville'that duringthe hardening
of plasterofParisthe wateris first adsorbedand later combinesto formthe

hydrate, M similaraction bctweencobaltouschlorideand cobaltoushy-
droxidewouldnot be unique.

Summary

All the colorsresulting from the interactionof a cobaltoussait with

potassiumhydroxidehavebeenshowndiagrammaticaUyonpage n~S. The

conditionscontrollingcachof the changesindicatedthere havebeendefined.

Thèseconditions,togetherwith a microscopicstudy of the changesand of

the severalproducts,and a studyof the productsby meansof X-raydiffrac-

tionpattemsleadto the followingresults.
i. Freshlyprecipitatedcobaltoushydroxideisgreento yellowgreenby

transmittedlight. It isgelatinous,laminarin appearanceand amorphous.
In this formit is metastable.

Theblueof freshlyprecipitatedcobattoushydroxideis essentiallya

renectedcolor. By a processof eliminationit has been shownthat it is

probablya Tyndallblue scatteredby amaUcrystalnucteiwhichformwithin

the amorphousmatrix as the gelatinousprecipitateages to the crystalline
form. Its opticalpropertieshavebeencomparedin detailwith thoseof a.

typicalTyndallblue.

3. Thefreshlyprecipitatedcobaltoushydroxidetends to changeto the

familiarrosecobaltoushydroxidewhich is granular in appearanceand

erystalline.It is the stableforni.

4. Thereis no other crystallineform of cobattoushydroxideproduced
undertheconditionsof the experiment. The aged,light blueprecipitateis

crystallinebut its structureis exactlythesameas that of the rose. Theblue

of the agedprecipitateisalsoa structurâtcolor.

J.Pbyo.Chem.,30,to~y(t~aô).
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S. Adsorbedcobaltouschlorideinhibits crystal growthand therefore
favorsthe formationofthe greenprecipitateand hinderstheformationof the
rosé. It doesnot combinechemicallywiththe cobaltoushydroxide.

6. Freshlyprecipitatedhydrous nickelousoxideis laminarand amor-

phousand thereforetends to stabilizethe laminar,amorphousoobaltous

hydroxide.

y. It is not true that the blue to green changeof freshlyprecipitated 1
cobaltoushydroxideisdue to oxidation.

18. Avery smallproportionof a fresh cobaltoushydroxideprecipitate
isblueby transmittedlight. This cannotbe accountedfor,althoa tentative

explanationis offered.

o. When cobaltoushydroxide is added to potassiumhydroxide in
amountsgreater than i mol CoCk t.; mol KOH and the precipitate
standsin the motherliquor, agingoccursand the colorof the precipitate
changesfromgreento blue to rosé. 1

a. Thefinal roseprecipitateis not cobaltoushydroxideor a mixtureof
cobaltoushydroxidewithcobaltouschloride,but isa basicsaltofcobalt. °

b. The blue precipitateis a mixtureof the roseand the greenand the 1

coloris structural blue.
c. The firstgreenprecipitateisessentiallyamorphous,containingsmall

amountsof crystallinecobaltoushydroxideand of the erystattinebasicsalt.
It isnot a secondcrystaUincform.

d. Thefinal rosebasicsalt is the onlycrystallineproductformedunder
theconditionsof theexperiment.

t'K«'eM<<t;0/ r<fMMi<.
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Cottoid Chemtstty. ~tM~/MWtte~.MHder. ~o<MXMem;pp.M;M. New
ferA.' Chemical Ca~~e CoMpe~, MM. Price: ~MO. This book contins articles

détint with biologyand medicine. The authors and subjeeta are: JeromeAlexanderand
C.B. Bridga, Some Physieo~hemieat Aspectsof Lifo,Mutation, andEvolution;Stéphane
Mue, Solutions and Life; A. L. Herrera, PtMmogeny;Sir William Bragg,Cottoidsand

X.Rays;A.deO Rocosotano,The Ageingof Cottoids;N. R. Dhar andD. N. Chakravarti,
HydrationMd Viscos!tyof Sols }nthe Presenee of Electrolytes; Fil. Bottatti, The Sur-
faceTensionof CoUoidawith SpecialReference to Protein Colloida;J. H. Yoe,Nephel-

ometry J. H. Yoe, Colorimotry; E. T. Wherry, The Desirability of eometimeaetating
RetetioMin Terme of Concentrationsrather than pH; Fil. Bottai, TheCoUoidatSystème
ofthe LivingOrganisme; WolfgangPauli, Proteine aa Colloids; M. H. Fischer,Lyophilie
Colloidsand ProtoptaNaic Bohavior; T. B. Robertson, The Combinationof Proteins with

Acidaand Baaea,with Some Observationson the Originof ViscosityInProteinSotutioM;
Mona Spieget-Adotf,Physico-Chemical Investigations on thé Heat DenatUMation of

Proteins;G. Bredig, Inorganic Fermenta; R. K. Cannan, Enzyme Reactionin Relation
to Surface Catatysta; R. WMtBtatter,The Adsorption of Enzymes; Andor Fodor, The
Prêtent Statue attained by CoUoid-ChetnicatInvestigation of Peptide-SpiittingEnzymea;
E. N. Harvey, Lueiferin and Lueiferase, the Luminescent Substancesof Light-Giving
Animais;William SeiMz, The PhysicatProperties of Protoplasm; L. V. Heilbrum,Pro-

toptasm;R. 8. LiUio,The Colloidal Structure of Protoplasm and PMtopiasmicAction;
Robert Chambers, The Nature of thé Living Ceti as revealed by Micromanipulation;
Leotjoeb, AmoeboidMovement and Agglutination in Amoeboeyctesof Limulusand the
Relationof those Processes to Phagoeytosis, Tissue Formation, and ThromboM; L. B.

Wifoon,The Physicai Basis of Lifo: C. E. Simon, The Filterable Viruses;F. d'Herelle,

Bacteriophage,a Living Colloidal MicoM;t. 8. FaUt,The Colloidal Behaviorof Baotaria;
K. 1.Fulmer,Cottoids and the Growthof MicroorfjanisnM;E. E. Just, CorticalReactions

and Attendant Physico-ChemiealChanges in Ova following Insemination; D. T. Mac.

Dougal, The Arrangement and Actionof the CoUoidsof thé Plant CeU;F. E. Lloyd,
ColloidalAspectsof Botany; Rudolph Hëber, ColloidalState and PhyaoiogieatFunction;
H. Schade,Colloid Chemistry and Internat Medicine; Edward Zunz, The Modifications
of the Dynamic Surface Tension of Plasma and Sérum; Auguste Lumière,The Colloidal
State in Living Organisms; 8. DeW. Ludlum and A. E. Taft, SimDaritiesin Colloidal
itcxctionsof Blood, Simple Colloidal Solutions, and Protoptasm; H. A. Abramson,The

~techanismof the Acute Inttammatory Pfecess; F. P. Undcrhiit, Changesin BioodCon.

centration and their Significancein the Systematic Treatment of Cases of Extensive

SuperficiatBume; I. S. Fatk; Eteotrophoresisof Bacteria and other Microorganismsand
some Relations to Immunological Theory; L. Reiner, Colloid Chemical Problems of

Serology;R. L. Kahn, Serum Diagnosisof Syphitis; P. Lecomte du NoQy,SomePhysico-
ChemicatOtaraetensties of Immune Serum; J. G. M. Buttowa, LobarPneumoniaand its

Treatmentwith Renoed Sera; H. Schade,Concrétions; Leonard Greenburg,Dust, Fumes,
and Smoke,and their Relation to Health; Albert Mary, Colloid Chemistryand Tuber-

cMtoNS;N. Waterman, Colloid Chemistry and Malignant Tumor; A. Kotaaretr,Cancer,
MetectiveFixation, Curiegraphy, and OrKanoradiumgraphy; Waro Nakahara, The Fil-
terableEntity transmitting ChickenSareoma; X. Waterman, Some TherapeuticMeasures

foundeduponthe ColloidTheory of Malignant Tumor; F. V. von Hahn,Cottoidobiotogicat

i~tudyof the Vitamines; J. U. Lloyd, CoUoidsin Phamacy; Hans Handovsky,The Sig-
nifiMnceof Colloid Chemistry for Pharmacotogy and Therapeutics; H. M. Spencer,Col-

toidatityof Arsphenamineand its Derivattves; W. Kopaczewski,The Pharmacodynamics
of (Mtoids.

tn the firstpaper Alexanderand Bridges explain tife by postulating that thegènesare

reproductivecatatysts, whichseemsto be juggting with worda. "Thé fttts of tinkagehâve
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led tu thé conception of the gène as a definitely detimited,definitely tocaiizedsub-unit

in the structure of the core,or gene-string,ofthe chromoBomc.To this must beadded the

viewthat each gène Ma definitelyorganizedsetf-reproduetiveunit. With each eeUgenera-

tion, the original gene gives rise to two daughter genesidentieally located and with thé

identica) characteristics of thé parentat gène, as judgedby the identity of affectain suc-

cessivegénérations. In the increasein the amount of the substanceof the particular gène,

preparatory to division,eonstituentsthat were present in the surroundingmediuminteract

or condense to producea spécifieend-produet. tn thé caseof contiguousbut unU)<egênée,

thé raw materials present in the surrounding medium are MsentiaHythe same. The

primary difference between thé two types of synthesis, carried on simuttaneoustyand in

closejuxtaposition in the cell, must be sought, not in the cet! plasmaat large, but in the

particutar definiteiocuain whicheachsynthesis oceursandcontinuaityreoccurs. Effective

synthesisof each particular type is reatrietedto a particuia)'locus, and hence mustdepend

upon the action of some materials situated at that particular locus. But when this syn-

theBisbas occurred, the substancehas not heen used up, or else it has been reeonstituted,

for in the daughter loci thé same reaction is repeated at the succeedinggrowth period.

TMssuggeatat hatthe condensationis catalytic, and specificaHycatalytie, sinceinadjacent

loriditïerent condensationsoccur. Thé situation can beaccounted for on the amumption

that the speciSccatatyat is thé géniematerial itMif.

"If, as seems certain, the génie moieeutesact aiM M heterocatatytic enzymes,other

spécifieend-products of greater vanety are syntheeiMd. Consideredfrom the stand-point

ofthe end-products, gènesare ehemica)factories,each ofwhich is ~'ntheNMnga eharapter-

istie set of end-products whichare delivered ultimately to the commoncytopiasm. The

various products influence the constitution of the nuclcoplasmand of the cytoplasm

directty by being constituent parts, and indirectly by their interactions with oneanother

and with the host of materials diffusingin front the milieuof the cet). Also the producte

ofone gene may act ae the raw materials for the syntheseacarried out by other genes. tn

producing and controllingdevelopment,the genes of thé entire complement act together,

since all are liberating their ehemical products into the common ce))plasma. But aince

the products of the differentgènesare différent, they takeeffect in digèrent waysupon thé

dpveïopingorganism. Someof the geneswillhave mucheffectupononocharacter and only

slight e!ïeet upon another. Eaeh character will be determined by all the genes,but in

each case most of thé ctfect will be produced by a relatively smaUproportion. For ex-

ample, in Drosophila the products of one gene are predominautly concemed with eye-

color, but have accessoryeffects upon the wings, whilethe products of another gène in-

nuencegreatly thé numberof briatles,but have also s)ighteffectsupon a do:en other char-

acterMtics,"p. 46.

"Botta! drawa the followingconclusionsin regard to the influencethat certain protein

suhstancM,atknMds, soaps, etc., exert upon the surfacetension of water, p. t6~. "Thèse

substances are capillarilyactive only whenexisting in a state of truc solution, while they

arc inactive when found dispersed aa submicmns (or cnlloidal). Mydrotyais(submicronie

dispersion) causes a surface tension somewhat iowcr than that of the pure dispersion

medium; but this probably dépends upon the faet that the system contains a part of thc

substance,even thoughiittte.asdispersed or dissolvedmolecules.Ofthe solublesubstances

théundissociatedmofecutes–not thé ion~-arc responsiblefor loweringthe surface tension.

The minimum loweringof surface tensionof a proteinsotution always correspondsto tho

isoeteetricpoint of thc dissoivetiprotein. That is to say,we hâve a means of determining

the ime!cctric point of a solubleprotein by measuring the surface tension of its solutions

"UndissocitUedmoleculesof a protein, of an alkaloid,of a soap, etc., are generallyless

hydrated than their ions. They have a greater tendfncy to aggregate into submicrons.

Whenone reduem thé elcetrolytirdissociationof a saitof a protein, of an alkaloid,or of a

fatty acid, etc., the proccssof associationdoea not stopat thé formation of undissociated

motecuies, but proeeeds further to the formation of molecular aggregates; that is, of

itubtnieronsand of microns. Simultaneoualy,the surface tension of the liquid ia towcred;
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but the loweringof thé surfacetension i8 not due to their formation. tt i8 due instead to

thé formation of undissociated,free moleculeaof protein, of alkaloid, offatty aeid, etc.,

which remain invimbto in the uttra-mieroseope."
Robertson starts his paper, p. 355, with the unfortunate statement that "it Mnow

admitted by a)t observerawhohave directed adequate attention to this question,that thé

proteinsaecomplishthe neutratization of aeida and bases in stoichiometrieaj,that Mmole-

cularor equivalentmolecularproportions." Thé catch is in the word"adequate."

Hobertsondoes admit, however, that thé aeid-combining powereof someproteins are

not due to free amino groups,p. 958. With edestin the acid-combiningpowereotresponds

<onine amino groupe per moleculeor something over ten percent of the totat nitrogen.

"Since only 1.8 percent of thé total nitrogen of the edestin moleculeMactuatty présent

thereinin thé form of amino groupa,no iesethan eighty percent of the neutralizingpower

of edestin for acids must beaeeounted for in Borneother fashion than by the assumption

of a union of tho acid with free amino groups. At least balf thé capacity of easein to =

neutratizeacids is attributable to elements in thé moleculeother than amino groupe.

Kvenif weadopt Hitcheoek'aestimate of the combiningweight ofgelatin tt t~o}insteadof

Procterand Wilson'sMnaiterfigure J768J,the amino groups required would Btiitbe twiee

as many as gelatin actuaUy contains.

"The protamin, eaimin.uniteswith autfuric acid to form a compoundofthe composition

C)tHtt!~t!Ot.:H<804,yet salminyields no nitrogen on treatment withnitrouaacid, becam<e

it centaineno lysine. Sturin contains 67 percent of ita nitrogen in the form of arginine,

)0 percent in the fonn of histidine, and 6 <o y percent in the form of lysine. Jt yietds

nitrogenon treatment with nitrous acid correspondingto the M-eminogroupof the lysine.

Ontyabout three of every hundred nitrogen atoma in sturin are therefore present in the

formof free amino groupa. Yet one hundred nitrogen atoms in sturin wiUneutralise no

)eœthan equivaients o( aeid. Evidently at ieaat twenty of these acid moleculesmtMt

attach thcmselves to the moleculeof protein at some other points than those provided hy

aminogroupa."
Kobertaonquotas BugatMkyand Liebennann, p. 979, to the effectthat hydrogenand

cMorineions disappear to a very considerable extent on adding hydrochloric acid tu

albumin. "At least 97 percent of thé hydrocMoric acid is bound hy the egg-albumin.

Thé observed 'motecutar' conductivity (67 X to"') Mat toast Mventimes greater than

couldbe aecounted for by thé maximum possible residuum of unneutraiifiedbydrochlorie

acidand muât thereforo havebeen due to the protein-acid compound. We are therefore

impelledto conclude that the compounds of proteine with acida and atkatMare ionized

in aqueoussolutions;but that, in many cases, for instance the caseinatesandsérumglobuli-

natesof the alkalis and alkalineearths, and the compound of oa-atbumin or of aibumoœ

wit)thydrochtorioaeid, the inorganic ion ia not dissociated as auch. Thé ions whiehare

actually présent in thèse solutionsmuât therefore be protein ions, a proportionof which

carrythe inorganicradicat bound in a non-dissociableform," p. 983.

Cannan says, p. 354, that "the adsorption theory does, as wehaveseen,permit a useful

interprétationof the main catalytie activities of enzymes; and modem viewsof the nature

of adsorptiongo far towards reeoneiunf! thé physical theory with our naturat prejudice

forfindinga chemicatexplanation for catatytic procosseswhich appearon their faceto he

chemicatphenomena."
Seifrizpoints out, p. 407,that "WarburK and Meyerhof observedenormous inereM<N

in thé oxygenconsumption of an egg at the time of fertilization. Thé Xeedhamsfound

that there is no change in internat pH at thé time of fertiUiiationof echinodermand tuni-

<-ateeg)!s;nor is there any changein rH on fertilisation. Thèse data are moststriking in thé

faceof the nndingsof Warburgand Moyerhof whichreveal a ïoo-fotd increMein oxidation

at fertilization. The data support Warburg's eartier statement that rate of oxidation m

independentofthe oxygenpn-ssure,i.e., of the oxygenconcentration in the egg."

Chamberssays, p. 486, that "the variation between the ))ehaviorof eggsimmersedin

j'otMsiumchlorideand those in thoir normal environment of sea water containingcalcium

may be aeeounted for as follows. Thé protoplaemic surface of the echinodenn ejM ?
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coated with a thin layerof glutinous jelly, aecretedby the egg. This Mthe pettietewhich,
M mentioned in thé eartierpart of this lecture, Mmore or lessunivwaattyprêtent on tiving

cetta. Any newly formedsurface, e.g., the aides of thé cleavagefurrow, exudes a aub-

stance whieh, !n thé presence of ita normal calcium-containingenvironment, immediately
sets to form a jelly. In the absence of the bivalent cations, calciumand magneaimn,thé

material either diasotveaor is aoftened and washed away. In a solution of potaaaium

ehloride, therefore, the egg can divide only when thé oppositeaidesof thé furrow do not

corne in contact. Otherwise, there is nothing to prevent their merging with thé coaae-

quence that the furrowdisappears. In normal aea water, on the other hand, the furrow

fillswith a jelly as faat as it sinks into the egg. The jelly Mparatesthe pn)toptMtn!cwr-

facea bordering the furrow,and preventa their mergenee,thus enabling the cell to divide.

This phenomenon linesup with our knowledgeconceming thé need of calcium for thé

growth of tissues in générât. We can now see that, in the growthprocess,one of the re-

quirementa which ia filledby calcium i8 to stiffenthe interceMutarsubstance. This in-

creaaeathé chances of cell division and atao enabtea the cellato adhère so as to form a

cohérent tiaaue."

Whilediseussing the physieal basis of life, p. 523, E. B. WHaonaaya: "What then con.

stitutes thé organMation of thé egg? Xo one bas yet found an adequate reply. Tho

embryologist, the cytologist, the physiologist, and the biochemist,aKof theae atike have

thus far only akirted thé outermoat rim of the problem. We cannot prediet how far the

tytotojpat of the future may be ab!e to penetrate into it; but it would aeem that, aooner

or later, his way willfinally tje blocked by inhérent limitationsof the microscopedeter-

mined by thc wave-lengthof light. Jf we are ever to find our way into thé innennoat

areanum of the cell, other methoda must be employed; and we must marahat and eo6r.

dinate aUthe rcaourceaofexpérimental embryology,geneties,hiophyaieaand biochemMtry.

~tany important discoverieain thesevariousfields havein récentyearaadvancedour
knowledgeof develupment; bu they teave its central problematill unaotved."

MaeDougat aaya, p. 568, that "by measurements of thé reactionsof roots of lupine
to neutral salts in hypotonie solutions, Kahho eonnrma thé series as to permeab!!ityof

entions which runa K >Xa > Li>Mg> Ba > Ca, in which the greateat penetrabllity Is

ahownby potassium and the least by calcium. It ia alsoaeen that thé interforenceaare

such that each cation iaretarded by those to its right, and that the greateat retardatiou ia

by the cations which showtbe greateat coagutating actionon cottoida. The cat!ona which

have thé least coagulatingaction on coHoidapenetrate most rapidly. Thé anions retard

thé foUoidator coagulativeaction of thé cationa in a series,citrate <autfate < tartrate

< CI < XO, < Hr< I, in which the effeet ia ieaat with the citrate and most with thé

iodine. That ia. each cation has the greatest effect whencombinedwith thé citrate and

least with thé iodine. As a further eonaequence,thé citrates have thé least penetrability
and the salta of iodinethe greate8t."

Schade says, p. 633:"Even today, though colloid sciencebas had but a décade and a

half of development, there ia unmiatatttbty a revolutionarychangeof view in wide médical

rirctea. Striking new results of far-reaching aij;ni6cancehave led a not ineonaiderabte

num)]erof physicians to believe that in cottoidreaeareh lies the ttey to profound pénétra-
tion of thé mysteries ofetiology. Colloidchemiatryhas diacoveredthe lawsof thé peculiar
behavior of matter in microheterogeneouadiaperaion. Everywhcrein thé body,.in cette,

in interrellular tiaaue,in blood, and in thé body fluideare foundcottoida,aomeas solaof

fiuidnature, some as gels;practicatty every processbearathé imprintof their individuality.
Juat for thia reason in many cases which werepreviouslyincomprehensibleto phyaicaand

rhemistry, colloid chemistry was thé magie wand to enect a solution. It waa furthermore

eatabtiahed that in practicatty every occurrencein the humanhody, it ia indispensableto

conaidercottoid chemistry, which has thua beeomea fundamentalfactor in etiology. l'ho

vivification of medicinehy colloid chemistry justifies us in cattingthia thé beginningof a

new era in etiology."

Greenburg pointa out, p. 855, that "it ia an intereatingandaignincant faet that in overy

instance, as far as weare aware, in whieha heavyincidenceof tuberculosishas been ahown
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toresultfromexpoauretoindustrialduat,thedustinquestionbasbeen!npartat teaatmade
upoferyBtattinerock.ItiaaaieoaiawhichtiesatthebaaiaofmiMm'phthiaH.andaiUcoaia
iaprobablythechiefdisposingfactorintubercutoaiaamongaxegrindera,althoughingrind-
ingandpoiiahing,ateetduatmay,andprobablydoea,ptay a partMwell."

Thedeathrate fromtubercuioaiaamongaxegrindersand pothherainigooper too.ooo
aaagainata normalrateofabout!6o. Thiaiaanadditionatargumentinfavorutatundum
andaiticoncarbidegrindingwheeb.

Onp.Q~svonHahnaaya:"Theao~-attedvitamin-containingaubatanoeaaetby virtue
oftheirinherentsurfaceactivityand notbymeansofa chemicalconstituent:nthem. S
Wemuâtsubmitproofthat actuatBurface–activeeubstanees''anservesubstitutesfor
vitaminea. Thef!retcaselathat ofa ~.year.o!dehoetnaker,who,foraboutthreeand
one-halfyears,hadbeennourishedexduaivetyonbread,meatandconserves.Duringthia
timehehadhadnoHtneMandhadnottoatweight. Suddenlyheawokeonemorningwitha
severeatomatitisand greatlyditatedbloodveMebin the subcutaneotMconnectivetimue
of theextremities.At nmt thereappearedto be noetiologicmomentforthéoutbreakof
theseurvy. Afterexhaustivequestioning,the foHowinginterestinghiatorywa:obtained.
Threeday<beforethe patient'aillneea,his landladywastaken aiekandremovedto the
hotpttat;thé onlyresultantchangein the patient'smannerof livingwasthat he wu no
longerableto obtainhiausualmomingcoCee. Accordingto hiaatatement,hedranktwo
to thrMeupeof sttrongbeancoffeeearlyeveryday. Wedo nota<Mrtthat the atrongly r
activeconeebadsuppliedthe surfaceaetivitynecesearyfor unlimitedrésorptionduring
the threeandone.halfyeareofa dietwithoutvitamin,i.e., aurfaee~etivefooda.Thia
substitutioncouldhavebeeneufficientontyin an emergency.In otherwords,the mal- S
compenaationof the reeorptiondiaturbedby faultynutrition,waabataneedbythe codée;
theconditionmustthereforeafterwardhavebecomeevidentimmediately,whenthiataet 00

savingagentfor résorptionfailed."
Handovakysays, p. 0~8:"In hiaanalysisof the Ca-coeaineantagoniam,A. Mayer

pointeoutthat cocaiaeinhibitabloodclotting(Zak);that ita aneatheticactioniainhibited
bylecithinbecauseit laboundby lecithin(Stormvan Leeuwen),andfinallythat a pre-
cipitationof a lecithinemuMonby Ca is inhibitedby cocaine. Mayerconotudesthat
calciumandcocainodiapiaceeachotherin the combinationwithlecithinand that their
functiena)antagoniamiarelatedto thisfact."

TheMiano unityin thé volumebeeauaetho editordoeanotbetieveia that. It may
bebelpfulto haveauchcontradictionsas occurin the papersonprotoplaam,forinatance;
buta criticaldiaeuMionwiUbeneeeaaarysomedayandwhynotnow?ManyofthepapeM
areverybadandare of vatueonlyin ahowingwhat the authoradonot knowaboutcol-
ioidchetMtry. That bringsthevalueof the bookdownto the valuesof theoccaaiona!
faetathatonemayfind ecatteredthroughthe book. The reviewerbas profitedby hie
readingof the volume:mostpeoplewillnot. In an appendixis givenJacquesLoeb's
PasteurLecturedetiveredin !QM. It ia a little brutal to reprint,p. 99:, thé sentence:
"Wethereforecometo thé conclusionthat the ohemiatryof proteinsdoeanot differfrom
théchemistryofcryataUcida,andthat proteinecombinestoichiometricaUywithacideand
atttaMs,fonningproteinsaltawhichdiaaociateetectroiytieally."

WilderD.Baner~<

HtyauHJIadteChemieder Sitittate. nrilhelm&M. X J7CM;pp.xi + ~.?.
Leipzig:Leopold~OM,/~S. Price:60<M<t)'bound,CSmarks. Thiabookaimato do
morethanita tittesays,and toinctudethe physicalchemistryof thé silicateindustries.
ThebookMdividedinto six parts:atateaofaggregationof the silicates,withchaptereon
thecryataUinestate, thé fusedandgtaaayatates,and the colloidatate;thermoohcmiatry
of thcsilicates;equilibriumconditionsfor dry silicates;apeeiatsilicatesystems;syatema
eompoaedofsilicatesand volatilesubstances;technicalsilicateayatema,withchapteraon
tochnicaigtasaeaand aiaga,ceramicbodies,cementaand mortara.

Accordingto Waahington,p.8, the percentageaofaaica in thedifferentzonesof the
earth are:granitélayer, 59<baaattlayer,48; periodotiteMne44;ferrosporezone,35;
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lithosporezone, 18; nicket-ironcenter, none. It seems probablethat there are aeid silicate

rocksonthe moonbecauseof thehigh albedo.
~if~ti. p. 5'. has made a modet of the magnetie silicates with mereuric iodide and

bromidefor the silicatesand sulphur dioxidefor water. He ha*alsosugtteetedsubstituting

carbonates for silicates. Guldschmidt finds that the crystal structure of barytes can be

dupticatedwith rubidium boroHuoride,and of magnesia with lithiumnuorido.

Aceording to Samsoenand others, there is alwaya a curiousbreak in the temperature-

specifieheat curvc when a liquid changes to a glass, p. to6. Anaccount is given, p. <09,

of the viewof Parks that a glass la different from a supercooledliquid. Onp. t t8 there is a

briefdisousNonof~tamesother than silicateones.

The author seems to adopt the view that no compoundeof atumina and silice.are

formedby wet précipitation, p. t4t. He does not discum the questionas to the stage at

whichcotnpounds disappear in the weathering of thé feldspars. The silicaseema to he the

part of the t'tay whichadsorbs dyes the most strongty, p. t46; but the atumitta in kaolin

seemsto determine the catalytic decompositionof aleohol. The adsorptionof cupric ions

by kaolin passes through a maximum with increasingconcentration,p. t47.

L'ndercolloid-chemicaltheoryof glassesisthé viewthat the increasingviscosityotcooting

gtass )MttBM due to the formation of silica chains or complexes,p. tso, just as we get

filamentsformed in soap solutions. Berger considère that what he catb thé aggregation

temperature, p. 152,can be determined with a fair degree of accuracy. For fused siiiea

this isabout tooo' for sodium siticates the value is nearer 900°,p. !53. Fulcher has even

written équations for the relation between the viscosity and the temperature, and has

calculated the aggregation temperature from hia equation.
There is a good diagram, p. too, to show the qualitative relationbetween temperature

and rate of crystaUiMtion, formation of nuelei and tendency to crystaMMe(Tammann).

It is recogniiied,p. <ot, that the blue color of Jena-gtass combustiontubes is a structural

color, produced by erystattMation.
There is a good discussion of mullite and sillimanite, pp. ~97.900. Presence of iron

and titania in mullite may change the index of refraction enough to make it impossible

to differentiate mullite and sillimanite by the optical method.

Manganous oxide and ailiea seem to form from the meit the compounds Mn<SiO<,

Mnt8i~)T,and MnSiO,, p. 3to. With ferrous oxide and siUca,we get Fe,8i04, FeSiO,,

eaeh stable at its melting-point, p. 311. Formutas are written on p. 3~ for white, green,

and Mueultramarine; but it is not maintained that they are right. The author implies,

p. 3t), that Hofmann and Resenseheettdbcovered Prussian blue; but of eoume does not

mean that.

At 500° the rates of diffusionof helium and hydrogen throughquartz glass are as !9<:t

althoughthe solubilitiesof the two gases are approximately the mme, p. 361. The author

seemsto think that is a question of holes, p. 363, because the diameterof the helium atom

is t9 X to'~ cm, whiiethe diameter of the hydrogen moleculeisa) X t0' but his expiana'

tion will not appeat to most people.
When the amount of water in heulandite gets below three mois, the process becomes

irr<?vcrsib!e;but we bave reversible addition and removal of water for values exceeding

three mois, P. 413.
Onp. 464 there Ma discussionof white enamets and on p. 484a discussionof plaaticity

of clay. The author doea not lay thé stress that he shouldon the necessityfor a gelatinous

film. On p. 488 is expressed the opinion, without référence to Mellor,that the change on

heating kaolin to 600° is a tomof water and a séparation of the adsorption complexinto

aiumina and sitiea, without giving any adéquate proof for this view.

H. George found, p. 502, that addition of water to fusedsuiea gave a denser quart!

glass. This is ascribed to the gas reaction,

Si+HtO~=±SiO,+H,

The author aecepts Rayteigh's suggestion for quartz gtass from sand being turbid, that

jetabubblesare evoivedfrom the sand grains on fusing.



NEWBOOK8 tzyo

The book ia an interesting one and contains much valuable material. The author
Mmore appréciative of Americanwortt than Msometimea tho case. Agooddealof space
couldhave been saved, if, the author has been abte to assume that his readereknewsome.

thing about the phase rule. !t is a pity to have to repeat so muehthat is eiementary,and
that the reader ahouldhave had in some earlier stage of his edueation.

WilderD.&m~<

CatatyticProcesses tn AppliedChemistry. Bt/ ?'. P. ~tMttcA. ;? X <w; +
aeo. London: CAe~an and Hall, /N.?9. Pncf: aM~t. That branch of applied
physica!chemistrywhich Is comprehended under thé heading ofeataiyM Mrapidlycoming
fnto prominenee in induatry. Whereaa at the beginning of thia century, apart from the
contact proeeMformaking autphnricacid. there was but little applicationofcatatyets; ita

early yeaMsaw fint the invention of the nickel process for the hydrogenationof fata and
then the synthesis of ammonia from thé nitrogen of thé air followedby ita oxidation in

presence of platinum o)' of an iron.bismuth oxide catalyst to nitric acid. Suohméthode

today are at the bMiaof chemicatindustry and they are being followedon the ht~e eeate

bya seriesoforftMtiosynthesia inprésence ofcatatysta whiehare likelyto havea faf.reaehing
conséquence. Thé opportunity for a book correlating principles with practieein this field
if considerablewhifatProfeseorHUditch is especiallyqualified to undertake the task since,
after a lengthy Mientinc training, he distinguished himeelf in the practicat applicationof

cataiytic principlesand haa nowretumed to academie ranks. The acopeof the bookia a

simpleone: it is divided into foursections dealing in séquencewith the generalprinciplesof

cataiytic action, with catalysis at the surface of solid inorganic materials,withcatalysis at
the surfaces of colloidal organiematerials which brings it into thé realm of fermentation

processesand tastty with homogeneottscatalysis in liquid systems.
The author bas, wiseiy in our opinion, refrained from tryint: to cover too widea field:

in order to make the work appeal to thé largest possible publie he bas euminatedmathe-
matical treatment on the one hand and illustrations and drawingsof plant on the other
neither of whichare helpful to the ordinary reader. For the same reason the book lanot
overburdened with références to the original titerature but eontaiM at the end of each

chapter a brief bibliography of papers which may be coMutted with advantageand will
themselvesput thé eamest atudent on the track of further work.

Perhaps many readers willbeastonished at the extent to whichcatatytioprocessesare

penetrating into chemieal induetryand disptaeincthé older methods,forexampiethe pro-
duetion of anthraquinone derivatives via phthaUe acid from naphthaleneby meansof air
oxidation in presence of vanadium M making the isolation of anthMcene from coat tar

supernuotM. But thé applicationsof cataJyaMtoday are only a tithe of what may be ex-

pected during the next décade and in the reviewer's opinion it willbe wettworth the whiie
of the teachers of those about to enter chemicat industry to equip them with Acomplete
and criticalknowledgein this field. The bookunder notice shouldserveadmirablyfor this

purpose; indeed we regard it as the best book of its type whichbas come into our bands

during a number of years. J?.f. ~ntxttwtc

Polarisation dMtecttique. By J. B)~Ht. Recueildes C<M~rMc<t-NaMX)f<<de Do<-M-
'HM<a<«)Msur la fAv~~ue. Fe!. XV..M X CM;pp. ~S. Paris: LM Pn-MMt/~Mf-
~7<WMde ~'Mtsef,~M. /'n«.- /)~t~-<. The scope of this va!uabtelittle workis indi-
cated by its sub-title: "Refraction des Radiations depuis les Rayons X jusqu'aux Ondes

Hertziennes"; and it covers admirably in outline thé ground thus indicated. An intro-

ductory chapter deating generally with etectromagnetio waves, the structure of matter
and thé relationshipof the waveswith matter, gives in verysmall compassan interestingand

aceurateoutline of the relevant tacts and théories. This is followedby somefortypageson
the theoretical aspects of thé study of réfraction, inctuding such topicsas the formationof
thc secondary wave in matter as a resutt of thé incidence of the primary wave, the re-
fraction of polarisation of tow-frequencywaves and the goneral mathematicaltheory of

potarisation.
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The large section of the book, eighty pages,diseussesthe experimentalatudy of re.

fraction and polarisationof non-ioaisedpure substances,and this ia followedby a separate

chapter dealingwith réfraction in système sueh aa coUoidatsolutions,solutionaof polar

moleculesin neutral solvents and ordinary solutionsof etectrotytes. There la a nnai short

chapter on réfraction in metats. Thé book la weitdocumentedand the ehaptere on the

experimental data are tiberaUyittustMted by tablesand graphe.

It is, perhaps.necessary to warn the reader that thé booklanot Intendedto be a guide

to oxperimentationin its field. The expérimenta)chapterscertainly giveoutlineaof Mme

typicat methods, but they are chieny coneerned with the experimental data and their

theoretica! interpretation and many experimentalmethodaof praetica) value are necea-

sarity omitted without even a référence. From onepoint of view this h unfortunate be-

cause in some CMe<,for example in the matter of determiningdieteetriooonatants,thh

treatment may leavo the reader without an adequate appréciation of the experimental

diffleultiesand hence with a respect for the precMonof the publisheddata which they

scarcelymerit. It is hardly fair, however, thu<to criticiseauebomiasioMwhen it is evident

that to reetify them wouldhave involved a fundamentatchangein the wholeconception

of the work andwould havechanged it from a compacttheotetieatmono:raphto a bulky,

pracOcat"Handbuch."

The author ie to be congratulatedon producinga bookwhichwillbeextremely uteM

to anyone whodesires a générât coMpectus of the faets and theoriea relevant to the re-

fraction and dispersionof electro tnapietio wavesof all kindq,and especiauyof the con-

cttMioMwhichmay be drawn from the experimentalobservationswith regard to polarisa-

tion. whether due to eteetronicor atomie ahift withinthe moiecutesowingto the incidence

of radiation orto permanent dipole structure.
~r. V. A. BftMee

PhotometrieChemicatAaaiysie. VolumeIl. ~pA<<ome!ry.Bp Jahn H. Yoe. H't<t

eoMM~~Ot~ Hans J~ttHMann. X 16 an; pp. !tM+ NS?'. NewVoft.-Mtt t~~

and Nons,1919. PfMe: ~0. This book has beenwrittenforadvancedetudentein chem.

iatry and for research workersin biotogicai,medicai.phsmmceutical,and indmtriat ehom-

istry. with the six-fold purpose: (t) of giving an aecurateaceount of the developmentof

nephelometry,(a) of presentingan impartiat diacuMionof the present statua of the theory

of nephelometry. (3) of giving detaiied working~irectionafor ueing a précisionnepheio-

meter. (4) ofdiseussingnephetometricreseareh. (5)of givingprocéduresfor the determina-

tion of a numberof inorganicand organic eonstituents,and (6) of givingan aecurate and

fairly completesurvey of the Uteratureon nephelometry.
The author is to be commendedupon the exeettentmannerin whichhe haefulfiliedhis

purpose givingto aM,whether novicesor experieacedworkersin thisnetd, a clear insight

into the technic,précautions, apeed,and accuraeyto beexpectedof thismethod ofanatysis.
Asa result ofthis treatiae nephetometry willundoubtedlycorneinto moregeneraluse both

in routine analytical work and in research problems.
The author hopea that this book "will prove usefutnot only aa an aid in the various

fieldsof appliedchemietry but abo in stimulating researehin developingnewnephetonetric

methoda of matysis" and in the opinion of the reviewerthis second volumefutnttsatt the

desires of the author. It is recommended, togetherwith thé nrat volumeon colorimetry,

as an extremelyvaluable adjunct to the tibraryofanyone,whomay have occasionto use

thèse methods of analyais.
M. L. Nichols

Erratum

In the paper by Messfs. Haring and VandenBosche: J. Phy«. Chem., 33, t65

ho:o), the Eh values for nickel, given by Glasstoneand Shildbaeh,were quoted errone-

oualy as -o.<M and -o.toS votts. They ehouldbe -0.57 and -o.?M votts respect-

ively.



THE POLYMORPHISM0F SODIUMSULFATH:

I. THHHMALAXALY8I8

BYF.C.KHACEK

Introduction

Althothé studyof inversionsor transitionsin crystalshesoceupiedthe

attentionof chemistsand c,ysta!tog~phersfor at least a hundredyears,

particutartydunng the last twenty years of the precedingand the first

ead~f~is century,it ,nust be admittedthat our knowledgeof t)~

phenomenais stitt targetyincon.p!ete.This is forciblyborneoutby thé ex-

enMveworkofE. Cohen'andco.worker8,amongother8.

Inversionsproceedwitha great varietyof speeds,varyingfromthe ex.

tremelystuRR~htransitionscharacteristicof the principalf°''rnsof~hca

~~tridy.mt<cri~oba!itc)
to the very rapidonessuchas high low

quartz or the rapid enantiomorphictransformationsin manysalts, e.g.,

K\0, AgNOa,K~0<. Theseare calledhigh-lowinversionsby bosmM.-

Thesluggishand high-lowinversions,however,are theextremecases,anda

very greatnumberof polymorphicchM~s proceedat moderatespeedsin

hoth directions. Someenantiomorphieinversionsare pseudo.monotrop.c,

that is, while reversibleunder certain conditions,they ordinarilyproceed

withmeasurablespeedin onedirectiononly,usuallyat a ten.per.turemuch

above the point of thermodynamicequilibrium. The calcite-aragonite

inversionappearsto be of this type. Anotherexampleis foundmthebe.

haviorof anhydroussodiumacetate. Someof the phenomenadescribedin

this paper fatt into this class. th..
It has longbeenknownthat anhydroussodiumsulfatetnverts in the

neighborhoodof ~4'. Whiteengagedin the rccatcutationof the vapor

pressureand solubilitydata for the systemH.O-Na~ 1hadmy atten-

ion drawnto apparentdiscrepanciesin the publishedstatementswithregard

to this inversion? The resultsof opticalstudiesand of thermalanalysis

are not in agréèrent. The temperature234°quotcdaboveis basedonthe

principalarrest obtainedwith coolingcurves,and represents,as will be

seenlater,onlyoneofsevcratarrestsoccurringinheatingandcoolingcurves

madeon préparationsofknowntherma!history: Opticalexaminationalso

revealsthé existenceof sevcralforms. A brief recapitulationof published

opticalstudiosonthissnbs~neeis giveninTableï.

L. Cohen:"Physico-chemicalMet~morphoMand Problemsin P~ochemiatn-

C1926).
tt li. Sosman:"11'ePropertiesofSilica,"pp.4'79 ('9~).

FC.K~eek:r.T-Xn.t.tioMforM8«mBoftwo<X'?'W:'i~

tw.,~.r.& (~V.Li.Ln.VandS-L-Vsystems).Int.Cn. ~<

of thetxrtinentreferenceaaregivcnbyH.\1'.Foote-Int.Crit.Tables!4, 7

(19281,whoestimatesthetemperatureoftheinversiontobe236dz3.. Anerrarislound

E~îi~S&S~
nlinirformwhichthenchangesat soo°to hexagonal.~obasishasbeenroundfortheze

\'ah)M.
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TABLElI

CharacteristicObservationsonPotymorphismofXatSO~

Mugge:NeuesJahrb. Minerai.Geol.,1884(~), )-t4; mieroscopicexami-
nationof preparationsafter heating to varioustempératures. Optical
propertiesof thenarditeare permanentlyaltered,the birefringeneebeing

markcdtydecreasedto a low value, by heating. Beginningof change
issues", end of changea !$" s", insomecasesnot ti)! 240". Always
complotelychangedat 260";no furtherpermanentchangeby heatingto

330°and higher. Températureof beginningof alterationvariablefor
differentfragmentsofsamecrystalasweHasfordifferentcrystals. Frag-
mentsdo not alter comptetetyat onetemperatureaftcr changestarts.
Hotdide placedquicklyunder the microscopewithnicolscrossedshows
on coolinga momentaryintensificationof birefringeneeaccompanied
by violentmotionof the particles; the samephenomenonis exhibited

by slidespreparedfrommoltenNatSO<.In bothcasesthe finalform is
that characteristicof 'altered thenardite.

2 Wyrouboff:Bull. Soc.min. France,13, ~n-ô(t8oo);opticalexamination
witha heatingmicroscope.Na<804existsin 4forma:

a, ordinary thenardite,orthorhombic,moderatebirefringence,stable
to 200".

j3, probab!ymonoctinicand analogousto ordinaryLi:SO<. High
birefringence. Stableabove aco*and below230°;can be cooled
to roomtemperature. Alwaysmixedwithotherforma.

T, orthorhombic,analogousto Ki80<. Lowbirefringenee,opticat!y
negative. Very stable when cooledto ordinary temperature.
Density9.606.

S, hexagonai,isomorphouswith high-ternperatureform of K;SO<,
t

lowbirefringence.Stableonlyat hightemperature.
Transformationis indirectand sluggishfor thefirstthree forms;rapid
and easily reversiblefor the tast two.

3. Xacken:Neues Jahrb. Mineral. Geol.Abt. A, Beit.24, zy-o, (tooy).
Opticalcxaminationwith heating microscope.A gradua!decreasein

birefringenceon heating toward ~30". Irreversible. Further heating
to nearmeltingproducesnoother suddcnchangeinopticalproperties.

4. M<t))er:Xeues Jahrb. Mineral. Geot.Abt. A, Beit.,30, 33- (tOto).
"Na~SO~is orthorhombicwhencrystallizedfromsolution,and 'pseudo-
hexagonal'at ordinarytemperaturewhencrystallizedfrom melt. High
temperaturefonn is hexagonal,isomorphouswiththehexagonal~Na~SO~.
CaSO< The irreversibletransformationsobservedby othersassumed
to be incorrect.

Wyrouhoffest!matedthe correspondinginversiontetnpemtuteas 500".Jaeneche
(Z.physik.Chem.,91,548()9t6)treconted«nindefiniteheateffect91400-t so°,which
hehterretmcted(Z.physik.Chem.,91,676(<9t6)).

)

r
r
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Correctionof the statcmcntain Tabte 1 indicatesthat the behaviorof

Na~SOtis far fromsimple. Thé existenceof threemodificationsis certain,

nameiy:(a) thenardite,whichsepamtesabove3'.S°Cfromaqueoussotu-

tionssaturatedat atmosphericpressure;(b) the lowbirefractingformwhich

appearswhenNa<80<heated to hightemperatureis cooleddownto room

température;and (c) the hexagonalhigh-temperaturefonn. Theexistence

oftwootherformsisprobable. Wyrouboffobserveda modificationofhigher

birefringencethan thenardite,whichhe calledthé modification,and whieh

hcwouldkeepat roomtemperatureforsometime. This formresultsfrom

thenarditeandchangesonfurtherheatingintohisy modificationconsidered

aboveunder (b). It is reportedto be alwaysadmixedwith thenardite(0;)

and thé 'ymodification. Carefulmicroscopicworkisrequiredto detectthe

<S!form,as it is neverpresentin vcry largeamount. Mügge,on the other

hand,noticedthatNa<80,cooledfromhightemperatureunderthemicroscope

passesmomentarilythru a phasewhichis morebirefringentthan either the

high-temperaturehexagonal8 formor the (metastaMe) fonnofWyrouboff
whiehis the inert modificationresultingfromcoolingto roomtemperature.
This Müggemodification,accordingto our experience,can beobtainedand

preservedforonlya shorttimeby quenchingfromabove:6o*.

SmitsandWuite's*workonthevaporpressuresandaolubilitiesofsaturated

aqueoussolutionsof Na!S04yieldsa definitebreakat 935"withan uncer-

taintyofabouts". ThesmaUnumberof pointsestablishedbythemand the

lowaccuracyobtainablein this difficultregiondo not warrantconclusions

about the courseof the curvebelowthis break.

In connectionwith the considérationof thecomplexbehaviorofNa~SO~

it is of interestto notethat the anomalieswererecognized,fromstudieson

the heats ofsolutionof the salt, severalyearsbeforeits polyrnorphismwas

established. Berthelot'and Thomsen'diffcredon the heat of solutionby

amountsconsideraMyinexeessof theprobableerroroftheirdéterminations;

moreover,they foundsomedifficultyin reproducingtheir ownvalues,de-

pendentuponthe thermaltreatmentofthe saltbeforedissotving.Pickering*

tookup the questionin the sameyear that Müggepublishedthe resultsof

hisopticalstudy;he foundthat the heat ofsolutionof t molof Na;SO<in

420motsH,Owasabout60cal.forsalt driedat a températurenotexceeding

)So*;if the salt wasdriedconsiderabtyabovezoo",but belowthe melting

point(884")heobtainedanaveragevalueof760cal.,oranapparentdiserep-

ancyof 700cal.forthc twoheat treatments. Thisis quitein order,in view

of the optical resultswhiehclearlyshowthat previouslyignitedNa:SO<

differsfromthenardite.

NodetailedthermalanalysisoftheinversionsinNatSO<existsto dateand

no heatingcurvesappearto have been published. The latter are greatly

'Sm!teandWuite:Vers!,kon.Akad.Amsterdam,Sept.()909);Wuite:Z.physik.
Chcm.,M,349('9'4~'

Behhetot:Ann.CMm.Phya.,t4,445('87~);M,<95('~83).
J.ThonMcn:J.prakt.Chem.,t?, tyt (tSyS);18,5('878).

'fMto-inK:J.Chem.Soc.,45.686(1884).
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needt'd in ordcr to connnn and extcm) the opticat resutts, whieh indicated

that the heating and coolingcurves should show quite different charactt'r.

isties. This cxpcetation has bcen comptetetyverified; indeed the comptexity

of bchavior exeeedsthat of any single systemhitherto investigated in dctai)

if we cxclude the behavior of siliea and analogoussubstances, in which thc

potnptcxity is of a totally different eharaeter. Accordingto thé presentdata,

Xa~SOt exhibits pentamorphisnt within the comparatively narrow tMMpM-a-

turc range frotneu. t9o'*to 50",accompaniedby pseudo-monotropicbehavior

of some of the inversions. Prpct'dpnt for this type ofbehavior is not definitely

cftabtished; it may, howcvpf,be of inicroit to direct attention to the workof

Howf'n and Urcig' on camt'gieitp in whichnnomalous heating curves wen'

also pncountcrt'd.

This paper fonns thp initial connnunicatMnof a series in which it is pro-

po«cd to investigatc thc nature of the po)ymorphis<nexhibited by this

substance as comptetety as is possible with thc methods at our disposa).

ExperimentalPart

t. Jt/«<eft'a<s.Thc sodium sulfate uspdin this work was prepared in thc

forrn of thenarditc, by purincation and recrystaHization in various ways,

front Baker's "Anatyzcd" or Kahtbaum's Anhydrous Na<80<. The pur.

chased salt was dissolvcdin watcr and nttcred free of mechanicat impurities

and of thé precipitate due to stnaUamounts of Fe and Al present. No other

impurities were found in detectable amounts. The ctear solution of pure

Xa.:S04 was then crystallized by evaporation above 50" in open or covered

vessels, or precipitated by pouring the warmsolution into warm 95 per cent

ttlcohol. In addition to these methods, samples of anhydrous Na~SO~were

prepared by slow dehydration of the deca- and the hepta-hydrates over

KOH or HaSO~in vacuum desiccators. The information on the materials

uscd and their methods of preparation is collectedin Table 11.

TABLEII

Materials and thcir Methodsof Préparation

LoMofH,()
Xo. Xtethodofpreparation;condition onijmition

/t'

t Solution evaporatcd in wide mouth Haskat 70-

80°. Uncovcrcd. Crystals formed largely as 0.10

crust onsurface. XcutraL (ungraded)

Xeutrat solution slowly evaporated in covered 0.046

Pyrex bcaker at ça. 70". Beautifully fonncd (48-too mcsh)

large cr~'statsup to 6 mm. along an edge. Crys- 0.028

ta!s ncutraL ('o-~ mesh)

!!owcntM)f.rcit;:Am.J. !~i.,tO,~04(tf~S)-
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.1
TABLEII (continued)

!~MofH<()

~o. M<id)<)d<'fpn')MMtio));cun<)ttiun ufti<tM"
.cc

I'aint)y acid (HtSO<)sotution cvaporatcd as in

Large ctettrcrystats. Actdityofcrystatso.oot r 0.0396

tnots ttcid per tuot of salt. ( 'o-~ 'ne~)

4 Faintty alkaline (NaOH) solution evaporated as

in Large clear crystals. Salt ahuost neutral Xo toss

to phcnotphthatGtn.

S o.o2 N acid (H:SO<) solution evaporated as in o.org to

Large clear crystals. Aeidityof crystals 0.00~00 0.024

!no)8acid per mol of salt. ( o-~mesh)

6 Slightly unsaturated sotution at $0° poured into

95% alcohol at 50°; motor stirring. Very fine <o.og

crystalline powder. Crystals neutral.

7 Same, hand stirring. Digested with solution at <o.os

ça. 70" for 2 hrs. Coarsely crystaHinc powder.

Crystals neutral.

8 Slow dehydration of heptahydratc over KOH.

Exceedinglyfine powder. Neutrat. <o.os

9 Slow dehydration of decahydrate over KOH.

Exceedingly finepowder. Neutrat. <o.os

to Baker'sAnatyzcdanhydrousNatSO~. Neutral. o.to

Sntatt amount of foreign matter. (ungradcd)

AUsamptes dried below !:s'

< ~« ~t.- –– ~J otvtn~ ntunttnta nf mntNttU~* Mtcro-

Xcarly aU thé prepamtions contained smaUamounts of moisture; micro-

scopic cxamination discovercd it as minute inctusions, tying principally

utong thé planes of conlcsccnce of adjoining crystals. This moisture is not

cotoptetety rcmoved by heatinKto 200°; in fact, there isreason to belicvethat

some aqueous inclusions persist to a considcrabty hiRhertempérature.

?'/«' Experimental Arrangement. Two to three gram samples were

heated in a Pt thimble crucible alongsidc a neutrat body in a. nichrotne-

wound tube electric furnace at controlled rates. The température of thé

ehatuc and the differential température between thé charge and the neutrat

hody were measured by means of catibrated Au-Pd vs. Pt-Kh (40% Pd,

to~t Rh) thomtocouptes and a high-sensitivity potentiometer system,
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capableof readingdirectlyto o.s microvolt.At the temperatut-esinvolved

thèsethermocoupleshavea sensitivityofsomicrovoltsper t" m that o.ot°

changescouldbe casity detected; in generalonly whotemtcrovottswere

recorded.

FiG.!i
Switchin);arrangementforthermocouptes.

Two thermocoupleswere connectedin a differentialarmngetnentas

shownin Fig. ï, one placedin the sample,the otherin a neutralbodyof

atundumcementwhichshowsno heat effectsin the régionunder investi-

gation. The sc!pctorswiteh connectsthe potentiometereither with the

thermocouplereadingthe temperatureofthecharge,orwiththe twothermo-
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couplesopposedto give the differentialtempérature. Théreversingswiteh

controlsthe directionof the differentiale.n).f.,makingit possibleto balance

the ditïcrcntta!on the potentiometerin the uHuaiway,whetherthe charge
or the neutralbodyis warmer. Thisswitch iKparticularlyusefutwhenthé

directionof the differentialchangesduringthe courseofa run. AUemeMttat

partsof the switchingarrangementare ofcopperto (;uardagainststrayelec-

trornotiveforces.

1 1"T"lnI_-

:1
Thefurnaceandaccessories.

Thc chargeand the neutral body with their thermocouplesare located
in the fumaceat the point wherethe thennal gradient is smallest. The

furnaceand its accessoripsareshownin Fig. whichis largely8etf-exp!ana-
tory. Thé windin~of the fumaceconsistsof 20ohmsof No. t6 (B & 8)
nichrometype wireand consumesapproximately600watts whenconneeted

dircetlyon the ns volt line. It is capableof maintainingtempératuresup
to t so°witha longlife. ThebafflesC dividetheinteriorof the furnaceinto
a seriesofchambprswhichareveryeffectiveine!hninatingdisturbanecsdue
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to MmvGctionof tur. Thc detaik'd assptnbtyof A showsthé manncr in which

thé th~rmocoupk' ts placed in thc chuw. 't'he MnattPt cup i<crv<*sto k~'p

t)(e eoup!e t'rorn tjfing contaminatt'd by thé chtn~c, and facititatt')!its <'<

movat a.t thf close of the measuretncnt; it is purtieutarty usefut in case thc

char~' is tttettcdin thé crucibtc. In the usut~tm'raugpmcntwht'na han' couptt*

is ptact'd in thé chafgp it is often nnpfMsiMeto rctnovpit undamat~d frotn

thc sotidiScd)m')t. Thc présent apparatus has prov<'dentircty satisfactory

n«t uu)yin this work, but with ht'ating curvcsof siticatcsas wpt).

)90 MO 2'0 220 230 MO 250 :60 270 280'C

f't'f.33
Ht'atmKaade<Mtin)tcwwf for neutra)Xa~SO..urcparatiomt fmdto. Keheateurveh
showndottH).tirâtheatcurveforthésHghttytteMpreparation5drawnin forcomparifion
ixindK-tttm!hvthedutanddash(-urve.thc breaka.t. B.f. etc..dcnotethetempérature!!
«f the beginningof the varioosheatcff<fta. Notethc Kroupingand magnitudesof the
hcateffcrts.Comparewitht'igures ands.

Thc rate of hpittin~ or contint is suitably controûctt by pcnod!ca!!y

changinKthe resistance of thc circuit and Ptnptoyingstorage battery current.

\ith somc carc it is possibleto niaintain a spnsiMylinear rote ovcr pcriods

as tonKas desired. The rate in ordinary runs was approximatcty t" per

minute; insornc cases rates as low as 0.3"pcr minute were usedsucceasfully,

particutarty in the reversing experiments.

Readings of the température of the charge and of thc ditîcrcntiat were

rnadc attpmatc!y every half minute and appear respectivelyas abscissas and

ordinates in the curves which follow. The resultsare presented in graphica)

form, for this is the most fatisfactor)' way to showthe position of thc breaks

in thé cun'cs and the relative magnitude of the heat cn'cets obtained.
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j. ~c~m'mp~ J?faMf~.In this work threedistincttypes of heating
and coolingcun'ps arc to be distinguishedfor caeh type of préparation,
natnpty:

(a) The first hpatinscurveof materialneverpreviouslyht'atcdbeyond
too"tot?s";

(b) Thecoolingeurveof matcrialpreviouslyenrriedthru the inversions
fit leastoncf;

t''tG.44
Hcatin);androotinj!curvMfor theoMfihttyacid Xa~SO.préparions 3 and s. Reheat
<'ttrvf!!areahowndotted. ComparewithrtR.a. Votethechangedfontourof thprcheat
''m-ves.the additianalhreak.Monthecootinccurveofs.andtheshiftinthe temperaturesof
thct)eg)Nningofthejos'prinversionsA,B,(. and

(e) The reheating eurve of material which bas passed thru the inversion

cych*at least once.

Hach type of curve is ctMU'actcristic,as will bc seen by reference to the ac-

eompanyingFigs. 3, 4 and 5. Figs.3 and 4 present the asscmb!y of hcatinK.
coolingand reheat curves for the ncutrat and the stight)y aeid préparations
rMpcctive!y,and Fig. 5 showsan assctnMy of first hcat curves for sevcrat
othpr types of preparations studied, together with the usual characteristic
n'heat curve included for reference. On these curves the breaks indicating
the temperatures at whichheat effects begin, whetheron heating or coojtng,
hâve bccn markcd and !abetpd .-i, C etc. Thèse have bppn coUcctcd
an(! classified in Table III for the various prcparat'ons.
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Examinationof thediagramsinconnectionwiththistablebringsout the
csscntiatfeaturesof the resultsobtained. The firstpointof interest is the
differencebetweenthe bchaviorof the salton firstheatingandonreheating,
the latter showing,with neutralprepora(<ons,more!yone largeheat cffect

beginningat a somewhatlowertemperaturethan that ofthebeginningof the

highesthcat effectF on the nrst heatingcurvc. Thecourseof thé cooling
curveis no less remarkaMe,two adjacentheat evolutionsK and L being
registeredwith the neutral sait. The stighttyacidpréparations3 and 5
t'xhibitadditionalfeatureswhichwillbe discussedat a laterpoint.

Whitethé temperaturesat whichthe variousheateffeetsbeginindiSferent

préparationsarc not definitelyreproduciblein aHcases,thereis a paraitetism
in the characteristicsof the curveswhichis easilyrecognizcd.The recur-
renceof the heat effectsis not accidentâtand certainlycannot be ascribed
to experimentaluncertainties. Thesmattirregularitiesin the températures
ofbeginningofthe variouschangesinheatcapacityarethéresultofhysteresis
aecompanyingthe inversionsto whichthe heat effectsowetheir origin,and
areancssentialfeatureof the résulta. Someof the inversionsdo not occur

promptty,particularlyon heating. The best reproducibletemperaturein
theseries,and thé mostpromptheateffectis that correspondingto the first
breakK in the coolingcurve, occurringgenerallyat 234.5"in the neutral
satt. SmaUexcessof NaOH or H!S04servesto lowerthis temperatureto
someextent. This is the températurerecordedby previousworkersas

representingthe inversionin XatSO~ The secondbreakL on the cooling
curvehas heretoforeescapednoticealtogether.

The phasewhichis stable at ordinarytemperatureis thenardite. This
is the phase whichalwayscrystallizesfromaqueoussolutionsabove~s"
underordinarypressure. This factalone,however,is insufficientto anord

proofof stability, becausemany compoundscrystallizefirstin a metastable
Modincationfrom solutions,in preferenceto the stableone;e.g.,the calcite
und aragonitcforms of CaCO;, etc. For this purposethenardite and
"invertcdthenardite" in knownamountsweresealedinglasstubeswiththe

rcquisiteamountsofwater and oseillatedin an oilbathat 50"for t8 to 24
hours. In att cases the so!ubi!itieswerethe saineandequalto the valueof

3).8weightper cent Na2SO,interpolatedfrom theknownsolubilitycurve
forthissait, at 50". Sincethe solubilityisnot dépendentuponthe previous
thermalhistoryof thesalt used,the phasewhichordinarilycrystattizesfrom

sotution,thenardite,must bc the stable phase. The irreversibilitynoted
in thennat analysisis then due to metastability,and furnishesa clearex-

tunptcof pscudo-monotropicbehavior.Thisapparentirreversibilityis shownn

c(mvincing!yby the characteristicsof the first heatingcurvesas compared
withthe reheat curves,the breaksA, B, C (and D) beingabsentupon the

httter,particularlywith the neutralsalt.
Xoheat effecthasbeendctectedon heatingbeyond:6o"andup to 700°;

accordingiy,Wyroubofî'squalitativeestimateof 500"for the highestinver-
sionto hexagonalform'is not connnncd.

Secfootnote,p. )~8:.
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The Rrst heating curves for thé slightly aM'a<<Mfpreparation 4, and thc

neutral pt-Pp&r&tionM6,7, 8 and 9 diffcr from those of thé slowly crystallized

neutmt pi-pparationspartly in thé amount of energy associated with the dif-

férent inversions and partly in thé number of rt'cognizabte heat eKccts.

This is particutarty true of preparation 9 derived from the dt'cahydratp.

The R~theatingrurvesforvM-iousprepM.tionsofX~SO,.t~ethcr witha tvpicalreheat
curvr \')tp the positionsof the rlifferentbreaks,andthéchanf:etn themafmttudeof thé

heatetîct'b)withrelationtotheamountof occhtded~ter pjreiient.(hce TaMttH.

~cMscopic examination of these preparations showsthat, as prepared, they

consist principally of thenardite. (Preparations 8 and 9 wercso cxcccdingty

Hnc-KrainNithat even with the highest powerof the microscopethc examina-

tion was difficult and the result uncertain.)
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Thébehaviorof the ~~A<~acidpréparations3and s, as shownin Fig.4,

differsdecidedlyfrontthat of the neutratpreparations. AUthe heat ejïeets

bcf;inat somewhatlowertemperaturesthan in the neutralsalt. Thé distri-

butionof energyamong the variousheat effectsis of differentcharacter,

Thpn-versibitityofinversionsin nentfatXa<SO<.Xotethat A ?, (' (and notinctuded
inthefigure)arenotrcvpMttt,and the mannerin whiehEandf oceurindc;tenden<'eUjx'n
howfarcoolingproceedstteforcreheating.

ptu-tieu!ar!y the hcat effects following the breaks and F. The reheat

curws show a reversât of thc hcat effect fottowint;D in both cases; the

footingcurve of 5also shows a well-definedheat evolution following ~V,which

(n'curs in preparation 3 only under certain conditions (sec reversât experi-

))K'nt~). The reheat cu~'c of 5 shows,bcside the break D, the breaks E and
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_& 1
The first hcating curves show six reproducible breaks (Fig. 3). CtassiRpd

acconling to the amount of energy associated with the aceompanying heat

t'tîpets the inversions can be arbitrarity divided into two groups, the heat

t'Hectscorrcspondint: to breaks ~1,B, C (and D) beiHf;denoted as betont;

Fta.7y
MeversibititvofinversionsinthéXa<80<preparation3whichcontainedo.tpercentfree
H<SO,.ComparewithFift.4. XotetheirreverxihiiityofJl, 8 andf. andthemnaUheat
ptîeetaccompanyinjtthereversaiof1)withrespectto.t/. Alsonotethemannerinwhich
theupperinversionsreverse.

to the lower inversions,the remainingtwo, E and F as belongingto the

uppcrinversions. Thisarbitraryctassificationbassomobasisin fact,as will

bc pointedout later.

t. ~et'er~ Experiments. In addition to the heat runs alreadyde-

scribed,atternpts weremade to reversethe various inversionsby quickly

changingtho directionof heatingof the furnace. The results are shown

Kraphic&Uyin Figs.6, y and 8, and, becauseof their importance,are de-

~cribedin somedetaitin the followingtabulation.
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4.1. Préparations!,2, 4 andto. I<tg.6;a)socon8uttF<g.3.
Curvea. Firstheating. Break~at!98'Bat2t2'C'at2t7.s". Fo).

lowingbreak C furnacewas reverfifdandcoolingcurverecorded.
No heatcffectson coolingcurve. AnotherHimi!arfirstheateurve

takenthru D at 227";no breaksoncoolingcurve;not recordedin
the diagram.

Curveb. Coolingcurvefront260°. Break Kat 234.5".
Fumagereversedquickly beforeL takes place. Heatingourve
showsE at 236°,no otherbreak to 260".

Curvec. Coolingcurvefrom260°. BreakKat 234.4",L at 227".Fur-
nacereversedbeforeheateffectafterLiscompleted.Heatingcurve

breakE at 236",break (/) at 24:.$",majorheatevolutionbegins
at 24; HeateffectfollowingN(F)greaterthan that followingE.

Curved. Coolingcurvefrom260". Kat 2343",L at 2:0". Furnace
reversedimmediatelyafter L oecurred.Heatingcurveshowsmain
heatabsorptionafter E at 236",H (F)at 244.5"followedbyaman
heatabsorption.

Curvee. Coolingcurvefrom260". at 234.3*,L at 2:8.5°. Furnace
reversedafter heat evolutionfollowingL is apparentlycomplete,
and thechargehasgivenup mostofitsaccurnulatedheat. Heating
curveshowsmeagerheat effect followingE at ~36",majoretfect

after H (~')at 244°.
Conclusions.

BreaksA, B, C andD donot reverse.

Coolingfrom high temperature,K takesplacesharplyat 234.3"to

234.5";heat evolutionproceedsrapidlyat almostconstanttempera-
ture tillheat effectis completed.

3. Aftercoolingthru K a sharp reversaitakesplacewithrespectto E

at 236*. If temperaturedoes not fall to L, effectafter H (F) is

eliminated. If Loccurs,N (F) occurs;thefarthertheheateffectafter
L proceedstowardcompletionthe moreenergyis associatedwith H

(F), theheateffectafterE becominglessandlesssignificant.
4.2. Préparation3. Fig.7 secalsoFig.4.

Accordingto Table II this preparationcontainsiessthan 0.1percent

H<SOt.The coolingcurve is of the usualtype, the reheatcurve
showsa faint effectcorrespondingto breakD.

Curvea. First heatingthru A at 195.5*,Bat 203.5",Cat 207"and D

at 223". Furnacereversed immediatelyafter break Eoccursat

237.5°.Thecoolingcurvethen showsbreakKverymuchlowerthan

usua!,at230.5"followedby a smallheatefîect.The levelportionof

this heat evolutionindicatesthat L also takes place. Onfurther

coolingtherecoverycurve is interruptedby a heat evolutionbc. =

ginningat Af,208.5°.
Curveb. Furnacereversedfollowingcompletionofcurvea andheating

curvetaken. BreakDoccurssharptyat2:t°. Heatingcontinucd
thru Eat 236°,F' (F)at 248°,untilcompletelyinverted.
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Curvf c. C'ooHn~curvcfoHowtnKon <f. K at 3~4°,furnaceagain?-
vprscdbeforeLis cncountcrpd.Thf followingheatingCtu'vcshows

at 234";F MpHtnMated.

FM.88
Thereversibitityofinversionsin \a<S()<préparationj;whichcontainedo.~percentfrcp
H:S<)..\ote thé irreversibitityof /t, Band C, the magnitudeof theheat efTectof the
D:=:Minversionandthe reversibiMtyconditionsofthéuppcrinvemiom.

Curve d. Cooling eurve thru Kat 234°,L at 2~5.s", furnace reverspd
before heat edect followingon L is completed. Followingheating
eurve showsa heat absorption correspondingto E (E.) whose loca-
tion is indeterminate, and a heat absorption correspondingito
f ~") at 244°.

C'urvpe. Heating eurve from below too". On!y on heating curve at

291";fumacc rcvcrscd,coolingcurve thru .Mat 2 io°.
Conchtsions.

t Hpat effectsfollowingon .4, B and C do not rpvcrsc.
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?. Hnect whiie totally irreversible in the neutra! sa!t is found at

tf'ast partiy reversibte, the corresponding break on the cooling

curve is at M. Hystérésis range is from to" to 22i".

3. Ht'at absorption following (~ ~') on heating curve corresponds

to hcat evolution following K on thé coolingeurve. The reversai

is prompt.

4. Break (/ ~) is tost on hcatin(; if cooling is stopped beforf L

takes place.

4.3. Preparation 5. Fig. 8; sec also Fig. 4.

This preparation contains about 0.3 per cent H~80<.

Cooling curve shows thrce hcat evolutions beginningat K, L and

M. Rehcat eurve shows thrt'c heat absorptions bcginning at

E' and F". E' and f occur at lower temperatures than E and

F on first heating eurve.

Curve a. First hpating curve thru A at t~ at ao~.s", C at 208°

and D &t223.5°.. Fumace reversed..M on coolingcurve at :t2";

noother breaks on further cooling.

Curve b. Heating eurve following a thru same range of temperatures.

found at Fumace revcrscd. Coolingcurve showsMat ?t

Curve c. Complete first heatinR curve for comparison.

Curve d. Cooling curvp from above !6o"thru K at 23?".

Fumacc quickly reversed. Heating curve shows heat absorption

followingon J?'. Owing to rapid reversât of hcating the position

of E* is indeterminatc. Heat absorption proceeds with great

specd at 234". F is lost.

Curve e. Cooling curve from above 260" thru at :33"t 225.5'

Furnace reversed before the heat evolution is completed. Heating

curve shows heat effect following on B" compteting at 235",fol.

lowed by another heat absorption beginning at f, :43".

Cun'c/. Cooling eurve for comparison. K at 231.5' L at 223°, .V

at 2tt".

Curve i/. Cooling cun'e fron) above 260"thru -Kat 23t.5~, L at 223°;

cooling stopped before is reached. S!ow)y heated from 215"

to 237°, followed by cooling curve. Heat evolution at 2!t" cor-

responding to is at 209.

(.'urve h. FoUowinKon curve g heating curve begins at 195°, shows D

at 221° foMowedby a n)oderate!y large heat absorption, then by

(E') at 235°. Fumace reversedquickly. CooHngcurvp showsK

at 228° followed by L at 225°, the two heat enects partly overlap-

ping;Misat2to.5°.
Cnnctusions.

t. Heat effeets beginningat /i, B and C do not reverse.

?. Encct beginning at D on heating curve is reversiMe and begins

at Af on coolingcurve. Hystérésis range extends fmm 2 to° to 22;°.
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3. HeatcSectbeginningat Xoncoolingcurveisreversibleand t~eKin!3 Heateffectbeginningat Xoncootingcurveisreversibleand t~egins
at E onheatingcurve. Hystérésisrangeabout a".

4 F isencounteredonheatingcurvesonlyif L takesplaceoncooling.
Otherwiseit is lost.

Severatexperimentswereearriedout with the aim of bringingabout a
reverxtttof the threeheatcffcctsfollowingon A, B andC. Invertedsamptes
wereheld at variousconstant temperaturesbetwcen200"and 230" for
periodsrangingfrom thours up to two weeks,and heat runswerethon
tnadoto detennineif anyappreciableinversiontookptaec. Thcresultswere
inaiï casesnegative.

Othpr experimentsperformedwiththe viewof reducingthe hysteresis
ranKcbctwcpnDand by holdingthé invprtedacidpreparations3 and 5
for12hoursat constanttemperaturesranginsbetween!t2" and!M"showed
that the speedof inversionis inappreciableover this region. Sampteshetd
at ïtt" gavethe breakJ) on heating,likewisesamplesheldat t2t" showed
M on cooling.

S. OpticalE.E(tM(t'tta<tOK.'Attemptsweremadeto detectchangesin the
optical properticsof the sait eorrespondingwith the breaksobtainedby
thermalanalysis. 'rhe studieswitha heatingmicroscopeshowedthat the
changesproceedslowlythru a crystalovera temperatureinterval,with a
graduât loweringof intenfityof the interferencecolors,withnicobcrossed.
No sudden changeswerenoticeable. This showsthat the speedof the
observedchangesis tow. Examinationof sampleshetdfor sometime at a
partieularconstanttemperatureandthen quenchedgaveresultswhichfur-
ther indicatethat the observationsofWyrouboffand Mugge'areesscntiatty
correct. Thenarditeheatedto variousconstanttempératuresbetwcentos°

0

and215°and then rapidlycooledshowsincreasingquantitiesofa muchtess
birefringentphasewhoscindicesof refractionare between1.480and 1.485,
just about equatto the high indexof thenardite. This phaseis identical
withWyrouboff's-y. Anotherphaseoccursin the samesamples,withgreater
biréfringencethan thenardite;itshighindexis about 1.480,lowindexis less
than 1.46,and incidentally,muchlessthanthc lowindexof thenardite(t.47).
This coincidesin occurrenceand appearancewith Wyrouboft'sp form.
It alwaysoccursmixedwith thenardite(a), or thé fonn; oftenatt threc
phasesare présent. Samptesof thenarditeheatedat constanttempératures
between::o° and 230*are almostcomptetetyconvertedta lVyroubaff'sY
withusuaUya traceonlyof the morebirefringentmodificationrcmaining.

Thenarditeheatedfor severalhoursabovez6o°shouldbe,accordingto
the heatingcurves,completelyconvertedto the high-temperaturemodifica-
tion. Whensuchsamplescontaining2or3 mg.ofsatt aresharplyquenched
by droppingthem into coldmercuryand immediatelysubjectedto micro-
scopicexamination,they revealthe presenceof a largeproportion(ca. so

amindebtedtoDr.J. W.Orei((formuchof thémicroscopicworkreportedhere.
Hetft,however,notto))cheldresponaibteforanyofthéfonchMionaarrivedatinthMpaper.

SceTaMet.
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pcrcent)ofa hightybirefringentmodificationwithhigh indexabout !.48o,

lowindexmuchbelow1.465,togetherwitha smaUamountofan apparently

iiiotropiophasewith indiceslowerthan t.47S<the rernainderbeingof thé

fainitiar The high!ybirefringentphaseencounteredhèrecorrespondsin

occurrencewithMügge'sobservationthat Na<SO<whilecoolingfromhigh

températurepassesthru a briefstage of higherbirefringencethan that of

théhigh-temperatureformorof the subsequentformwhichresultsonfurthet

coolingand whichbecomesinert at roomtemperature. Altho in gênera)

appearanceand in indicesof refractionthishightybirefringentphasectoseiy
rfspmMesthé modification,it is significantthat the phaseoccursin large
atnountson!yin quenchedsamptes. Whenthe hot sampleis liftedout of

t))cfurnaceandcooledinairthisphasedisappearsalmostcompletely.These

observationsagreewith the presenceof thebreaks K and L on the cooling

curves,andalsoin that the heaterfectsfollowingK and /<,particularlythe

former,areveryprompt.Onthèse considerationsit appearsthat the nearly

isotropiephaseof indexlessthan t.47 mustbe the high temperature(hexa-

gonat)fonn denotedas 8 by Wyrouboff,and that the higMybiréfringent
formoccurringin the quenchedsamplesis the sameas that observedby

Mugge,withits stabilityrangebetweenthoseofWyroubon's-Yand5.

Thesestudies,whenconsideredwith theresultsof thermalanalysismake

thcassumptionofpentamorphismin Na<SO<tenable;in faet,it isnot possi-
bleto correlateailthe experimentaldata onthe basisofa smallernumberof

phases.

Discussion

Theoretical.For the purposeof clarityit seemsdesirableto recall

hèrethe moreimportantprinciplesinvolvedin the theoretiealtreatmentof

thé equilibriumconditionsgoverninginversions.

tn a polycomponentsystemof two or morephasescoexistingin ~tf~h.
««Mthe chemicatpotential<.tof eachactuatcomponentbasthe samevalue

inaMthephases.Ina systemof onecomponent~tis equal to the motarther-

modynamiepotentialof that component. Theslopeof fora giveuphase
a.sa functionof temperatureisgivenbythemolarentropyofthat phase,

=-<
~/p..n

=:

that is, for the coexistenceof two phasesinequilibriumat the equilibrium

température

~t = ~n

/~t\ /a~n\ c <.
~/p.~

Atthe equilibriumtemperature

c <;~u – Ai
= “
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whereAll is the changein the heatcontentofphase11onconversioninto

phaseI, mnupncattyequalto the heatof inversionat constantpressure,and

T, is thé equitibnuminversiontctnperttture.
Thf stable phase is ~Iwayscharacterizedby the lowervah)t' of If

phasei is stableat the highprtcmppratun?,then, in the event of inversion,
belowthé t'qttitibriumtcHtpcratureftt<~), whileabove the pquiHbriutn

ftt >~). Bftowthe inversiontempératurethé reactionH –~1can not t~ke

t'tn.t)9
Mfjuttihnumttiagratnfnr pentamophismappliedto thecaseof N~SO,. SeeTaMe IV
andthe text.

place. At the equitibrium temperature, wherc jn~ = the reaction pro-
cpcds infinitely slowly. It rcachcs a measurable speed only when the vatup

of thé potential difference ~;) – ~t has attatned suMcicnt magnitude to over-

eomc thé forces of restraint within the crystal operative virtually as interna)

friction. This imparts to the system a kind of inertia or hysteresis, which

appears as apparent superhcating or undercootinK. Whether it is justifiable

to speak of supfrhcatinK and undercoolinRin the case of inversions rcm~ins

to be decided by experiment. It is certain that the low to high inversion

in quartz rpecutty rp-investiRatpd by Gibson' is thc only known case of

apparently we!tsubstantiated superheating on inversion.

Whcn a substance is capable of existence in more than two modincations

the eomptexity of bcha.vior increases rapidly with the number of possible

phascf. Thé total nmnbcr of possiblestable and metastable inversions is

i+2+.+(?-.)

M.K.Cibson:J. Phys.Chem.,M, 097, tao6 (t<<2<t).
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where n is the number of possible crystalline phases.' The stable inversions

ttmutx'r/.t–f. A)!thcrestarenictastahte.

7'~tf~f~ffMtNa~SO~. In describingthe expérimentât resutta it was

pointed out tttat the faets are best accountedfor on the basisof pentamor-

phism of Na~(-)4. 1 shat) now attempt to give a justification for this as-

fprtion.

In Fig. 9 is given a schematic diagram of thermodynamicpotential ~tas

a function of température for five mutuatty convertible phases,arbitrariiy

<'ff)p!oyinKa straiRht line rctationship betweenjnand t. The lines interscet

at the theoretical inversion temperatures with no hysteresis. The position
of the f lines for thé various phases is fixedin agreptncntwith the cquation).!
on p. t!Q9. In accord with the current conventionof petrography,the phases
are numbprpd with Homan nutnerais bcginningwith thc phasestable at high

tonppraturc. The various intersections are labeled A, B, (', etc. to accord

with the breaks encountered on the heatingand coolingcurvesin thé experi-
mfnts on reversibitity and the optical studios.

The established tacts may be interpreted as follows:

t. Réactions beginning at A, B and C on first heating curves do not

reverse. Thenardite is stable at lowtemperatures, hence thesephase réac-

tions are pscudo-monotropic. Under a heatingmicroscope,the reactions are

spcn to be stuggish. Instead of taking place rapidty throughouta crystal at

appreciabty constant temperature, the fonnation of a new phase spreads

s!ow!ythru the crystal, occupying a considerabletemperature interval. Be-

cause of the very considerable hysteresis the reaetions can proceedsimul-

taneousty, thc breaks on the heating curves merely marking the tempera-
tures at whieh cach reaction bas attained sufficientspeed to beginto absorb

appreciable quantities of heat.

2. The reaction beginning at D docs not reverse in neutral or slightly
atkaHncsalt; in slightly acid sait it reversesat M, with a hysteresisrange of

aboutt:

3. Reaction beginning at K on coolingcurves reverses at on heating
curves. This reaction shows comparatively little hysteresis, and takes place

pronptty, particularly on cooling. It is interpretcd as representing the in-

versionof the hightemperature modificationinto the next stableform, that

~.I~ÏL

4. The appearance of F on heating curves dépends on whetherthe pre-

ccding cooling curve in reversibitity experimentshad proceededas far as

When the reaction following /< gocs to completion. E is eiitninated, as is

seen from the reheat curves of neutral preparations. Thé formfollowing 7~

"n thé cooling curve is Wyroubofî's but the simplest tenableassumption
if that L must represent the inversion of II III. Hchcat eur~'csfor the

nt'utra) salt show that (F) rcpresents the inversionof Wyiouborf's'y to the

high-tonperature form; accordingly we have

,'l'rue monotropicinversionsarc notconsidered.
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L = II III, f = III I, identifyingWyrouboiî's'y with the fonn
nuntbercdIII in thc presentscheme.

5. Thearbitraryclassificationof the heateffectsintotwogroups,com-

prisingthé lowerinversions(~4,B, C) andthe upperinversions(EF, K. L).
aHudedto earlier in the paper(p. 1294)is nowjustifiedon the basisthat
the lowerinversionsare pseudo-monotropicwhilethe upper inversionsare
tnorc readilyn'vprsib!c. The inversionD M is reversibleonty in the

slightlyacidifiedpreparations;it fits intothéschemeonthe assumptionthat
it rpprcscntsthe metastabletransitionIV II. In neutralpreparationsthé
breaks onthe coolingcurve,and D andE onthe reheatcun'e areetimi-

narted,and nomodificationlowerthan 111is fonncdon cootiug. If II is the

high)ybiréfringentMQggcfonn with but a brief températureintervalof

existence,then 1~~is the Wyroubotf Thenardite,the ordinarylow-tem.

peraturemodification,becomesfonn Yin thissch<*tne.

TABLEIV

i. M('H<(/!ca<ono/PA(MM

Phase 1 High temperaturemodineation,observedby Mügge,namedS

by Wyrouboff.
Phase II Highly birefringentphase of brief stable températureinterval

resultingfromthe high températuremodification,observed

by Mugge.
PhaseIII "Aiteredthenardite"observedby Mugge,named'y byWyrou-

boff. Inertat ordinarytempérature.
PhaseIV Wyroubon'8~.
Phase V Thenardite,Wyrouboff'sa.

2. JM€K<(/tC<!<t<H:of HMMt'OMN

Break t'haeeChanta Température°C.
HeatingCurve CoolingCurve

A V–*IV 197 ± 2 (neutral) ––

pscudo-nionotropic t<)s 2 (acid)

B IV-*IH :to ± 2 (neutral) ––

pseudo-monotropie 202 ± 2 (acid)

C V-~ÏII 2t7 =b 2 (neutm!) ––

pseudo-monotropic 207 :h 2 (acid)

D, Jt/ IV*=?n 230 ± 2 (ncutrat) Irreversible in neutra!

ai: i (acid) 2!o d: 2 (aeid)

E, Iîi=?ï 238 2(neutral) 234.5 d: o.i (neutrat)

236 2 (aeid) 233 ± t (acid)
F (H) 111-~1 244 250

––

11-~111 –– 228 (neutral)

225 (acid)
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The presenceof tracesof H<0in the inclusions,and particularlythc

présenceof smaltamountsofH)SC<,greatlyincrcascsthefacilitywithwhieh
thcinversionstake place. It basalreadybeenremarkedthat thé amountof

cnergyassoeiatedwiththé varioushcatefïectsdifîersaccordingto the mode
of préparationof the sait. Thebehaviorof the slightlyacidifiedprépara-
tions3 and5is uniquein this respect. Thebreakstake placeat towertet))-

ppraturesthan in neutralsalt. He!uctancetowardinversionis decreasedto
suchan extent that *=!j)f can take place. It is plausiblethat the rote

p!aypdby the occludedwatt'ris that of enablingthe lowerinversionsto

proceed;it is certainthat whenthiswateris eliminatedby previousheating
thc lover inversionsdo not reverse,andalsoinpreparationswithvery low
H<0contentthe lowerhcat effectsonfirstheatingare lessenergetic(set'Fig.
$,préparations4. 6,7, 8, o).

ConclusionandSummary

Thecloseproxintityof the inversions,the largehysteresisand the ten-

dcncytowardpseudo.monotropiobehaviorofsomeof the inversionsserveto
tnakethis unarysystemofoutstandingimportancein thc elucidationof the

theoryof solidstate. The conclusionsdedueedfromthis preliminaryinves-

tigationare that Na~SO~iscapableofexistenceinfivedistinctmodifications,
thf schemeof inversionsbeingmadeevidentinFig.9. Owingto hysteresis
in the inversionsthe equilibriumtemperaturescan not be fixed;the saine
hotdstrue for the stability intervalsof the variousphases. The essential
conch~ionsare summarMedin Table IV, the temperaturesgiven repre-
sentingvaluesat whicheach inversionproceedswith sumcientspeed to

producean appreciableheateffeot.
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THK POLYMORPHISM OF SODtUM SULFATE: Il. THE

DK~SITIKS 0F ANHYDRCU8 SODIUM SULFATE AT 25"

BYF. C. KttACEKANDK.F. CtBSON

Inttodocticn

Front observations of ht'atin~ and cooling curves for anhydrous sodium

sulfate crystaHized by severa! methods Kracek' showed that this sait cx-

hibits eomptex potymorphism over the température interval from !oo°

to 2<!o°C. (.'orrelation of these observationswith thc resutts of microscopie

pxannn<ttion,by Mt)~~ and WyrouboR,'fupptempntpd by his own micro-

spopicstudies, led hin) to thé conclusionthat Xa~SO~can exist in fivemodi-

fications, sonc of which exhibit pseudo-monutropicbehavior while others

can bc readity invprtcd in thc dry state. The form of anhydrous sodium

sulfate stable at ordinary temperature is known as thenardite. Whenthis

is passed thru a comptetc cyctcof inversions,the resulting product exhibits

optical propcrtips whieh din'er significantlyfront those of thenardite. This

modincation bas bcpn tcnncd "<wer<~<AeK<)~<<c"by MQKgc,'yby Wyrou-

hofï, and corresponds to fonn III on the MhcmGof polymorphism advanced

by Kracck, tht'narditc being form V. As the conversion of thenardite to

form in is undoubtcdty accompaniedby a volume change, it is reasonabtc

to suppose that the density of a sampicof Ka~SO~should dépend upon its

previous thermal history, and in particular, on whether or not the sample

had been hf'atcd above 2oo°C.

Earner detenninations of thc density of Xa~O~ are summarized in

McHor/ The rcsults vary from !.6!9 aceording to Fithot to 2.7 according

to Schroder. The more important values lie bctwccn :.6s and z.7. The

uncertainty in these results is considcraMymore than the probable crror

of detennination, and secms to indicate an uncertainty of the nature of the

samptes investigated. The tnost aceuratc détermination of thc density of

anhydrous sodium sulfate is that of Kichardaand Hoover, who found that

sodium sulfate which had been heated to the point of fusion gave, on thé

avenue, 2.698 ± .002 for the density at 30°. Wyrouboff (op. cit.) found

2.696 for ignited Na:SO<.

In this work we have detennined the densities ofscvcra! preparations of

pure anhydrous sodium sulfate whoseeareers have been carefully watched

from the timc the salt was crystallized.

J. Phys.Chem.,33,<28t~9:9).
~ma;c: XeucsJahrb. Minetat.Cc")..1884,(t). 1-14-
'Wymubott:But).Soc.min.France.t3.j)).6 (tS~o).
~tettor:"ComprchcnaivcTrpatMteonThcoretipa)anfttunt~nic Chemistry,"2.66t.
Hiphar<bandHoovcr:J. Am.Chem.Soc.,37, 'oM()9t5).
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Expérimentât

Thf materia)usedin thèse cxperhncntswasdcrivcdfreunJ. T. Bakt'r's

('.P. AnatyxedAnhydrousSodiumMutfateandfromKahtbautn'sAnhydrous

SodiumSulfate. It wasessentia)to secureweU-erystaHizcdmateriatwhich

wasasfrf'easpossiMcfrontliquidinciusions.Mcthodsfurpreparingcryxtats

ofanhydroussodiumsutfatf haveatroadybecndiseusscdin thé prcecdinK

1)riperof this M'rimand indeed thé préparation!!uscd in this work were

amongthoseusedin théthcnua!analysis.Forthfsakéofck'arness,howcvpt-,

weshaMrcpptttbrieflydpscripti'HMof the préparationswho!<edensitipsart'

Kivcnin Table I.

Préparation) consistcd of snmUandirregularcrystalsof Xa<SO<grown

fronta sohttionat 70*. Thesolutionwasnotcoveredand the crystatssepa-

ratedas a cruston the surface. Onignitionthématenattost o.! per cent

water. Préparationsand 3 consistcdof largecrystats grownslowlyat

?o°.8o°in a coveredvesset. On ignitionthey lost 0.03 per cent watcr.

Préparation4 wasmadein the samewayas Preparation2 exccptthat the

solutionwasalkalineto an cxtentof 2 X to"'K. TheCrystalslostno water

onignitionanddidnotgivean alkalinereaction.Préparation5wassimilarly

obtainedfroma solutioncontainingi X 'o~N H:804. It lost 0.0~4pcr

centofwatcronignition,and contained0.3percentH~SOt.

Jna)!casesthesolidwasseparatedfromthesupematantliquorbysuction

mtrationor bydécantation,driedat about!oo"formany daysand divided,

aftercarefulcrushing,into varioussizesby appropriatesieves. A sample,

usuallyof the 10-28tncshsize, wasthcntakenanddividedinto two parts.

OnoneportiondcnsityMteasurementsweretnadcitnmcdiatety. T heother

portionwas heatedto 3oo"-4oo'*in a ptatinumvessc!and the tossof watcr

duringignitionwasnoted.Thesamplewascooledandits densitydetermined.

The ignitedportionsof eachpreparationare indicatedwith an A if cooled

.lowlyafter heatingand an A' if cooledrapidly.Thus, samptesz, 2~ and

wcrctakenfromthesamcpreparation,sample2wasneverheatedbeyond

)oo°,sample2Awasheatedto 3oo"-4oo°andcooledsiowlyand sample2A1

washeatedto thesametemperatureandcooledrapidly.Part ofpreparation2

wasfusedcarefuttyat 885"and cooledveryslowlyto roomtemperature. A

fineclearcrystallineproduct,fusedNat80<,wasobtained.

Forthe densitydetenninationsnat-toppedpycnomctersof the type de-

scribcdby JohnstonandAdatns'wcreuscd. Thebatance,weights,thermostat,

muttiptejunctionthermocoupleand potentiometerused in connectionwith

the thermostathave been referredto in previouspapers.2 Hxpcrimcnts
wcrnmadeat 25" ±o.ot"C. Xylenewasusedasthedisplacedliquidandits

density,detenninedby comparisonwititpurewater,wasfoundto bc 0.8520,

o.8<;2oand 0.85:0gramsper millilitre. Thespecifievolumewas,thcrcfore,

<.~37 mt. pergram. Theexpérimentâtresultswerecorrectedforbucyancy
«ftheair by the formulaproposcdby JohnstonandAdams.

Jffhnistonand.nhttxs:J.Am.Chem.Soc.,34,563(t9<:).
'Cibson:J. Phys.Chcm.,31,496(t9~).



t;o6 t'. C. KKACKK AXOR. K. (.tBSOX

TABLEl

Density of NatSO<at 25.00 d: o.i"C

Density Density
t'rmsnt- 'c H<<.) Wt. of Vol.of t'm'onft'ted t'orret'tm) curret'ttKt

Hun oct'hded X~t'!()<4 xylene density for for
ttisptaMtt buoyancyoechtded

H,U

t 0.103 t~.nos 4.0300 2.6S93 2.6~68 !.66i

2 0.0:8 t6.44os ô.t?!! 2.6640 x.66!S !.663

3 0.040 !4.7Ô!9 S-5437 2.6630 x.66os 2.663

4 o.ooo i3.83so s.!86o 2.6678 2.6653 :.66s

0.094 !363&4 S.39 2.66t? 2.6592 :.66i

Dpnsity of Ka~SO~dried at about )oo",av. '= 2.6625

Av. for 2, 3 and 4 2.664~0.00:

:A "-3343 42096 2.6025 2.6899 2.690
zA t6.ii44 5.9799 2.6948 2.6922 2.692
2~' ty.6678 6.5553 2.695: 2.6925 2.692
3~ tS-9'S6 5.9t!8 2.692: 2.6895 2.690
4A !4.ot63 5.1935 2.6988 2.6962 2.696:
5.4 17.3482 6.450! 2.6896 2.6870 !.68?
SA' 15.1407 5.6267 2.6909 2.6883 2.688
Fused '8.7643 6.9504 2.6997 2.6971 2.6971

Density of ignited X&tSO<,gross av. = 2.692

Av. for 4~ and Fused =' 2.697 ±0.001

DiscussionotResults

Theaccuracyof the foregoingresultsis strictly limitedby our inabitity
to préparefromsolutionscrystalsof anhydroussodiumsulfatewhichwere

entirety free from inclusions. In the case of the unignitedmaterialan

approxi'natecorrectionfor thevohnneofthewaterincludedwasapplied,bring-

ingthcresultsforpréparations2,3and4to anaveragevalueof2.664±o.ooi.

Theresultsforpréparationsi and5 arelower;the amountofincludedwater

in preparationi makesthe correctionuneertain,while5 containsabout0.3

per centH~SO~(determinedby titrationof a samplewithstandardalkali),
and hence,is not strictly pureNa~SOt.Ignited preparation5 alsoyietds
lowerdensitythan the others. Ourbestresultisthat forpreparation4which

containedso littleoccludedwaterthat thelossofweightonignitioncouldnot

be measured,but even this materialcontainedsomemicroscopicinclusions.

In the caseof the ignitedpreparationstheresultsarevitiatedby theuncer-

taintyof fillingofthe eavitiesresultingfromthe inclusions,withxylenc. It

is significantthat the valuesfor preparation4 and for the fusedNa<S04

agreeeloselywhileall the othersgivelowerdensities.

In viewof theseconsiderationsweestimatethe dcnsityof the unignited

crystals(thenardite,Ka~SO~V)as 2.664 o.oot, and that of tbe ignited,
cooledcrystals (Na~SO~III) as 2.69; o.oot, at 25.00d=o.ot"C. The

latter valuechecksctosetywiththebestpublisheddeterminations.
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The purity and homogeneityof the préparationsusedwerecheckedby
carefutmicroscopicexaminationfor whichweare indebted ta Dr. J. W.

Cireig. Vt'rylittle informationcouldbcobtainedon thé nature of the in.

ctusions. Thèseare gencratiysu minutein sizethat evenwith the highest

powerofthe microscopeit wasnot possibleto te!!whethertheywerefilled

withliquidor air after ignition. The natureof thephasespresentcouldbe

tojd withcertainty for the modificationsVand III. Thc samplescxannm'd

Iwforeignitionconsistedof tht'nardite(Na:SO<V)withonly tracesof other

tuatcria!. Afterigtntion,andin the caseofthéfusedsample,the bulkofthe

materia)was Ka<SO<III. Anotherphasewasusuallyprésent, in amount

froma traceto perhapsas muchas i percentin preparationS. Thisphase
t-csemMcsthenardite but has higher birefringence;its low index is con-

sidcraMylower than the lowindexof thenardite. The differentiationbe.

twpcnthetwoisdifficultwhcnthey arepresentinstnaUquantitiesmixedwith

:<largeamountof modincationIII. ThishighlybirefringentphasehasbM'n

ctassifiedas modificationIVin the firstpaperof thisseries.

Conclusion

The resultsof this investigationshowclearlythat Na;SO<can existat

ordinarytemperaturesin at least twomodifications.One of these is the

ordinarylow-temperatureform, thenardite(Na<80<V), with a densityof

2.664± o.oot. Whenthis is heatedabove200*'it becomesaltered,passing

througha seriesof polymorphiechanges,as indicatedin the firstpaper. On

subséquentcoolingthe salt docs not revertto thenardite,if kept dry, but

''cmainsin the forntof another modification,Na~SO~III, whichhas the

density!.6()yd: o.oo). In this connectionresult!~i~is of interestas the

dt'nsitydeterminationwasmadeoneweekafterthepreparationwasignited.
In the precedingpaperof this series it wasalsoshownthat Na~SO~kept
aftera cycleof inversionsat varioustempératuresbc!ow200"fai!edto invert

to the lowtempératureform.

The volumechangeaecompanyingthc mutualconversionof thèse two

phasesis0.0045cm'/g or t.: per centof thevolumeofNa~SO~Vatïs". If the

two modificationshavesensiblyequalcoefficientsof expansionup to the

inversionpointweshouldexpecta contractionofapproximatelyt.ï percent

whenthereactiontakesplace.
Thesedensityresultshavebeencombinedwithmicroscopieexamination,

and fumisha confirmationof the resultsof thermalstudy of this salt pre-
~entcdin the precedingpaper. They arein accordwith reliabledata, both

opticaland on densities,publishedby otherinvestigators. In viewof the

knownstabilityof thenardite(N<ttSO<V)they fimly establishthe pseudo-

tnonotropicnature of the mutual conversionin the dry state of the two

modificationsdiscusscd.

Muehvague discussionhas appearedin printon the metastabilityof

matter. The phenomenainvotvedare neithervaguenor mysterious,and,

admitted!y,they aboundin nature to a greaterextentthan hasforlongbeen
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suspectpd. Acouratpworkis rcquiretiin their investigation,but tnorethan

that, a variedattack isnecessury,forphpnomcn~whichescapeinterpretation

in oneHMdeuf attackamoftenbectucidatedby acombinationof tucthodx.

To takeas extunptcthé présentworkon densitics;a!oncit woutdhave tittk'

tneaning. ('utnbinedwithopticalemminution,thennttianutysis,and thf

other methodsptnptoycd,the resultsfait in line witha consistentschernc.

The nextpaperof thisserieswilld~t withdUntomctncmeasuremcnta.

Summary

At teast two modificationsof anhydruussodiumsulfatecanexist indefi-

nitely at ordinary températureand pressure. ThMCforms,thenarditeor

NntSO<V, tmdXa:80<III haveat 25.00± o.ot°Cdensitiesof 2.664d=o.oot

and 2.697d: o.oo respectively.

(t'eo))A~tM<~t&ttntfor~.

('«ntWit /M<<tiMttMtuf )t'tt«fttttC<"tt,

.t/ay,



PARTIALPRKSSUHES0F BINARYSOLUTIONS*

MY HALPH W. UOHNTE

fntroductory
Theproblemof solutionsis one whiehhas beenstudiedformanyycars

althoughat the presenttimean adequatetheoryis stitt tacking.Thepartial

pressuresof the volatilecomponentsof a binary solutionof liquidshâve

fr<-<)uenttybeenuscdto studythenatureofsections. In )88y,Hsou!t'found

onpiricattya relationinvolvingthé partialpressureof a volatilesolventand

thc concentrationof a non-volatilesolute. Maoutt'soriginal relation is

('xprcsscdby the equation,

& x

whcrcXt is the numberofmoisof thesotutcdissolvedin N9motsofsolvent,

)~ thévapor pressureof the puresolventand P:~its partialpressurein the

sotution.The molratio in thc first termrefersto the molecularweightsin

sotution.Theequationreferredto asRaoutt'slawis

N, P. P/
(,)

X, + N~ P,
1

Foridealsolutionsthis relationRivesaeouratetythe partial pressuresover

theentircrangeofconcentrations.In anidealsolutionthcreis noheateffect

andnovolumechangeaceompanyingthemixingof the components.In this

caseeachcomponentbas the samcmolecularweight in the pure liquid as

inthesolutionandvapor. Raoutt's lawis obviouslythc expressionfor thé

changein the partialpressureofonecomponentas its concentrationin thc

liquidphaseis changedby anothercomponcntwhoseonlyeffectis dilution.

the partial pressureof the volatilecomponentis plotted againstthc

cumpositionof thé liquidphase,Raoutt'slawgivesa straightlinejoiningthe

M-roand the vaporpressureof thc purecomponent: For ideal solutionsof

twovolatileliquids,Haoutt's law givesaccuratelythe partial pressureof

f-ithcrcomponentover the entire rangeof concentrations.The numberof

idcatsolutionsof two volatilecomponentsis relatively smail. For most

sotutionsit is applicablein thé rangeofthe so-calleddilute solutions,but

f:n)sevenas a goodapproximationfor80%oftheentire concentrationrange.

Athesisnn'a-ntc<tto theFacuttyof théCrattuateS<:hon)ofCorneUI.niyersityin

partialfuffillmentofther<'<)uirt-ment8forthédegreeofMas<et-ofSeience.ThisworkM

partoftho tntMmMnnx'nowMng foriettoutat ComeUt n)\'en)ttyundcr« zrantto
t'roh-iBurBancroftfromthcHt-ehscherFoun<htionfor the Advancementof Mea~f-h
'~tabtiiihpdbyAugustHpctmeherat ComeUCMVcrsity.

'<'ompt.rend.,t04,t43o(t88y).
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Thé Duhftn.Margutesequationwas first dedueedthermodynamically
by Duhetn'andmaybeexpresied,

d!nPt dinP,
(2)

dtnx"'din([-x)

wherePtand P}arethepartialpressuresof the twocomponents,xand t -x
are their respectiveconcentrationsin the liquid phasecxpressedin mol
fraction. The molecularweightsinvolvedin the mol fractionare referred
to those in the vapor. Margulesbas shownthat this equationis onlyin-
tegrablewhenthé relationsbetweenP, and x and betweenPt and t arp
knownand foundthat the equationis satisfiedby,

P~ P,°x'

and P!=Pi"(t-x)'

and Pi"and?!"arethevaporpressuresofpurecomponentsand a anempirical
constant. LchMdt~undertookthe expérimentâtverificationof thisequation
and obtainedquitesatisfactoryagreementin certaincases. Margulesthen
showcdthat thisequationdidnotcorrespondentirelyto the physicalcondi-
tions and proposeda morecomplexformwhich,by introducingRaoutt's
!nw,Zawidski3rettucedto the form:

~(.+~(.

P,=P~xe'

g. 9,
f + t.

P!=P~(t-x)e'

Thespequationsagreedwellwiththe data forcertainsolutionsbut nonetoo
wellforassociatedliquids.

ProfessorBancroft'has foundempiricallythat thé equation,

atog~=!og~fl'+tog~
a

G2
log

Py~g
Pp-l- logK,

represcntsthe data remarkablywcHoverthe entirerangeof concentrations.
FromRaoult'slaw,

N. P. P~'
N, + N, P,

the followingequationis obtainedaigebraicatty:

GtM: Ni1 P, P/
(3)G~M,° N~ P/ ~)

Ann.<)ert~cotenormaleMp.,(3)4,9(t88y).
Phi).Ma);(5)46,4!(t~S).
Z.phyeik.Chem.,95,u9(!9w).

<Proc.Xat.Acad.Sci.,tS,8 (!9~).
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whereM(and iMsarethe grammolecularweightsof thc componentsin the

vapor,and G;and0; are the gramsof the componentsin the liquidphase.

Oyintroducingtwoempincatconstants,a and K, the equationis obtained.

~~M?Y=.K~-IL~'
~G,Mj

a

Nt P,'

peo

or

o P-I)I
atog~-tog~–lL.kgK (:)

Ui rt

BancroftandDavis'havefoundthat this equationreprésentaverywell
thédata by Dobson'for the systemethyl alcohol-waterat as'C. Thécat-
culatedpartialpressuresofwatera<;reewiththe experimentalvalueswithin
thélimitsof expérimentalerrorforatt concentrationsup to 78%. Thevalues
furalcoholagréeverywellexceptforthe tnostconcentratedsolutionandthé
twomostdilutesolutions.The data by Fergusonand FunnetPon methyl
andwaterare representedfairlywellby the equation. Morton's4data for
thcsystemsmethylalcohol-waterand acetone-methylalcoholare givenby
théequationwithinthe limitsofexperimentalerrorexceptthepartialpres-
suresof waterin theacetone-watersystem. Thevaluescalculatedfromthe

cquationfor the systemacetone-etheragreeexcellentlywiththe data by
Sameshima*exceptforthe partialpressuresofether. The deviationsin this
paseare wellbeyondthe experimentalerror. Theseare the onlysystemsto
whichequation(s) bas beenappliedat présent. Reliabledata on partial
pressuresare availablefor onlya fewsystems.

Expérimentât

Thepurposeof this investigationis two-fold:(t) To test the validityof

équation(s) forotherbinarysystems,(:) to study the applicabilityof the

gasinterferometerto the determinationofvaporcompositionsinequilibrium
~Yit!~binarysolutionsof volatileliquids. Thesystemethlyalcohol-waterat

2:;°CwaschosensinceDobson'sdata are availablefor comparison.As a
checkon the interferometermethoda distillationprocedurewasalsoused
intitiswork.

The previousmethodsfor partialpressuresof binary systemsmay be
dividcdinto twogroups:(t) Dynamicmethods;and (a) Static methods.
Mostinvestigatorshave employeda dynamicmethod, eitherdistillingat
constanttempératureor saturatinga knownvolumeof air by bubblingit

throughthe solution. Statie methodsdépendupon the déterminationof
somephysicalpropcrtyof the vaporphaseto obtain its composition.Very
littleeffort has beenmade by the various investigatorsto reconcilethe

J. Phys.Chem.,3a,36<(t9<9).
J.Chem.Soc.,2V,ï866(t9ïs).
J. Phys.Chem.,33,<(t~ag).
J. Phya.Chen).,33,3&t('9!9).
J.Am.Chem.Soc.,40,t~t (t9<8).



jjtj RALPHW.DORNTM

_w_ 1 _r -0 ~n~
results of onc tnethod with those of another. The static method is more

readi!y apptied tu pure substances or systems with one volatile component

than to Systemswith two volatile components.

Zawidski' and Wrewsky~used a distillation method at constant tempéra-

ture Rosanoff and t~asty*distitted at constant pressure. Samcshima used

a renuxingdistillation procédureat constant température and obtaincd satis-

faetory resutts. Schmidt~points out several disadvantagcs in the distillation

procédure, name!y; overheating and thé dependence of vapor pressure and

compositionupon the rate of heating. Fcr<!usonand Funnett hâve very re-

eentty used an elaborate apparatus to cireutatc the vapor over the Uquid.

Regnault' nrst etuptoyettthe air-bubbting method for the vapor pressure

of water. \iU and Bn~Kg"and Orndorff and CarKiP found this mcthott to

be unrcuabte. Dobson howcverobtained satisfacto~ results for the system

ethy! alcohol-water by this method. Most investigators using the air-buh-

btinf;method have assumedvery complacently that liquids produce the same

vapor pressure when in contact with an inert gas as when they are in con-

tact only with thcir own saturatcd vapor. This BunpHfymgassumption is

quite contrary to the experimental results of ('ampbeU' and of Regnault.

Hegnautt found that liquidsgave values for vapor pressures by thé air-bub-

MinKmethod which were t to lower than the values obtained by thé

statie method. CampheHfound that the vapor pressures of water at 70"

in the présenceof air was4% luwand in the présenceof hydrogen 1.3%low.

His results on other liquidsshow similar <)eviation.

CaHngaert and Hitchcock~have devised a static method bascd upon the

vapor relations of the system at equitibrium. The interferometer gives a

means of determining thé vapor composition in a statie method, since the

composition can be calulated from thc refractive index. Cunacus'" applied

this method to the system acetone-ether, but obtained unsatisfactory re-

sutts which hc attributed to an adsorbed filmon thé glasssurfacesof the inter-

ferometer chamber. He concludes that only an upproximate composition

can be obtained by this instrument. Hoover and Gtasscy" used the inter-

ferometer for the systems methyl alcohol-water and ethyl alcohol and state

that their results acree with Wrewsky's values. Bancroft and Davis pointout

the obvious inaccuracies in Wrewsky's data. Cutbcrtson" mcasured the

Z.lhygik. 35,t29(igm).X.Phy<ik.Chem.,3S.t2q(fçno).
X.physik.Chem.,8t, t «on).

Z. physk.Chpm.,68,&tt (t9o<)).
Z.physih.Chem..99.yt f)9:t).).
Ann.t;him. Phy&,(3),t!, tjt9(tS~s)
Bcr. !<)84(<8)i9).
J. Phys.Chem..1,7S3f'~97).
Trant).Faraday!<op.,10,<97(t9<o).
J. Am.f'hpm.Soc.,49,i50"9~7).).

'"Z.phymk.Chem..36,232(tçot).).
"TraM.Koy.~x'. Canada!U,(3)t9, 35 (t9t5).
"t'mf. Roy.Soc.,8S. 306(t~n).).
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vMporpressure of liquhl bromincby the gas interferometer. Wernerlsunf).

mMrixesthc applications of the intcrferotneter to gas analysis but in a!!thetM*

cases thc gas bas a very lowcritical température. Barua' studied thé absorp.

tion of oxygen by phosphorus using an interferometer, but eonetuded that

tlie instrument was too sensitive a thermometer to give accurate pressure

\-n!ues. Recpnt!y Morton has usedthe interfcrometer to study thé systems

tncthy! a)coho!-acetoncan<)aet'tone-water. The method used in thé présent

work is Mimitarto Morton'8 in principleand divers only in the detaits of the

apptu'atus and manipulation.

Morton has given the equations for the calculation of the mol fraction

ofonc component in the vapor under the special condition that the air pres-

sure tn thé one chamber was adjusted to give the same rcfractivity ax the

vttpor. tn the procedure Miowedin this work, the air pressure wasadjuxted

to give a convcnicnt reading on the intcrferometer scale. Thé followingfor-

tuutae will be used.

J.et n = thc refractive indexof a gas

Hi =- the refractivity of gas A at the pressure Pi and absotute tempera-

turc T,

H: = the refmetivity of the gas 13at P: and T:

H..= thc rcfractivity of a mixture of A and B at P,n,Tm

a= the mol fraction of A in the mixture

i -a.= the mol fraction of B in the mixture

H, Ki", = the respective refractivitiesat :73"A.and 760 mm.pressure

(Zéro refractivity)

By definition

R'= n – i

By the law of Gladstone and Dale'

n 1 H
(6)!L-J

= r (6)
d d

where d is the density and r is a constant, the specifierefraction.

Assuming that the mixed vapors M!ow the gas law,

d
p

d =
Cty

~ince the rcfractivity is proportionatto the density

B
p

R-c~

To evaluate Cssubstitute R" for R and the corresponding values of P and T.

~3 R.Ct =
760

Z.angew.Chett).,38,905(!9:s).
Proc.Xat.Acad.8ci.,t4,939()9~)!).
!'hi).Trans.,1858,M?; tM3,3)7.
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Hence,

R-~
(7)

760T
and

R<=7~~R (8)R
273P

R

Assumingthat in thevaportherefractivitiesof the twogasesareadditive

Hm"=aRi"+([-a)H,

Solvingfor a:

~R. (9)a
)t o u

o
¡Ht–K< j

Forair,equation(7)becomes
27~P

R.
= –~

(0.0002917),H~ = o.ooo:9t7'

or,
P

Kt='0.000!OSf?p (10)

In this derivationthere are three pointswhichmay t.)equestionedon thé
basisoftheir validity: (t) The lawofGladstoneand Dalehasbeenassumed
to apply, (2)Thegas lawhasbeenappliedto mixturesof aleoholandwater

vapor,(3) The refractivitiesof the vaporsin a mixturehavebeenassumed

to beadditive.

TheequationofGladstoneandDateistheonetobecxpcctediftransparent
substancesowetheir refractivepowerto their moleculesaloneandthe re-

fractivitychangesproportionallywiththe densityat atttempératures.Gâte*

summarizedthe otherequationswhichhavebeenproposed. Jamin's*équa-
tion

n'–! 1

–T–
= constant

d
forgasesisalmostthe sameas (6),

n*–t (n–i)(n+t) zfn–t)
'~(T' d° d

since(n + r) differsverylittle from2. Onthe basisof the etectromagnctic

theoryof light,Lorentz*derivedthe equation,
~-i 1

..––; *=
constant

(n~+z)d

Thisrelationalsomountstopracticallythesameas (6),

n~- (n i) (n + i) :(n t)
(n<+:)d" (n'+2)d d

°
3d

Metxetaand Petters: Bur. Standards Bulletin, t4,698 (t9<8).

Phys.Rev.,14,t (!9M).
'Ann.Chim.Phys.,(3)52,t63(t8s8).
<Wied.Ann.,0,6~!(t88o).
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sinceforgasesn' differsvery little fromunity. Galefoundthat air at con-
stant temperaturoup to 20atmosphèresdoviatednot morethan o.t% from
thé equationof Gladstoneand Dale. Posejpa~ foundthet air between
o and y6oma),deviatedbyonlyo.zs%- Thisexperimentalworkwasat one

temperatureonly. Miss Matthows*bas reviewedthé evidenceon these

équationsand came to the same conclusionas Gale. However,there is
inuchdoubtas to whetherthe equationofGladstoneandDaleis vatidwhen
thé temperatureis varied. The evidenceis equallydividedand hencede-

pendentupon thé gas.
The deviationfrom the gas law is probablynegligiblefor alcoholand

water vapor under the experimentalconditions. KendaM'showed that
saturatedsteam at ioo°C.followsvan der Waals'equationwhenthe values
of a andbare derivedfromthe criticaldata. Dobsonshowedthat the dévia-
tion of saturated water vapor from the perfeet gas-lawamounts to only
0.03%at as°C. and for alcoholthe deviationwaslegsthan 0.1%.However,
no dataareavailableon the déviationsofmixturesof thesetwovaporsfrom
thé gaslaw.

Théadditivityof refractivitiesofgasesin mixturesis the lawofBiot and

Arago. Hamsayand Travers' foundthat thé refractivityof mixturesof

hydrogenand heMumdeviatedfromthe calculatedvalueas muchas 3.0%.
t'alentiner and Zimmer*observedthat the dispersionof the white light
amountedto i or 2 interferencebandsfor hydrogen-heliummixtures. Even
whenthé correctionfor dispersionwas made, the calculatedvalues for re-

fractivitydeviated by 1% on eithersideof the obscrvedvalues. Cunaeus

reported1% deviationsin mixturesof hydrogenandcarbondioxide;Va!cn-
tinerandZimmerconfirmedthis observation. It isdoubtfulifthis difference
can beaccountedby deviationsfromthe perfectgas.

Apparatus
A sehematic representationof the intcrferomcterapparatus for the

measuremcntofpartial pressuresin thé systemethylalcohol-waterat z5"C.
is givenin Fig. t. The solutionis containedin a 1000ce. 8askF which is
surroundedby a portable thermostatconstant to better than o.ot"C. The
flaskF is connectcdthroughthe stopcocka (3 mm.bore) to the right-hand
chamberC: of thé interferometerand at the far end of C<to a mercury
manometerMt. Air free from earbon dioxideand watervapor may be
introdueedinto either chamberof the interferometerthroughthe calcium
chloridetowersTt and the ascante towersTt. The left-handehamberCs is
connectedto the open mercurymanometerMt whichmeasuresthe pressure
of the referencegas. The glassstopcocksb,c, d, e are arrangedso that the
fiaskF,Ctand C: canbeevacuatedindependentlyofeachother.

Ann.Physttt,(4),S3,6~9(t9t8).
J. FranklinInst.,1?7,673(t9t4).
J.Am.Chem.Soc.,42,~t (t9M).
frae.Koy.Soc.,62,ea; (t897).

i Vcrh.deutseh.phy9t)<.Gea.,15,t3ot(1913).
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Ordinary 9 nnn. f~s tubinK was u."edfor thp oppn ntanotncter~to avoid

a hifîh mcui~us. Thc connectin~ tubes w~t-coî 7 tnm. tubtttR. Thp con.

tK'ctKm!tu the brass nipptes of thé intet'fcromptcr chMnbers wcrpmadc by

shnp:nKthé gta.'oito fit, thf-n the joints were settled by ort!:nary sfating wttx.

This avukk'd aUrubbpr connt'ctions whieharc unrpHabk. Thévaporfrotn thc'

solutionsdid not compin contact with the ~atinR waxsincf it tncrfiy hctd th<'

joints nnuty togcttK'r.

Fto.t1
InterferometerApparatua

Thc interferometer was a Zeiss laboratory type with a 100cm. chamber.

This instrument is capable of mcasunnt; differences in refractivities to

X 'o~ and bas a range of about 5 units in the fifth decimal place.

Thé instrument was not equipped wth a thermostatic bath around thc

charnbersso that the room temperature had to be controlled.

Procedure
Thc interferometer must first be calibrated as it measures onlydifferences

in refraetivity of the gaaes in the two chambers. Thé customary method

of catibration is to place the reference gas in one chatnbcr and determine the

number of scale divisions on the compensator the interference bands are

shifted whcn the other chamber contains the référence gas plus a knownper-
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a'ntagc of the gas which is to be detennined. This givesan empirica)
odibrationwhichissuitableforindustrialpurposesas in thedetenninationof

méthaneinminegax. For thépresentworkair freefromcarbondioxideand

watervaporwasusedas a référencegasandthe instrumentwascalibratedby
thé tnethodof Edwards.' For thisealibrationbothchambersare fiUedwith

itirfrocfromcarbondioxideandwater;the pressurein thé onechamberis

thenreducedbyknownamountsandthecorrespondingcompensatorreadings

iu-cdptcnnined. Thedifférencein refraetivitydueto thedifférencein pres-
sure is then calculatedby thc equation,

M
X 0,0002917(P) – P<)=

This equation is readily obtainedfromthe previousequation(7). Thc

jtressuresweremeasuredon themanometers,Onescaledivisionwasequal

to t.65 X to-'différencein refractivity.

The solutionsweremadeup from95%alcoholredistilledfromcalcium

oxide. The alcoholgave no indicationof fusetoil, acétone,aldehydeand

oxidizabtcorganicimpuritieswhenthéappropriatetests' weremade. The

compositionoftheliquid wasdeterminedaftereachrunbymeansofa 5ce.

Sprengct-typcpycnomcter,whichwerekept in a thermostatat 25"C.for

onehour, driedand stood in balancecasefor a half hourbeforeweighing.
\'aeuumcorrectionswcrc appliedand the compositioncatou)atedfromthe

K't'ordeddensities.'$

!n eaehdeterminationthe solutionwasrefluxedin an aH-g)assapparatus
to removea largepart of the dissotvcdair. Thesolutionwasthencooledin

théflaskF byliquidair and thésystemevaeuatedby a goodvacuumpump.
Théthermostatwasbroughtintoplaceandthé solutionheldat ~s=t=-ot"C.

for two hourswhilethc flaskwasfrequentlyshaken. To removethe last

traceof air the solutionwasagaincooledand the systemevacuatedto less

than o. mm. pressure. The thermostatwasthen replacedand after two

hourswith fréquentshakingequilibriumwasestabMshed.In fact, after

ciKhthoursthe interferometerreadinghad notehangcdappreciably.Whitc

tvaitingfor the solutionand vaporto reachequilibrium,the zeroof the in-

strumentwas checkedby evacuatingboth chambers. Air was admitted

Mndtheevacuationrcpcatcduntilthezerosettingof thefringesagrcedwithin

thé accuracyof the setting whichis twoor threesealedivisions.Thc zero

wusquite constantand variedlittleduringtheentire seriesofexperiments.

Whenthe solutionand vaporwerein cquitibrium,the stop-cocko was

<)))<'nedslowlysothere wasnosuddcnchangeinthe pressureonthesolution,

\Vhitcthé vaporwas flowingintoC~the pressurein Ci wascontrolledso

that the the sameinterferencebandscoutdbekept in the fieldof viewby

turningthécompensatorscrcw. In thiswayit waspossibletoshowthat thé

-t.Atn.Chon.t!oc..30,~382«9'y).
~turray:"StandmrtbandTestaforMottgentsandChemicah,"7809:7).
"tnto'xatioMtCriticatTaNM,"3, ) 116.
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sametwo bandsused in the zeroreadingwereused in the readingwith the

vapor. The chromaticdispersionobservedby Valentinerand Zimmeris

not observablein the caseof alcoholandwatervapors. Thevaporwaskept

in the chamberfor onehalf hourbeforothe finalreadingwastaken. This

allowedthe vaporto cometo roomtemperature(a8"C.). Ailreadingswere

taken at this températurewhichwashighenoughto preventanydetectablo

condensation.
Thé first interferometerreadingsweregenerallya Uttlelow,but the final

valuesweretakenon separatesamplesof thevaporwhichagreedwithins-to

scaledivisions. At thé sametimethe interferometerwasread,themercury

manometersweremeasuredwith a cathetometeraccurateto o.t mm. A

barometerin thésameroomwasatsoread. AUpressureswerecorrectedfor

temperatureandrecordedin miHimetersofmercuryat o'C. Thedifference

betwcenbarometricpressureandthe readingonMtisthetotalpressureof the

solution(Pn.). The differencebetweenbarometriopressureandthe reading

on Mt is thé pressureof the air and is substitutedintoequation(to) which
l

gives the refraetivityof the air under thé experimentalconditions.The

interferometerreadingis multipliedby i.6s X io-' and addedto R. to

obtain the refractivityof the vaporunderthéexperimentalconditions.The

zerorefractivityof the vapor is then calculatedby meansof equation(8);

the molfractionofalcoholin the vaporis obtainedfromequation(9). The

partialpressuresofalcoholP. andofwaterPware readilyobtainedfromthé

relations,
P. = a Pn.
?W PtK Pa

Absolutealcoholredistilledfromcalciumoxidewasusedfor the deter-

minationofthevaporpressureandrefraetivityof purealcohol. It contained

lessthan 0.1%waterby the densitydetemination. The valueforthe zero

refraetivity of alcoholwas 0.000886whichagreeswellwith the recorded

values'0.000871and 0.000885for sodiumlight. Thevaporpressureofethyl

alcoholwas58.8mm.whichisverygoodconsideringthat it containeda little

water. Therecordedvaporpressure*ofethylalcoholttt:5"is 59.0mm. The

zerorefractivityof water was0.000257whichagreeswith Morton'svalue

and the recordedvalues' which are respectively0.000255and 0.000257.

Thevaporpressureofwaterwas23.7as against23.76the recordedvalue.'s

The interferometercannotbe appliedequallywellto ail binarysystems,

Equation (9) showsthat to be applicablethe two componentsmust have

refractiveindiceswhichare quite différent. The differencein the caseof

ethyl alcoholvaporand water vaporis 0.000629sothat the maximumac-

curaeyconsideringonly the vaporcompositionis about i part in 600. The

manometerrendingsenter into the calculationof the mol fraction. If the

error on the pressureis taken as 0.1mm.and thé averagetotal pressureas

"LMtdott.Mmstein,"2,96'.
"IntcmntiMmtCrittcatTtHcs,"3,2t7.
"IntenMtMna!CrittcatTables,"2,2)t.
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40 mm.the accuracyobtainedisabout i in 400. Thémol fractionofethyl

alcoholin thevapor recordedistheaverageoftwoormorevaluesagreeinf;to

t. part in 500. The analysisofthe Uquidis accurateto o.t%. The values

obtainedare dépendentuponseveralfactorswhieharenot readilyevatuatcd,

namely:the validityof the lawof Gladstoneand Da!eat varyingtempera-

tures, thé additivenatureof rcfractivitiesofthe vapors,and the presenceof

an adsorpedlayerof the vaporsonthe glassendsof theinterferometercham-

ber. The resultsof the interferometermethodare summarizedinTableI.

Thé disti!tationexperimentswere carriedout in an all-glassapparatus

whiehconsistedof a 1000ce.flaskand a soce.receiverboth connectedto a

7 mm.deliverytube by ground.glassjoints. The deliverytube containeda

TA~El 1

Yapor Pressures ofAlcohol-WaterSolutions at 25"C.

J't-rct-nt Total Zéro Mol Partial Partial Total

atMhot vapor rehact. fraction P~ pressure vapor
in pressure otvapor alcohol alcohol water f~~
Sotution

P Hm.
'nv&por Dob~n

m~. X to'< mm. mm. mm.

o 23.7 :S7 0 o ~3.7

5.30 a?.9 489 0-3~9 10.3 t7.6 z8.:

!3.74 34-2 6!? .573 '9.6 t4.6 34.a

25.3;: 4'.2 680 .6?3 27.7 '3-5 4'.S

34.38 4S.6 7~ -70S 3~.2 t3.4 4S.9
46.21 48.7 7i4 .727 3S.4 "3-3 48.8

54.8: so-6 7~6 .746 37.7 12.9 50.9

65.53 5~.S 74~ .77~ 40.5 ~-o 5!-7
7S-ïS 54.4 757 -796 43.3 SS.o
84.79 $6.11 774 .822 46.11 ïoo 56.g
92-30 58.4 803 .869 50.7 7-7 S8.3
94.96 57.8 8:7 .906 5~-4 5-4 58.5

!oo.o 58.8 886 t.ooo 58.8 0 59-o

TABLEII

We!ght Atcoho) ~!o). Total Partial PreaurM
in in t'rac. P~ Pa' P.
Mo)n. vapor vapor

26.37 69.66 .474 4i-8 19.8 9:o

33.~9 74.30 -53i 45.s 24.0 2t.!

42.58 76.6! .562 47-9 26.9 2t.o

54.70 78.03 .582 50 7 29.6 21.1

56.54 78.5S .589 510 30.1t 20.9
66.48 80.64 .620 52 7 32.7 20.0

66.79 80.56 .6t9 52.8 32.7 2o.1

77.87 84.8o .685 548 37.66 17.22

92.55 93 50 .849 58.4 49 6 8.8
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tht't'c-waystopcockfor cvacuatinKthé system. A thermostatheMthf

tpmpt'ra.turpof the solutionconstantat 25 ± .ot°duringthedistillation.

The solutionsweremade up as in the previousexpérimentaand theair

removedby pvacuatittK.The receiverwassurroundedby thennostatand

15ce.of the distillatewerecollectedwhitethe flaskwasshakenfrcquentty.
Since500 ce. ofsolutionused for eachdiNtittation,the compositionof thc

liquid phase reniainedpracticaHyconstantduring the distillation. Thc

t'tn.t
TotalandPartialPressuresfortheSyetemHthytAtcohot.Waterat 2:°.

solution and distillatc were analyzed by the density method as in the prc-

vious procédure. The total pressures obtained in thé interferontcter method

wcre uscd to calculate the partial ptessures. The results of the distillation

cxpprimcnts are summarized in Table II.

Discussion

The data on thé partial pressures in the systcm ethyl-alcohol-waterat

2 !('. bythree methods (bubbling method, distillation and interferometer

method) are plotted in Fig. a. A comparisoncan bc made most readily by

n)cans of this diagram. Thé total pressures by thé statie and dynamic
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methodsagréevery wellup to a concentrationof 40%atcoho);abovethis

concentrationDobson'svaluesare slightlyhigher. If air raisesthe vapor

pressureof thesolutionin this range,thé différenceis readilyexpiained;i
however,Carnpbell'sresuttsshowthat air towcrsthé vaporpressureofpure
nlcoholand of water also. Unewouldexpectthe partialpressuresfroma

solutionofthe twoto bc loweredalso. It maybe that this différenceis due

tu a systematicerror in thedynamicmethodsincepressureis notmeasured

dirccttyin that procedure.Thé dinercnccsare largerthan thé expérimentât
error in the staticmethod.

L i

t'H..33
Ethy)A)c<thotandWaterat:5°.

EquationforPartialPressuresofEthylAtfohot0.463logC~/f!. log-~–=
0.~)0

The partial pressure cun'es for water and alcohol by the distillation

method are respectively aboveand belowthe correspondingcurves by Dobson.

Thc lowerpartial pressures of water by the dynamic method may bc due to

ttn' presenceof air, but in that case the partial pressureof alcohol should also

b<' )owcr. This may !ncan that air lowers the partial pressure of water but

raises that of alcohol in such a way that the total pressure is only raised

stightty. Xo data are available to show the effect of an inert gas upon the

partial pressures from a solution. Thc distiUation cxperiments were merety

intcnded to show whcther the intcrferotnetcr values or Dobson's values were

in error. With a distiitation method it is dinicutt to décide whcther the vapor

diftiHinf; is always in equilibrium with the solution, although the duplicate

(leterminations agrée.
There is very ncarty a constant din~ereneebetween the partial pressures

hy thé interferometer and those by the distittation and by JTobson'spro-

<-t'du)e. This probably meansa systematic error in thé interfcrotneter method. [
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If an adsorbedgasI&ycris formedon the glassplatesof the interferometer

chamber,a highvaluefor thé refractivityof the vapor wouldbe obtained

andheneca largerapparentmolfractionofalcoholin the vapor. Thiseffect

is in the rightdirectionto accountfor thé différencesbetweenthe interfero-

tnetervaluesandthé valuesby the othertwo methods. Cunaeuscalculated

the thicknessof the adsorbedfilmwhichmuâtbe formedto acoount
for;the

deviationsin thé systemacetone-ether. He foundthat the filmwasof~the

same order of magnitudeas observedby Mutter-Erzbach~for adsorbed

gas layerson solids. A seconduncertaintyin the interferometerprocedure

isthe additivenatureof refractivitiesofthevapors. The ontyexpcrimental

workonthis wasdoneongaswithvery!ow~criticattemperaturesandpnthese

1

FM.44

Ethy)AlcoholandWaterat~5°
Pw-P't-

EquatinnforPartialPressuresofWatero.33!t°e:G./G'<'S–pr~– ° °°99

easestargedeviationswereobserved. Theresuttsshowthat if the interfère.

mctcris tobeusedforthe determinationofpartialpressuresastrictlyempiri.

calmethodmustbe used. Syntheticmixturesof the vaporsmustbe made

and their rcfractiviticsdetermined. Time wasnot available for carrying

out this method.

The resuttsof the interferometermethodweresubstituted intoequation

(5)and the partialpressurescalculated;the resultsare shownin Table III.

The !ogarithmicgraphsfor watcrand alcoholare shownin Figs.3 and 4.

The calculatedpartial pressuresagrée fairly well with the expérimenta!

valuesfrom!:oto 90%alcoholin thesolution. The equationis verydifficult

to apply to the data on water sincethe pcrcentageerror is very largoand

is magnifiedby the pressureterm in thé equation.

Equation(5)basbeenappliedto the systembenzene-carbondisulphideat

30, 25and 3o"C.usingthé data by Sameshima.2The calculatedand experi.

tal resuttsat thesetempératuresareshownrespectivelyin TaHcsIV, Vand

VI. At 2o°C.the averagedeviationofthecalculatedvaluesamountsto onty

WtMt.Ann.,25,:57('885).
J.AM.Chem.Soc.,40,t5<~('9'8).
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z or 3parts in 500exceptin thecaseofthé 87.8motpercentsolutionwherea

25%deviationoccursforcarbondisulphide.It isprobablethat thispoint is

inerrorsincethere isa alighthumpintheourveat thispoint.

Thecaleulatedvaluesforbenzenein carbondisulphideat 25"(TableIV)

agréebeautifullywiththé experimentaldata froms through95molpercent.
..e_

TABLE III

Ethyl Alcohol-Water at zs'C. L

o .322
log

log = log Kt- o.ogg0,322
0(1;0.

og
P.'

og 1'" 0.099

G. P.
o.463 log log log'K, = 0.2100,463

~Jt)t
log log Kt 0,210

M
LogKI

Exp.Cd.d.
Exp.C~.Alcohol Caled. Exp. Caled. Cafcd. Exp. Calcd,

in
solution mm. mm. mm. mm.

o – 23.7
– o –

S-30 0.0504 !7.6 18.1 -0.0955 J0.3 t7.7
-.0~65 i4.6 t6.s5 +.0660 19.6 ~i-o E

:S.32 -.0338 i3-S 'S.2 .1644 27.7 29.2

34.38 .ot97 ï3.4 '4.5 .2101 32.2
46.21 .o8ti 13.3 i3.5 -~S 35.4 35,4

54-85 -3 '9 .2088

65.53 .0972 12.0 12.o .2no 40.5 40.5

75-25 -0975 43.3
j 84.79 .1003 10.0 to.o .2075 46.1 46.i

92.30 .0275 7.7 8.6 .2869 $0.7 49.4

04.96 -.1221 5.4 7.8 .3088 52.4 50.5
too.o – o – – 58.8

TABLEIV
i Benzene-CarbonDisulphide at 2oC.

0.860 log §' log~–~ = log K.. 0.1080,860
Nb

og
fb

og 1==0,108

Nb

b

b
0.883 !og kg ~–~ = log K, 0.098

j ~< '<

i Mo)% tot[K, Ben~ne to:K, CarbonDisulphide
< Benzène C.tcd. P' r. r.MSctn.

Caloc1,
Exp. C<dcd.

Calcd,
Exp. Catcd.

ntm. mm. mm. mm.

< o – o -– – 297.4
–

=' n.35 0.1040 13.4 i3-5 o.to68 263.8 263.0

24.82 .!2t7 25.4 ï4.9 -o9!o 228.1 2:8.6

? 37.47 .1094 34.0 34.0 .io6t 198.4 197.4

46.24 .1093 39.9 39.9 .~t 175-8 i7S-~

62.51 .!t47 50.3 50.o .0954 131.6 132.0

87.80 .2502 68.2 65.8 -o2to 42.5 53.55

too.oo – 75.2
– – o
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TABLKV

Bcnxpne–Carbon Disulphide at 25*0.

0.908 tog-" tog -'––~ tog Kt = o. <t20. gos
~b

log
ta

log \1 0, 11:1Z

V p –P'

0.924 tog
– log '° log K< = 0.090 ?
rtcr JTc

l~, log K.

M<'h!!enc Catcd. Benifene Catcd. ('MbonDMuh'htd''
Sotn. Kxp. ('<ttf-<t. Mx; Catfd.

o – – –
36[.t 1 –

a.n 0.09:4 3.5 2.7 o-o~S-t 3S~-7 3S~-4

4.68 .H35 y.: 7.4 ."83 344.' 343,8

tt.g3 .ttos 16.0 !&.o .0908 3~4 3~3

t8.z4 .1209 24.0 23.6 .0817 299.1 ~99.6
18.86 .1097 24.2 24.3 .0883 297.9 ~98

30.02 .1028 35.1 3S5 -09~ 263.6 263.6

43.88 .ntt 482 48.2 .0872 2t8.7 2:9.3 '<

4986 .1:78 53.7 53-4 .0783 197.4 200.0

57-38 .«54 M 8 S9.6 .0857 173.8 174.3
63.02 .0946 63.5 64.3 -097~ iS6.6 155.0

76.63 .1167 75.3 75-' .0747 '5 105.0

87.14 .'232 83.8 83.6 o6go 6o.2 62.

t)4'9 -33 89.5 89.4 -04'9 27.9 33.8

too.oo 94-9
– –

TABLE Vt

Bcnxcne–Carbon Disutphide at 3o"C.

0.883 tog tog = tog K, = 0.092
q

o.
j\h

log
th

= log \1"" 0,09:1

0.9*5 tog tog p.
= tog K, = 0.0850,915 log

~c
log

*c
log 0,085

AM'r '"K!<tl~t t'b' toxKtKt P~

Hfnxcne Catc<). BcnMne Catcd. <~)-t)on Dtituh'htdc
S<,)n. Exp. CaM. Hxp. Ctk'tt.

mm. mm. mm. mm.

o o – 434-6
–

8.00 o.o86t t4.7 '49 0.0707 398.4 399-8

22.86 .0990 35.8 36-' t .0902 343-' 342.0

37.23 .to66 53.3 52.4 .0846 287.5 287.5

65.16 .0956 81.6 8i.6 .0873 177.5 '76.7

88.45 .t7t3 107.3 !05.2 .0311 62.2 69.0
too.oo "9-3 ° –

[.
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t'or solutionsbeyondthese limitsthe equation magnifiesthé error enor-

mousty. The valuesfor thé partialpressureof carbondisulphidetend to

dcviateincreasingtywhenthé mot percentexcccd63. Thé agreetncntis

\'t'rvgoodexceptin thé caseofaboutfoursolutions. Thécalculatedvalues

i'orthis systemat 30"(Tap!eVI)agréewiththc experimentaldata verywett

t'xceptat 88molepercentwherea largedeviationoccurs. It ia believedthat

this valuewouldlie on thestrai~htofequationif moredata wereavailable

at this temperature. It is quitcévidentthat equation(s) representsthé

cxpt'ritncntatfactsadcquatc!yfor thissytetn.

Most investigatorsin stuttylnRbinarymixturesofnon-electrolyteshave

coniinedtheir attention to mixturesoftwo volatilecomponcnts.The sitn-

pk'stcaseisobviouslythat oftwonormalliquidsofwhiehonlyoneis measur-

:tb)yvolatileat the températureof thé experiments. ïn this casea siatic

oK'thodcan be used and the procedureis quite simple. It is surprising
titat onlya fewsystemsof thistype havebecn investigated:the only data

«re those by Campbeitand by Footeand Dixon.' It was thought to bc

worthwhileto applyequation(s) to this casealthoughthé data are notof

highestpossibleaccuracyin certaincases.

('ampbeHbas investigatedall possiblecombinationsofnormaland asso-

ciatedliquidsforminga binarymixturewith onevolatilecomponent. The

followingare the combinationsto be considered:

j. Bothnormal
Olcicacidand ether30°(VII)
Oleicacidand carbondisulphide30"(VIII)

2. Xonnatnon-volatileliquidwithan associatedvolatileliquid
0!eicacidand acétone30°(IX)

Anassociatednon-volatileliquidwith a normalvolatileliquid

TABLEVII

Ether-OMc Acid at 3o"C.

1
G

1
P – P

1 1. 80.992
!og o°

!og
'?," =

!og K = 0.484

Wt.'ct. P.' h~K
Hthc)' RtherPreMUM- Catcd.
Sotn. Exp. Catcd.

mm. mm.

4.96 96.7 go.o 0.5207

7.17 H9-9 124.2 .4648
14.36 2:7.9 2t0.t .4793
23-55 303-7 3'5 .4607
~7.40 4'4.8 415.0 .4829
6i.93 53S- S34.o -49'6

<oo.o 642.1 –

'A)!).J.Sci.,t7,<46(t929).
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TABLEVIII

Carbon Disulphide–OMc Acidat 30*0.

1.143 log tog ~–~ = log K = 0.626r. i43
U<Ga

log
1.0

log I£ o.Ga6

t CarbonDisulphide logK

CS, Exp. Caled. CaM.
Sotn. mm. mm.

3.12 40-9 33-: 0.7252

iS.75 t64.o 165.7 .6191

~5-85 !:33-7 ~4~.o -S937

34.77 ï9o-5 ~9i-o .6258

40.5: 316.3 3~-4 .6279

56.t4 366.6 366.6 .6:70
ïoo.o 431-9

TABLEIX

Acétone–Oteic Acid at 3o"C.

G P-P'
o.974tog~-tog~= logK= 0.8170.974

~t
log

<t
logK 0,817

P.'
Wt. e acetonePressuM logK
Acétone Exp.

-%eetone
Calcd. Calcd.

Soln. mm. mm.

2.79 48.7 47.0 0.8373

tt.99 130.6 133.8 .7973

20.76 180.0 179.7 .8207

37.60 220.4 220.5 .8142

100.0 *7S-8
–

TABLEX

Ether-Sulphuric Aeid at 3o"C.

.85log log ~–~ log K = 0.595
Ufe fo

E P.'
Wt. Ether PtessuM logK.
Kthcr Exp. Ca)cd. Ctdcd.
So)n. mm. mm.

41.59 34.8 56.8 -0.8246

54.51 t92.2 !9t.6 -5924

56.35 329.7 220.7 5687

68.76 455.1 455-'l -6o66

76.90 554-4 570.0 .6873

97. t3 631.8 642.0 2.6572

100.0 642.!
–
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TABLEXI

Methyl Atcohot–Gtycerotat 40*0.

11
G9' 1

P – P
log J'}' 747i .042!og Q" !og-'p,'

= !ogK = o. 747

Wt. MctttytAleoMPrcMUM tôt:K
Ateohot Kxp. Caled, Caled.
Soht. non. mm.

6.26 6:.i 64.0 0.730!

8.5S 83.8 Sa.? .7563

'8.33 137-5 138.4 .7403

2S.53 167.t t66.3 .7523

38. a8 199,6 198.6 .7540

56.27 222.9 226.0 .696:

83.68 244.8 248.3 .5483
too.o 257.4

TABLEXII

Water–G!yccro!at7o"C.

i.io7tog§'-tog~ =IogK~ -0.108 81.1°7
~w

og
I-W

== og ==-0.10

F.'
Mot WaterPfessuM
Water Exp. Ca!cd. ï~t; KIl'ater Exp, Caled. J.ogü
Soln. mm. MM* Ctucd.

4[.o 79.8 8o.2 –o.itio
59.9 i28.t !:8.t .1089
76.4 173.4 173-' -!o6o
86.2 i99'9 200.0 .iio6
94.9 222.3 2:2.: .ït92
97 4 229.3 228.2 .0340
97-7 230.9 229.0 -103'

100.0 233.8tOC.O "J~
–– ––

Sutphuricacidandether30*(X)
4. Bothassociated

Gtycerotand methyla!cohot4o"C(XI)

Gtyccrotandwater7o"C(XII)

Thédata of CampbeUforaHthesecaseshavebeenusedexceptforgtycerot
and water in whichcasethe data are by Permanand Price.' TheRoman
numcratafter the sytemsHstedaboverefersto the taMein whichthé cat-
cutatcdand experimentalvaluesof the partialpressuresaregiven. Camp-
bcllmeasuredthe vaporpressuresin the presenceof hydrogen;he had pre-
viouftyshownthat the towcringof thevaporpressureof thepureliquidson

'l'rane.F<M'adaySoe.,8,68(<9!!).
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Ht)uath)nfuf t'aftia) t'n'ssttt-mof t-:thytA)M)huto.882log
~/X,-)'));–'p–=

0.5~8.

K'nMtx'nfor Partial Ptt~surmtnfMethvtA)<f)hn)o.9~ttof; Xp/X,, toft-~n,–~ =0.~7.

Diethy) Phthatatc and Hthy)Atcohotat ï5°.
Ji, là,

Diethy) Phthttnte and Methyi Atcoho)at 25".
pi

Ft<55

I-'M.66
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thèseconditionswas:ether0.89' carbondisulphideo.6t%,acetonet.85~,

methy!alcohol0.82%andwater t.z8' Thé agreementbetweenthe cal-

cutatedpartialpressuresandthe foundvaluescannot beexpectedtobe any
ctost'rthan the abovepercent.

Thp pressurescatcutatcdfor ether in oleicaeid (TableVIII) aKrpcas

wc)tas can be cxpcctcd. The valueat 23.55%shoutdbe elosersincethe

dcviationat thé lowerconcentrationsis severaltimessmaller. Theva!ut's

for carbondisulphidein oleicacid (TableVIII) are muchbetterandagrpe
within t~ except in the caseof ~.85% and 3. solutions. Théexperi-
menta!valueat 2S-Ss%isveryprobablyin error.

Foran associatedliquidin a non-volatilenormalliquid, acétonein oleie

:n'id (Table IX), the equationgivesthe vapor presisureof acetonewithin

) .8! of thcvaluesfound. In thiscasethe hydrogenmayproduceaneiTeet

as largeas The valuesforether in sulphuricacid are veryerratie

(TableX) whiehmaybedueto eompoundfonnationasCampbettpointsout.

Abetterchoicefor thiscasecouldundoubtedlybcmade.

TABLEXIII

Diethyl Phthatate–Ethyt Alcohol at 25°C.

J
-N

'r

J
p p

K0.882 )ot! )og~– = togK = 0.528
~t

P.' har
~)o) 'f Atcohot'Presurc Deviation ~ïo) Atcohot'PrMsum Deviation

Atftthot Hxp. Ct))fd. Atroho) Hxp. Ca)cd.
Soh). mm. mn). mm. Sotn. mm. mm. mm.

too.o 58.8
– – 45.4* 46.8 !.4

90-5 54.9 56.s !.6 53.9 45.3* 46.7 '.4

88.6 54-4 S6o '.S 5=!-7 46.3 46.3 o.o

87.5 54.3 55.8 1.5 49.2 44.8 45-o o.?

86.6 S4-' 1 55.6 J.5 44-5 43.4 43-3 -o

86.t S3.6 55-5 1.99 44 3 43 7* 43-0 "0.7

85.2 53-8* 55-3 '-5 40.1 41.5 4'.4 -o.t

836 53-1 54.9 1.8 3~.4 40.4 40.5 o.t

83.4 52.9 54.8 t.9 33-o 37.7 37.8 o.1

82.8 53.i* $4.7 '.6 31.5 37-6 37-o -0.6

8i.2 52.3 54.3 ~o 296 35..7 36.oo 0.3

78.5 5'-7 53-7 ~o 21.6 29.7* 30.5 0.8

76.2 <6 53 '6 20.7 29.9 29.1 -0.8

739 5' 5~7 !.6 '7-3 25.9 27.0 t.t

73 50.9 52.3 '4 '3.5 2t.4 22.2 0.8

7t.4 50.2 51.9 '-7 10.1 16.7 !9.3 '6

67.7 50.5* 50.9 0.4 7.25 '3-0 '5-4 ~.4
67.5 49.88 509 6.40 tt.6 14.: !.5
6t.3 49 49.1 o.o 3-70 6.3 94 3
:;8.o 47 8 480 0.2

it is évident that these valuesare in error.
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The valuesfor the pressureof methylalcoholfrom glycorolsolutions

(TableXI)havea maximumdeviationof2%and thomajorityagréewithin

1%. Thisisverysatisfactoryagreementsincethe hydrogencanproducean

0.8*~effect. Thecalculatedvaluesfor waterin glycerol(Table XII) are

verysatisfactory;thé maximumdeviationiaabout 0.5%and thc average

deviationismuchless, Thesedata wereobtainedbyPermanand Pnceand

are believedto bemoreaccurate.

QuiterecentlyFooteand Dixon'puMisheddataon tho vaporpressure
ofethylandmethylalcoholfromsolutionsindiethylphthatateat :s"C. The

experimentalandcalculatedpressuresaregiveninTablesXIII andXIVand

areplottedin FigB.5and 6. Thecalculatedpressuresweremadeusingthe

graphicaltydeterminedvalueforK; in aUpreviouscasesK wasdetermined

mathematicallyforeachconcentrationandaveraged.Lessdeviationswould

be obtainedif the averagevaluefor K is used,sincethe deviationsare aU

in the samedirection.
T'im t. YÏV

in the samedirection.

TABLEXIV

Diethyl Phthalate-Methyl Alcoholat 2s"C.

0.9:2 tog tog ~–~ = tog K = 0.4870.922
f.

== log K. o .48y

p' P*'
Mot''c Alcohol'FremuM Deviation Mol AteohotPreesut-eDeviation
Alcohol Exp. Caled. Alcohol Exp. Catcd.
So)o. )nn). <n)o. nu!). Sotn. mm. mm. mm.

loo.o n6.i – – 37-S ~4.8* 82.9 -i.9

90.7 t!9.t !ai.: :.t 37.3 8t.9 8:.7 o.8

90.0 !t&.6 no.8 t.: 34.t 80.0 79.0 -i.o

88.3 n7.s 119,8 z.3 33-5 78.4 78.a -0.2

8jr.s !i6.s H9.4 2.9 30.9 7S.8 74.9 -o.9
84.8 us.9 n8.: :.3 30.4 74 7* 73.5
8t.o tt3.& i!6.o 2.ï 30.4 73-S 73.5 o'o

80.7 !i:.9 i'S-9 3.0 29.7 73° 73-~ <

78.4 n~.6 !t4.S ~-9 '4.5 06.5 65.8 -o.7
77.8 nt.o* 114.! 3.t 22.4 63'4* 6t.3 –t.t

76.4 m.i 113-4 ~-3 22.4 6i-3* 6ï.3 t.o

7~.2 :09.55 ri'' ï-6 '7-4 53~ 53.a 0.0

68.3 '07.5 '«S.s 1.0 !5.8 48.0 50.0 a.o

64.0 105,3 ios.9 0.6 13.7 44.3 4S.4
6:.7 !03.9 '04- 0.3 9 63 3' 4 3S 3 '9

5S5 983 99.6 ï.3 9.oo 3' 7 33 6 '9
49.99 95-ï 95-i 0.0 5-So ~3 ~4-ï 9-8

49.5 946 94.6 o.o
ït isévidentthat thesevaluesare inerror.

Am.J. Sd.,17,t46(t9:9).
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Summary
i. The equation

a!og~og~togK

basbeenshownto applyto binarysystemsofoncvolatilecomponentovera

very largerangeofconcentrationsforall combinationsof normalandasso-
ciatedliquids. Thisequationrepresentsthe systembenzene-earbonsulphide
remarkablywellat three différenttemperatures. The dataforthe system
ethyla!ooho!-watcrat ~"C. by two différentmethodsisrepresentedbythis

equationovera widerangeofconcentrations.
a. The interferometermethodfor the determinationof partialpressures

isunreliableunlessan entirelyempiricalcaHbrationis used.
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THK StGXtFICAXCE 0F THEHYDROGEX CONTHNTOF

CHARCOAL8

y.
–

BYH.H.LOWRY

~!ost studies of the thermat decomposition of hydrocarbons are connned

to an examination of the composition of the liquid and gaseous products.

Amongexceptions to this generalization may be mentioned the interest in

coke,carbonblack, and charcoal. Even in thcse casesthe physical properties

rather than the chenucat compositionare regartted as the factors which dc-

tennine their suitability for spécifie uses. However, in an eartier paper' it

was pointedout that certain physical properties of a group of charcoals were

rather simply retated to the percent hydrogen which was contained in then)

as determined by uttimate analysis. This group of charcoals was prepared

in a gas-firedfumace from a single, speciany-sctectcd lot of anthracite coal. t)

As stated in this earlier paper, careful consideration of thé commercial

records taken at the time of préparation indicated that the hydrogen con- c<

tent was probably dctfnnined by the maximum temperature to which the ri

samples were heated during their préparation. The hydrogen contents

rangfd from 0.2: to 0.53~, while the probable range of maximum tem- si

pcrature was 900" to t :oo°. The presence of hydrogen in thèse chareoals L

was shownto be consistent with a point of view that so-called "amorphous"

carbons are hydrocarbons of low hydrogen content" built up of potymerizcd

residuesfrom the therinal decompositionof hydrocarbonsof greater hydrogen

content. Since the significance of the hydrogen content of charcoats bas

))cengenerally overlooked, the present study was undertaken in ot~er to

cvatuate the factora which may ordinarily be varied in the preparation of

charcoalsfor variouspurposef!. The factors whiehwere independently varied

in thif!study were thc maximum temperature, the timc of heating, the at-

mosphcresurrounding the sample during heating and the raw material. To

a timitcdextent the effect of previous heat treatment was also determined.

A later paper will givethe resutts of the study of the correlation of hydrogen

content and some adsorptivc properties of charcoalsprepared under carefully

controlled conditions

Preparation of Samples and Method of Analysis

Sincethe sampks which are considcred in this report were not an pré.

parcd !.ipeeinca!tyfor this investigation, the method of préparation of certain

séries of samples differed from thc method used in other series. In general,

howevc)-,the sampteswere a!! originattyground and sifted to 60-80mesh and

heated in a controMcdatmosphere for a known length of timc. In aMcases,

J. Am.f'hcm.AK-46, 8~ ( t9:4).
<)-'nriMtanfc.MeBMpmft:J. !'hvf<.('hem..24. U? U9M'; Lewisand !~nd)t)):

"ThFntMMtynamtcsandthc i-'ree Enereyof(.'hemifatSu))atancfa,'tMKe569(1923).

?
h<
hi
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the furnacewasanelectricfurnaeeof targeheat<Mpacity,heatedby a plati-
numrhodiumresistorwhichwassowoundthat fora lengthofabouts*there
wereno températuredifférencesof more than ±:°. The températurewas
maintaincdconstantat thé desiredtemperaturebymeansof a Wheatstone

bridgecontroUer'speciallydcsignedwitha recorderby LcedsandXorthrup
( 'ompany.With this controllerthe températurefluctuationswerereduced
to lessthan 5"forperiodscxtendingto a weekwhenthe maximumtempera-
turcdid not exceedabout t3oo",abovewhichtemperaturethe volatilization
of the platinumcauseda graduaidrift in températuredownwardsMquiring:
fréquentmanualadjustment. Hxceptwhenthécncct of the surrounding
titalospliereonthchydrogencontentwasbeingstudied,a puredryhydrogen
attuospherewasmaintained. In general,the sampterangingin sizefront<i
t;ram8to so gramswasplacedina Nnattgraphitecruciblewhichinturn was

placedin the zoneof maximumtetnperature. Températurereadingstaken

every 5 minutesshowedthat the fumacehadrecoveredits température
equitibriumwithinthefirst5minutes. At theendofthe periodofheatingthé
cnlciblewaswithdrawnto a cootpart ofthe fumaceandleftin thecurrentof

hydrogenuntil sunicientlycoldto handle freely.

The hydrogencontent wasascertainedby meansof a simpleorganic
combustion,by whichcarbonwasdetennincdas carbondioxideby absorp-
tion by soda-lime.and hydrogenas water by absorptionby phosphorus
pentoxidc. Sinceourearlierdata indicatedthat the hydrogenwasdireetly
associatedwith the carbonand not with impuritiescontainedtherein,a!!

analyseswerecalculatedto an ash-frcebasis. Inorderto avoiderrorsinthe

analysesdue to absorbcdgasand moisture,thesampleswereevacuatedat
:oo"for 6 hoursand bumedin a currentof pureoxygenwithouttransfer
fromthe vcssetinwhichtheywereevacuated. Inthiscaseitwasunnecessary
to weighthe originalsamplessinceour only interestwas in the carbonand

hydrogenprésentinthe sampleandthesewercdirccttydeterrninedas oxides
in theanalyses. Duplicateanalyseson the sainesamplecheckedin the great

majorityof casesto withino.o:% hydrogen;ifnot, furtheranalyseswere
madeuntil thé probableerrorof the averagewaslegsthan o.o2<%hydrogen

Analternativemethoddevelopedby Mr. W.B. Warrenof thèseLabora-
turieswasusedforcertainsampleshavinghydrogencontentslessthano.:o~.
Thismethodconsistedin carryingout the combustionin a closedsystemin
whichthe samplecouldfirstbc outgasscdandwMchwasprovidfdwith suit-
abtefractionatingtraps so that the carbondioxidecouldbemeasuredvolu-

tnctricaHyand the water wcighcdby absorptionby phosphoruspentoxide.
Théweighingprocedurewassimplyan observationby mcansofa catheto-
mctcrof the extensionofa quartz-fiberspiralbatance~fromwhichwassus-

pcndeda smaMtmyof phosphoruspentoxide.Thequartz-nbcrbalancewas
containedin the elosedsystemin whichthé combustiontook place. This

XccH.S.Mobprts:J. WMh.Ac<td.Sci.,tt, ~ot09ït):E.X.HuntinR:J.Am.Commie
S'K'6,1209(1923). o..

J. W.~!cHainandA. Bakr:J.Am.Chem.t~f.,48,690(tg~S). ?
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TABLE1

Cakutated and ObservedValues of Hydrogcn Content forCoa!<tt

Time HydrogenContent
Temp. in

"C Houm OtM. Ca!.(<) C~.(<) Oba.-Ca!.(t) Obs.-Ce).(2)

800 8 i.o3 i.3o 1.08 –0.27 –0.05
16 1.01 '.25 1.03 –0.24 –o.o:
24 0.97 1.22 1.00 –o.:s –0.03

goo 24 0.63 0.63 0.61 o.oo +o.o:

900 o.5 o.o6 o.8z 0.83 +o.t4 +0.13
1-0 -Si .76 .77 +o.os +0.04
20 .?3 .70 .72 +0.03 +o.ot
4.0 .63 .65 .66 -o.o: -0.03
80 .ss .60 .60 -o.os –0.0$

'6-0 .49 .54 .55 -0.05 -0.06 Ir
3~0 .45 .49 .48 0.04 -0.03

tooo 0.5 0.65 0.60 o.6s +0.05 +0.03
io .56 .s4 .56 +o.oz o.oo
2.0 .51 .49 .s: +0.09 –o.ot y
40 .4! .43 -46 –o.oï –0.04 o
8.0 .39 .39 .41 o.oo –o.o:

'S-5 .37 .34 .36 +0.03 +o.oi
48.0 .ap .27 .:9 +o.oa o.oo

'4t.5 .a8 .ai .23 +0.07 +o.os

itoo 0.5 0.39 0.38 0.38 o.oi +0.01
10 .3: .33 .34 -o.ot –o.<M
20 .29 .29 .30 0.00 –O.Ot

4.0 .z8 .25 .25 +0.03 0.03
16.0 .20 .18 .t9 +0.02 +0.0!
40.8 .14 .'4 .14 0.00 0.00

ino 240 0.10 0.15 o.t5 -0.05 –o.os Id
,le

1:00 0.5 0.25 0.24 0.23 +0.01 +0.02
'o .is 2ï .'9 –o.o6 -0.04
2.25 .13 .'7 .'5 0.04 –0.02

Ic
40 .12 .14 .!3 -0.02 –O.Ot
8,0 .TO .12 -0.02 –0.01

'6.0 .09 .09 .08 0.00 +o.oi
48.0 .o6 .06 .06 0.00 0.00

1220 24.0 0.08 0.07 0.06 +O.OÏ +0.02

1400 0.5 0.09 0.10 o.o6 –0.01 +0.03

'500 1.0 0.046 0.048 0.021 –0.002 +0.025
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methodpermittedtheuseofamallsampleswhilemaintainingthe samedegreo

of accuracyas wasobtainedby the usualcombustionmethodforsamples

havingmuchgreaterhydrogencontents.

E~ertmeatalResatts

in order to detemine the effectof thé maximumtemperatureand the

timeof heating,a largesampleof a speciallyselectedanthracitecoalwas

obtainedand smallersamplesof this heatedat temperaturesrangingfrom

800"to 1500"forperiodsoftimerangingfrom0.5to 14!.shours. Thedata

soobtainedare givenin TableL In the fourthandfifthcolumnsaregiven

valuescalculatedon the basisof thé followingconsidérations.Anthracite

coalis oommonlysupposedto havebeenfonnedbythe thermaldécomposi-

tionunderpressureoforganicmatter. Preliminaryexaminationofthe data

indicatedthat the hydrogencontentwasmuchmoresensitiveto a changein

temperaturethan to a changein the lengthof time of heatingat constant

température,and that at constanttemperaturethe decreasein hydrogen

contentwith time wasexponential. In additionto these facts, it wasob-

servedexperimentallythat no measurablethermal decompositiontook

placebetowsomefairlyhightemperature,i.e.,about480"forthis partieutar

anthracitecoal. To determinethis initial temperaturea sampleof coal

wasplacedin a quartztubeand connectedtoa Tôplerpump. Aftera pre-

lirninaryevacuationat roomtemperature,afumacewasraisedintoposition

surroundingthe sample. Thetemperaturewasraisedin so"stepsandmain-

taincdat eachtemperatureuntil the rate ofgasevolutionwas!essthan 0.11

e.c.perhour. Thegaswascollectedand analyzedseparatelyforeachtem-

peratureintervat. In Fig.t areplottedthe totalcubiccentimetersofhydro-

genevolvedto the temperatureindicated. The methodof obtainingT.0

fromthesedata is alsoiHustrated.' The figuresin bracketsat eachpoint

rcpresentthe numberof hoursthe samplewasheatedat each temperature.

Severalequationsweresetup whichqualitativelywereinagreementwith

thefactsoutlinedabove.' Oftheseequation,oneofthe form

H = H.e- (')

waschosenas mostsatisfactory.In thisequationHreprésentathehydrogen

contentafter heatingat temperatureT fortimet for a materialhavingan

originalhydrogencontentH. and initial decompositiontemperatureTo, a

and n beingempiricalconstantsand e the baseof natuml togarithms. In

calculatingthe valuesgivenin column4 in Table1 thé valueof T. wasde-

tcrminedempiricallyfromthe data, whilethevalueof H. wasdetermined

byanalysisof the rawcoal. The equationasused,replacingthe constants

by thcirnumericalvalues,becomes

H = 2.10X ,o-< (la)

Themethodofmeasuringthistemperatureiaesaentiallythatof0.A.XehonandG.A.
ftutftt:J. Ind.En<{.Chem.,12,4o(tozo).AlsoseeK.HolroydandR. V.Wheeter:J.
('hfm.S<M't92a,3t97.

1 amindebtedtoMr.0. G.MuNerfordevelopingthesevariousequations.
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Sincc thc value of To 'Mobtained, i.e., 7x0", did not agrec with thé expt't'i-
mcHta)Vtdu''uf 480°, the foUowtn~alternative fonn of <'<tunHunwastried:

H=H.e-° (2)

2oo,–––––,–––––.–––––.–––––~–––––.–––––––––, 1

!<) 1 T
Thermal Defomttosittonof AnthtM'ttc Ct)&të', showing the total cuhic <-entin)ptem«f in

hytt)t)j;enev<t)vedfx*)'a;M nf coat to and inetudinKthé tetn))t'Mtun' indifated. Thc

hydrogen brafketit rcprMent thé nu<n))C)'of houfs thé MmpteWMmaintaincd at each

tcm))eratu)'c.

whpro &and c arc constants whitc thc other symbots havt*the stunc siRnificancp

as in equation (t), To bptnR the cxpcrintcntatty dt'temnned vatuc. HcptacinK

thp constant with their nutncricat vatucs, equation (ï) bcconM's

H == .o X ,<<T- (~)

1.

m
'n
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Thé vatues obtained by use of (zn) are Rivcn in column s of Table I. It is to

bc obtit'rvcd that either equation fits thé data retnarkabiy well considering

thé wide range of tcntperatures and tunes covered by thé data. Kquation

(2a) appears slightly superior in that both thé tnaxhnutn positive and nega-

tiv<' déviations obtaincd with it arc less than those from equation (m) and

xinec it gives a much closer fit to thé data at thé lowest température used.

Approxituatety half of the deviationn arc equal to or less than the probable

crror of the observed values, considcring onty analytical errors and not thé

crrot-8due to poMtMcvariations in the method used for preparing thc saniptes.

In ot-do- to test thc équations further, a few 8a)np!eswere prepared frotn

two other coals, one an anthracite coal havin)! Ho = 2.80% and Te '= 460".

and thc other, a coal soldas "Domcstic Fuel," having Ho = 4.03% and 1~ =

~6o". Thé obscrved and calculated values are given in Tables 11 and III

t-cspectiveiy. The equationsused for the catcuiations were,

for Anthracite a

H=2.8oX!o- (1b)

H = Z.8. X ,o-0.<M<(T-4M).t." (,b)

and for "Dorncstic Fuct"

H =4.03X10" (te)

H~4.03X.o-°- (M)

A~ain in the case of thèse two coals either equation appears to fit thé data

cquaHy well. This might well be expected since both equations are three-

constant equations, sincein the first form To does not appear to have the siR-

nificance assigncd to it, and another constant "c" is necessary when the

cxperitnentaHy determined value is used. There is, howcver, a possibility

TABLEII

Catcu!ated and ObservedValues of Hydrogen Content of Anthracite

T: Ht'ftmtfn C'ontMt

` NvM`^

Timc HydrogenContent

TernI" in
!?ottrs Obs. Ca).ft) <'&).(:) Obs.-CaL(t) Obs.-C'a).~)

fooo 0.5 0.57 o.6) o.60 –0.04 "'o.o~

t.o .54 -M -S4 0.00 0.00

2.5~ç .45 .46 .46 –o.ot 1 –0.01

4.0 .4~ .42 -4' o.oo +o.ot

8.0 .33 .36 .36 0.03 -0.03

16.o .3' .3' -3' °-~

:4.o .32 .28 .t8 +0.04 +0.04

t200 0.5 0.22 0.22 0. 0.00 +0.01

1.0 .17 .!& .!}' –O.Ot 0.00

9.0o .t8 .15S .'4 +0.03 +0.04

4.0 .t3 -'I +0.0! +0.02

24.0 .to .06 .06 +0.04 +0.04
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that thevalueof T, determinedfromthe hydrogen-contentdatadoesrepre-
senttheminimumtemperatureat whichhydrogenia liberatedby "primary

décomposition"'and that the lowertempératurefoundexperimentallyis the

resultofa secondarydécompositionof hydrocarbonsliberatedfromthe coal

by heat.

TABLE III

Calculatedand Observed Values of Hydrogen Content of "Domestio Fuel"

Time HydrogenContent
Temp. in

SouK Obs. Cat.(t) Cat.(a) Ob8.-Cat.(t) Oba.-Cat.(:)

tooo 0.5 0.4: o.43 0.44 –o.ot –0.02

1.o .40 .40 .40 0.00 0.00

2.0 .37 .37 -37 o-oo 0.00

4-0 .33 -34 .34 -o.O! -o.ot

8.0 .3: .3' -3' +0.01 +o.ot

jô.o .zs .a8 –0.03 –0.03

3:.o .24 .2$ .:$ –o.oi –o.ot

1200 O.S 0.22 0.20 0.20 0.02 +0.02

i.o .17 .iS .18 –o.ot –0.01

2.0 .!6 x6 .j6 0.00 0.00

4.0 .!3 -14 .14 –o.O! –o.ot

8.0 .n .13 '13 –0.02 –0.02

24.0 .t0 .10 .H 0.00 –0.01

48.0 .09 .09 0.02 +0.02

It is to be noted that thé samevalueof the timeexponent,0.106,is ob-

tainedforbothanthracitecoals,whilea muchsmallervalue,0.059,isobtained

fortheDomesticFuel. Thismeansthat timeisa lessimportantfactorin the

caseofthe DomestioFuel,the temperaturebeinganevenmorepredominant
factorthan in the caseofthe twoother coals.It seemslikelythat this is to

besomehowassociatedwiththe fact that the DomestioFuelpassesthrough

a moltenor plastie state, whileboth anthracite coals remainrigid sotids

throughoutthe temperatureintervalstudied. Thisdifferencein the values

of thetime exponentsfor the anthracitecoalsand the DomestioFuel is in

accordwiththe hypothesisproposedin the earlierpaper~to accountfor thé

presenceof hydrogenchernicallycombinedto carbonafterexposureto high

temperatures. It was suggestedthen (t) that the hydrogenwas held by
carbonatomswhichwereso situatedwithrespectto neighboringatomsthat

theywereunableto take their place in the normalgraphitelatticeand (z)

that as the temperaturewas raisedthe mobilityof the earbonatoms was

increasedand that a certainnumberwouldtherebybe ableto orientthem-

t!eeR.HotroydandR.V.~Tteeter:toc.cit.
'J. An).Chern.Soc.,46,8~4(1924).

t
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<!ejvesin a graphite!attieoandinsodoingtransferthéforcewhichpreviously

had been sufficientto retaina hydrogenatom to the neighboringcarbon

atoms. Duringthe moltenstage,thé carbonatomsof thé DomesticFuel

arevcry mobileandthé hydrogenis freelyliberated,whichis alsoreflected

in thé lowhydrogencontente.

F)o.as
Aplotof hydrogencontentdataoffourteendifferenteoakheatedin an atmosphereof
hydrogenforthirtyminutesat thetemperaturesindicated.ïnadditionthereare'netuded
point "R," activated cotoaeut thareoat; point "P," augar chareoa!, and two points

wuod chaMoata.

The few experimentsconductedto determinethe influenceof prcvious
heat treatment indicatedthat the treatmcntsmay be consideredadditive.

For instance,a sampleof Anthracite#t washeatedto 12000for 4 hours

rt'ducint;the hydrogencontentto o.ta%. Subsequentheatingat 8co''for
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hours teft the hydrogen content unchanged. This wouldbe expected from

an examination of thé équations. To reduce further this hydrogen content

of o.13~ by an amount equal to thé probablecrror of the detennination would

requin', according to equation (~a), at toast 800 ycars at 8oo". Shnitariy,

judging from thé hydrogcn content data alone, preheating at 8000is equiva-

lent tu a much shorter time at 1200°if thc stunple is later to be heatcd at

1200".

In Fis. ï are showngraphicauy the results obtaincd on 14diCfprentsamptes

of coa),att previous!y ground and siftcd to 60-80 mesh and heated for 122

hour in an atmosphère of hydrogen at the température indicated. Thc

hydro~pncontents of the rawcoals are given in thé legend. Ail analyses arc

t'cportedon an ash-free baMs. It is évident from the figurethat the hydrogen

contents of thé various samptes fall within a contparativcty stnatt range for

a given maximum température of treatmcnt, the range bccoming!essat thc

higher températures. In gênera. thé "softer" coals, i.e., thosc having thc

higherhydrogencontents in thé raw statc, yieldproductshaving lesshydrogen

than do the "harder" coats, which is in accord with the previous suggestion

that in thèse cases the fusionof the coal allowsthc hydrogento escape more

rcaditythan is the case with a non-fusible eoat. Four points taken from thé

titeraturc are also indicated on this figure. The point marked "R"' is for an

activated cocoanut chareoal, that marked "P"' is for a sugar oharcouland

the two marked "V" are for wood charcoals. The fact that the hydrogen

contentsare so little dépendent on thé raw tnateriat suggests that thé mechan-

ismofthermal décompositionof carbonaceousmateriats at high températures

is relativelysimple and probably determined largely by the properties of the

carbonatom itseif. The mechanismproposedin a preeedingparagraph con-

sidersa balancebetween thé rigidity of the carbons and their energy contents.

In the preceding figurethere was showna point representing the hydrogen

content of a charcoal activated in an oxidizingatmosphère at 1000". This

charcoalhad the samc hydrogen content as thc other samples prepared in a

hydrogenatmosphère. This would indicate that the hydrogen content was

not ofprimary importance from the viewpointof the activation process, but

is determined solely by the temperature, Many experiments hâve been

performed which fully substantiate this conclusion. In Table IV are given

hydrogenanatyses of samples prepared in différent atmosphères. The only

variable in thc préparation was thc gas passed over the carbon during the

period of heating. The carbon was exposed in a thin layer to thé gas in a

rotating tube so that the granutcs wouldbc uniformlyanectcd by the atmo!~

phere. With oxidizingatmosphères it wasnecessary to resct the tempemture

under the actual conditions of the test sincc the oxidation was sufficientto

mise the temperature of a thermocouplein the furnace as much as ~5°. The

oxidizinggas was passed over the surface of thc granules, thé atnount used

A.H.May:(.'hcn).and Met.Hn); 28,977(t9:3).
H.t'owett:J. Am.Chem.Soc.,45, t (t9~).

\'i'))e<te:Ann.Chim.Phys.,32,.;2ï (1853).
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ranginRfrom 80to 800e.c. (o.t6 to !.6 grams)per gramof sample. The

t'harcoatschangedregularlyin appearanceas thc amountof oxidationin-

crt'ascd,changingfromsolidswithmctaHiclusterto oneswiththe duttmattc

linishohamctcriaticofadsorbentcharcoa!a.It maybeof interestto mention

brit'Hyat this timethat thc antountof oarbondioxideadsorbcdat o" and

y6ommpressurebythesesampleswasincreasedby the oxidationfrom8 c.c.

pcrKramto 33e.c.pergran)forthoRepreparedat tooo*and frontc.c. per

cramto 24e.c.pergramfor thosepreparedat 1100".

TABLEIV

Thc Hydrogen Content of Samptcs of Anthracite Coal Xo. t prepared at

Different Températures in Hydrogen, Ait', and Carbon Dioxide

Temp.'C H, Air CO, Ça!

Ooo 0.76 (4)* 0.67 (9)** 0.67 (6)** 0.78

!0oo .49 (4) -48 (5) .47 (3) -49

'o<;o -33(') .36 (3) .36(3) -37

1100 .:9~) .28(3) .:8(6) .28

ttSO .2~(7) .22(!) .22(8)

!:00 .0(2) .18 (3) .'7(!S) -'5

!2SO .~(!) .13 (2) .'4(')

]300 .!0 (:) .09 ()) .09 (x) .08

_M6 1" -1 -1:
Théfiguresin the bracketsare the numberof 8amplespreparedat thé conditions

indirated.ThehydMcencontentgivenis anavcnt):cofthisnumber.

"That thèseqoo°valuesare tootow,as maybe judRedfromptottinRthedata, M<n
hpattrihutedto thefart that theywerepreparedtwforeit wasappre<ate<<that tM use
"f anoxidixinf:gasraixedthe températureof thefurnaceabovethat estaMM)edwiththe
furnaceidle.

Thèsesampleswerecatcutatedusint!thefoUowint!modinedfonnoféquation:a:

H a.to X to-

ttMunnnf:t'"°* rnMtattt '05 whiehMtomhinedwiththe fonstant"a" e'vmKthe

vatuc5.97X <o"

Summary

Data have been pvpn which show that at a constant high temperature,

cxcK'dint; some temperature eharacteristic of the material, carbonaceous

magnats decrease in hydrogen content in a repitar manner with increasinK

titnc of treatment. The tHnppratures ranged from 800° to tsoo" and the

times of h<'atinRran~ed from o.5 to t4<.5 hours. Two equations of similar

formare tïivcn, either of which reprotiuccs the data within thé expérimentât

t'rror for threc différenteoals. It iftpointed out that the effect.of two separate

hcnt treattnents is additive. In att cases the hydro~cn content was much

XtOK'sensitive to a change in temperature tban to a changein thc length of

time of heating at constant température.
From a study of thé thermal ttecompositionof t4 ditTerentcoals, ranging

in hydroKencontent from :.<3 to 4.c, it was detenuincd that the hydrogen

contents, after heating for o.s hour at températures from about 900"to about
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~oo",feUwithina verynarrowrange. In general,the greaterthehydrogen
contentof the raw coal the smaUerthé hydrogencontentof the charcoal

foragiventreatment. Thisis particutartytrué wherethecoalpassesthrough
a plasticstate. A hypothesiais pre~entedto aceountfor the phenomena
observed.

It is shownthat the atmospherein whichthe sampleiaheateddoesnot

influencethe hydrogencontentof the resultingcharcoal. Analysesof 93

samplespreparedat temperaturesrangingfrom900to 1300"in hydrogen,
air and carbondioxideare given to support this statement. Thesedata

indicatethat the hydrogencontent is not of primaryimportancefromthe

viewpointofthe activationprocessas haspreviouslybeencommonbenef.

B<Ky~pAoneZ~6otft<ortM,
New~oft,N. y.



THE ACTIONOFHYDROGENSULPHIDEONSOLUTIONSOF

NITRIC ACID

BY H. B. DUNNtCLtFF AND BARDASMOHAMMAD

A Vogelland N. A. F. MiMon'foundthat hydrogensulphidebas no

actionnitrioacidfreefromnitrogenperoxidewhileR. Kemper*ascribedthé

actionwith nitricacid (s.g.,ï.i8) at 2S"C.,givingsulphur,sulphuricacid,

nitricoxide,nitrogenand ammonia,to tracesofnitrogenperoxideproduced

by exposureof the nitric acidto air. I. W. F. Johnston4and C. Leconte"

state that hydrogensulphidereducesdilutenitric acid givingsulphur,su!.

phuricacid, ammoniumsulphateand nitricoxide. P. T. Austin"observed

that hydrogensulphideburnsin nitricacidvapourwitha yellownamegiving

eloudsof nitrosutphuheacid. Whenhydrogensulphidereactswithfuming

nitrioacid, J. Kesset'states that an explosionresultswhileA.W.Hofmann"

reportsthat the reactiontakesplacewithincandescence.Frequentreference

willbe made to the recent workof Bancroft,Milliganand Gi!!ette*onthé

reductionof nitricacid by metalsand to the paper by L. S. Bagster'"on

"TheReactionbetweenNitrousAcidand HydrogenSulphide."

Part I. The SolubleProductsof the Acticmof HydrogenSalpMde

omNitricAcidSolution

In theseexperiments,hydrogensulphidewaspreparedfromferroussut.

phideandhydrocMoricacidand purifiedby pasaingit 6ratoverdry iodine

crystatsandthen througha dilutesolutionofsodiumsulphide.Thegascon.

tainsa little hydrogen,whichwasshownto haveno actionon solutionsof

nitric acid at ordinarytempératures. Beforepassinghydrogensulphide,

theair inthevesselswasalwaysdisplacedbycarbondioxide.It wasobserved

that

t). Solutionscontainingless than 5%nitrioacidare not attackedeven

if tracesof nitrogenperoxideare added,

:). Solutionscontaining5-30%nitricacidshownosignaof reactionfor

sometimebut, ifnitrogenperoxideis added,a violentreactionwithriseof

températurefollows,and

3) Whena 40%sotutionis usedthe reactiontakesplaceafteran inter-

valofapparentpassivitycaUedin thispaperthe "inductionperiod."

J.Pbys.N2,3~(t8t6).
J.Phamt.Chem.(3)2, t79('74')'

'Ann.,M2,34<('8:7).
<Edtn.J.Sei.,<i,6s('839).
Ann.Chim.Phya.(3)21,'<c('N47).
'Am.Che')0.J., tt, '7~(1889).
Bor.,12,2305(t879).
Ber.3,658(!87o).
J.Pbyo.Chem.,M,49',4M.7S4('9~4'.
J.Chem.Soc.,MM,963).
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This has also been notieed in the case of other reducingagents.' Fcrrous

sutphate, sodium sulphite, stannouschtoride, and titanous chloridereact with

pure nitric acid after bnf{ standing. The induction period became longer

when, before passing hydrogen sulphide, carbon dioxidewasbubbled through

the solution to remove any nitrogen peroxide resuMng from thé decmnposi.

tion of nitrie acid. Nitrogen pproxidc is a well known catalyst in thc action

of nitric acid on nictak, both in the presence and absence of sulphuric acid~=

It also acts as a destabiliser to nitro-cellulose and nitrogtycenne.

Mi!kiness due to sulphur appeaced on thé surface and spread rapidly

through the liquid. Whcn, aftcr stopping the Rowof hydrogensulphide, the

vessel was shaken, the atmosphère above the solution turned brown owing

to thc pre-senceof nitrogcn peroxide.

HNO, + H,8 = HNO: + H,O + S d)

HXO,+HKO:~=±H:()+2NO< (!)

The nitrous acid breaks down partly according to the réaction.*

3HX(~ ~=±: ~XO + HNO, + H~O (3)

or 2H' + 3(XO,)' q=~: 2X0 + (N(~)' + H~ (3a)

\tueh work has been donc on this reaction.4 A. Ktentencand F. Pollackhave

shown that thé decomposition depends on the removal of nitrie oxide the

présence of which hinders the reaction. A. V. Saposchnikoffobserved that

nitrous acid breaks up with water and nitrogen trioxide which can bc ex-

tracted by organic solvents.

ïHXO, ~± XïO, + H:0 (4)

Thé nitrogen trioxide breaks down to nitric oxide and nitrogenperoxide

X~ ~± XO + NOt (5)

but equitihriun) cannot be attained owing to the MnaHsolubility of nitric

oxide and the hydration of the nitrogcn peroxide. Nitrous acid décomposes

spontaneousty giving nitric oxide and the rate of decompositionis increased

by the présenceof nitric acid or by the passage of even inert Rasesthrough thc

solution. F. HaschiKbas shown that nitrous acid can oxidise nitrous oxide

to nitric oxide and F. Hefti and W. Schi!t find that hydrogen sutphide with

it yields thiosulphuric acid accompanied by sulphur and ammonia.

Many hâve t~tined to the faet that, while the oxidisingaction of nitric

acid usually ccascs when it is rcduced to nitric oxide, a normal reduction

product of nitrous acid is nitrous oxide.

MiUi);anandC:i))ette:J. Phys.Chptn.,28.754"9~4'! 30,~55 ('9~6).

*<!ay-L(MS<te:Ann.Chim.rhy:).I;), 6,95 ("'4~ t!'Mse)):J. Chem.Soc.,27,8 ()87~.

Montemartini:AttiAccad.Uncei.(4)6! ~3 (<89o).
Mcnor:"Treatiseon tnarf~nicandTheoretica)ChNnHtry,"a. 459et ~t- ('9-

'MpOnr:).)c.(-tt..p.463.
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On passinga furthersupplyofhydrogensulphide,the browncolourdis-

appparedas nitrogenperoxidoreactHwith hydrogensulphide'givingBut.

phur, water andnitricoxide.

N0, + H,S H,0 + N0 + S (6)

Xitricoxidercactsslowlywithmoisthydrogensulphidegivingsomenitrous

oxideand ammoniumsulphide. Whennitrieoxideis bubbledthroughhydro-

j~'nsulphidesolution,ammonia.is fonncd(videp. 1352).
In the firstsetofexperimentswith40%nitricacid,fourvessekB.Ewcre

connectedinserieswitha reactionHask,A. Thefirst, B,wasemptyandthe

uthcrscontainedwater,C, strongsulphurieacid,D, and acidified(HjSOt)
ferroussulphate,E,respectively.Whenthevesse),A,wasshakenvigorously,

"'<rr

thccxcessof hydrogensulphideand the browngas passedinto the empty

flusk,B. Herea furtherdepositofsulphurwasobservedandthe gaswhich

passcdon wascolourlessandcontainedhydrogensulphide. Theatmosphère
uver the liquidin A becamecolourlessand ferroussulphateacidnedwith

"utphuricacid in E tumed darkbrownshowingthe présenceofnitricoxide.

Thetemperaturein the flask,A,roseto about70"C. andthesolutionturned

Muishgreen. Whenhydrogensulphidewaspassedinto A surroundedby

tuettingice,thesolutionbecamedarkgreenonstanding. This,whencxposed
tothe atmosphèreorgentlywarmed,slowlybecamepalerandemittedbrown-

ishred fumesofnitrogenperoxidefromthe decompositionofnitrousacidor

nitrogentrioxideto whichthe greencolourofsuch solutionsis usuallyat-

tributed.' Whenhydrogensulphidewaspassedfora longertime,the liquid
inA becamepalerwiththe depositionofsulphur. FinaUy,thc wholeof the

"ulphurcoagulatedandseparatedandthesolutionbecameclear.

At any timeduringthe reaction,the solutionin Agavetestsforsulphuric

aeid,nitrousacidand "ammonium."Hydroxylaminewhichis knownto be

I~econtM:toc.cit.
ï.ungeandPoMchnetf:Z.anorg.Chem.,t, 909(tS~);H.B.andM.Baker:J.Chem.

S<f<ot, ta6z(t907);B.M.Joncs:t05,93*0H9'4);Sanfourche:Ann.Chim.Phya.,(to),
t. S (<9~).



1~6 H. B. Dt'NNtCUFP AND 8ARCAR MOHAMMAD

producedin the reductionofnitricacidby hydrogensulphideundercertain

conditionswaslookedforrepeatedlybutwasneverdetected. If it isaninter-

mediateproduct

HKO,+ 28' –~ NH,OH+ z8(+ H,0), (7)

it is docomposcdas soonas fonned,(videequation(n)).

Feathery crystats,having the propertiesof nitrosylsulphonicacid or

chambercrystals,NO.O(HS03),appearedonthe wallsof the sulphuricacid

nask,D.

Q«an<<<a<«'eDe<erM~t<!<<<wofthefrodttd~o/ Reactiont'M.S~M<OH:

A constantstreamofpurifiedhydrogensulphidegaswaspassedthrough

43%nitricacidfordifférentintervalsoftime. Theproductsfonnedinsolu-

tionare tunmoniaandnitrous,nitric,and sulphuricacids. Thesolutionwas

freefrmnhydrogensulphide. Sulphurwasnot determinedin thèseexperi-
mcnts.

The methods,standardisedby controlexperiments,wereas fottows:

"~M)n)OM<t<M."Sodiumhydroxidesolutionwasaddedin exccss,steam

Mownthroughthe solutionandthe ammoniacollectedin excessofstandard

sulphurieacid.
A't<)'~Msacidby Lungc'spotassiumpennanganatemethod.

TotalnitrogenMc<t«<!K~dMM<K<<nitrogengasesby Lunge'snitrometer

method.

Sulphuricacidas bariumsulphate.

Totalaciditybytitrationagainststandardalkali.

Kachsetof resultsinTable1recordsa scparateexperiment.Theyshow

that:

t ). Theconcentrationofammoniaincreasesprogrcssivclybutslowlyand

not in proportionto thenitricaciddecomposed.If ammoniaformedis not

subst'quenttydecomposed.its rate of fonnationis comparativelyrapid
at firstandstowerin thf later«tagcsof thereaction. In anycaseverylittle

isfoundinthe solutionat anytime,

2). Thenitrousacidcontentshowsa maximumat theperiodof greatest s

vetocityof reaction(betweent. and3 hours). Théeffectof the nitrogenis

catalytie.
In his workonthe réductionofnitricacidby metals,Vc)ey'foundthat

the start of the reactionis at firstdelayedand that the amountof nitrous

aeidincreasesto a maxunum.

3). Thetotalaciditydecreases.Thesulphuricacidformedbasa marked

influenceonthe rate ofdécompositionof thenitricacidand probablyonthe

productsformed:seealsothé resuttsin Table11,p. t34o.
.Moredetailedexaminationof Tabtc1showsthat

(a)upto houri',the nitricaeiddecomposed(n.97 grams)isverygreat

comparedwith thé sulphurieacid formed(4.471gnuns). The cquivalent

't'htt.Tnms.,taï.\())i9tt.1.
<
!)
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TABLEÏr

Showingthenatureand quantityof thé réductionproductsin solutionwhen

hydrogensulphideis passedthrough42.93%nitrioacidfordHîerent

intervalsof timeunervtHsottHne

Compositionof thé solution; gnn/too e.c.

Ttmeinhoum (N0,)' (N0,)' XH, (SO,)'

o. o 4~.2! – '– –

i). 0.25 40.4? o-iS 0.073 o-3S
a). o.7S 39.M o.4t 0.115 2.:i
3). i.so 31.ï5 o-S7 o-'49 4.38
4). 3.00 8.90 0.21 i.no 20.13
5). 4.00 2.M o.to 1.589 a4.49
6). s.ïS 1.97 0.15 1730 ~.88

TimeinhouM Totalacidity Colourofthe
as hy~M~en solutionof

standing

o. o 0.68 Colourless

:). 0.25 0.67 Pale Green

2). 0.75 o.66 Bluish Green

3). t.so o.61 Green

~). 3.00 o.49 Bluish Green

<;). 4.00 0.46 Pale Green

6). 5.: 5 o.4S Colourless

quantitywouldbc 9.31grams. Réactions1-3 abovetogcthcr withthose

givenby Bagster'.

3HNO,+ 8" = 3HXO+ 80, (+ 3H,0) (8)

HNO< +8''=HNO+S(+H,0) (9)

(HNO)~H:0 +N:0 (to)

woutdMcountfor (i) the largeamountof nitricaciddecomposedcumpared
withthe quantityof sulphuricacid fonned, (ii) the evolutionof nitrogen

pcroxideincertaincircumstancesand (iii)the formationofnitricandnitrous

oxides.P.C. KayandA.C.Ganguti'recordthedécompositionofhyponitrous
acidgivingnitrogen

SH~O, = 4H,0 zHNO, + 4N, ('!)

and A. Hantzschand L. Kaufmann*that the samocompoundcan yietd
ummonia

3H:N~O, 2XH, + :N,0, (ta)

I~M'.cit.

J.Chem.Soc.,9t,t399,t866(t~y).
Ann.,M,~99('899).
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If hydroxylamineis an intcnnediateproduct(equation7),it may be im-

niediatetydecomposedgivingnitrogen
H~~Ot + !NH,OH= :Xi + 4H,0 (13)

(b)Fromt~ hoursto 4hours,the nitricaoiddecomposedisapproximately

equivalentto the sulphuricacidformed(HNO: H~O~/ï = 40':4'9). This

suggeststheréactionssummarisedin the equations:

8"+ aHNO,= HtSO< + :NO (14)

6HXO:+ 3S" = 3H,SO,+ 3Nt (15)

zHNO, + H,S = H,X,0. + S + H:0 (16)

nitrosicacid

=.H,80< +N,0+H,0 (17)

whichwiththosegivenin (a)wouldaccountforthéexistenceofnitrousoxidc

and muehnitriooxideas wellas nitrogenin the gaseousproductsat this

stage(secPart III).

(c) Whenthe concentrationof nitricacidis very low,(under3%), the

sulphurieacid formedis in excessof that equivalentto the nitricacid de-

composed.This is in agreementwith the experimentsdescribedlater in

whichit is shownthat nitrogenis amongthe gaseousproductsand the in-

ferenceisdrawnthat, sincethe powerofoxidationofthe nitrieacidusually

ccaseswhenit is reducedto nitric oxide,oxidationby nitrousacidassistcd

by the increasingconcentrationof sulphurieacidis probablyresponsiblefor

the nitrogenpresent(videthe reactionsshownin paragraphs(a)and (b), p.

t347. Sincesolutionscontaining5%nitricacidandlessarenotattackedby

hydrogensulphide(v.s.)it isclearthat, at lowconcentrations,the nitricacid

and its décompositionproduet,nitrousacid,havebeenrcnderedvulnerable

to decompositionby the sulphuricacid present. Thiswouldsuggestthat

HNOtandnot (N0,)' ionsare readilyattacked. A.Kurtenacker'and Bag-

ster~conctudethat, in the reductionof nitrousacid,it is the nitrousacid

(HNOt)andnot the nitrite ions,(N0})',whichare theactiveagent.

4). Hencethesulphurieaciddevelopedbas a verymarkedinfluenceon

the courseof the reactionandthe produetsformed. Othershavedrawnat-

tentionto this phenomenone.g. Diversand ShimidiM,'froma studyof the

influenceof sulphurieacidon the reductionof nitricacidby zinc,conelude

that sulphuricacidhas a specifiehydrogenisingeffectuponnitricacidin the

productionof hydroxlaminebut havenot interpretedthe mechanismof the

reaction.

Part Il. The Influenceof SulphuricAcidontheReaction

A solutionwasmadeup containing4~.95percentof nitricaeidand 5%

ofsulphuricacid.

Throughseparatequantitiesof 100c.es.eachof this mixture,hydrogen

sutphidewaspassedcontinuoustyfordifferentintervalsoftime. The eon-

Monatsheft,4t,9t (i!po).
Loc.cit.
J.Chem.Soc.,47,6t(1885).
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ditionsofexperimentwerccomparablein that considerableexcessof hydro.

gensulphidewasused. This fact is importantin viewof the resultspre-

sentedin Part III of the paperwhereit is shown,TableX, that gaseous

productsareevolvedup to 6~hours. This is the timerequiredfor "stasis"

to beestaMishedwhenthe hydrogensulphideis admittedas required(vide

p. t3s6)andnotpassedinexoessas in thissetofexperimentswhicharecom.

parablewiththosedetailedin Part I. The resultingsolutionswereanalysed

as describedin Part I. Againhydroxylaminewasnot found.

The inductionperiodwasconsiderablyincreasedbut a traceofnitrogen

peroxidestarted the reactionat once. MilliganandOilletteobservedthat,

whenmuchsulphurieacid is addedto a mixtureof nitricacidand ferrous

sulphate,thepenodof inductionis muchincreasedandthat tracesofnitrous

acidacted as a positivecatalyser. E. J. Jossshowedthat, whena 17%

solutionofoxide-freenitricacidaotsoncopper,nitricoxideisevolvedafter

tominutes.Aftertheadditionof t% ofsulphurieacid,nitricoxidewasgiven

after 20 minutesand, with 3% sulphuricacid, after 46 minutes. Higher

concentrationsdccreasedthe timeof inactionuntil,with!i% sulphuricacid,

TABLEII

Showshowthe reductionproductsin solutionvary whenhydrogensulphide

is passedthrougha 4!.9S%solutionofnitricacidcontainings% of

Sulphurieacid

Strengthof the nitricacidsolution:42.95gm).per toc e.c.

Sulphurieacid4.898gm.of (SOt)'pcr tooc.c.

Compositionof thesolutiongm/zooe.c.ComposttKM! of the solunon gm/too c.c.

Timeinhours (KO,)' (XO,)' XH,
Total Formed in

reaction

o 4!.27 4.90
i). 0.25 38.47 0.763 0.075 7-~ 2.23
")- 0.75 36.0: 0.978 0.167 8.82 3-92

iii). t.so :8.63 0.466 0.096 n.S3 1.63
iv). ï.so 2ï.95 o.4t7 0.279 'S-30 10.40

v). 3.50 ~~5 o.!75 o.:59 'S-'S 'o~5
vi). 5.00 ~3.34 0.4~~ o.t75 14.93 10-03

Time in hours Total "acidity" Total "acidity" in tcnns of
in tenns of hydroMn,less"acidity"
hydrogen addea(*'o.<ogMnM~.

o 0.78 0.68

i). 0.25 0.75 0.65

ii). 0.75 073 0.63

iti). 1.50 0.67 0.57

iv). e.so 0.64 0.54
v). 3.50 0.64 0.54

vi). 5-00 0.64 0.54
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copperwasattachedmorereadilythan withnitricacidatone. Thèserésulta

are explainedon the basisof the increasedsotubitityof nitricoxideby tho

presenceof sulphurieacid.

The resultsof entirelyseparateexpcrimentsare recordedin Table II,

Themcthodsofexpérimentationandanalysiswercthesameasthosereported

in Part I.

Theresultsmaybesummarisedas follows

t). The nitrousacidpresentis smattin quantityand,after risingto a

maximumvalueeartierthan in the first,experiment,faitstoa constantcon-

centrationwhiehishigherthan in the firstset.

2). Since,in thé first set of experiments,the ammoniais fonned in

quantity diminishing(assutuingno decomposition)with increasein con-

centrationof sulphurieacid,it is not surprisingthat, in theseexperiments,
the amountofammoniaformedis less. Thusit appearsthat,if noammonia

is decomposed,the présenceof sulphurieacidinhibitsthe formationof am-

moniain the reductionof nitricacidby hydrogensutphide.Hencethe ques-

tion as to whetherammoniais formedand subscquenttydecomposedby

thé nitrousacidgivingnitrogenassumesimportance.

3). Whenthe concentrationofnitricacidhasfallento ~3%andthe total

sulphurieacidcontentis 15%,the reductioncornesto a stand-still.This is a

most unexpectedresultand its interpretationwutbc dcattwith in détail

below.

4). At no stageof the reactionis thc amountof sulphurieacid fonned

equivalentto the nitricacid deeomposcd,the sulphurieaeidfonned being

considerablyless than that demanded. This wouldforecasta greater

volumeof gaseousproducts,i.e. oxidesof nitrogenfor a givcnrise in con-

centrationofsulphuricacid. ExperimentsdemoMtratcdthatthis isactually

the case.

To reviewtheseobservationsin moredétail:–

i). Théhigherconcentrationof nitrousacidmaybc ducto the estab-

lishmentof newstabitityrelationsinvolvingthe formationof smallquan-

titics ofnitrosylsulphonicacid

HNO~+ H:80<~=±NO.HSO.+ H<0 (t8)

whichmay be considcrcdas nitrousacidstabitisedby solutionin sulphuric

acid.1 Dilutiondécomposesthis acid with evolutionof nitric oxideand

formationofnitrousaeid.

z). To ascertainwhether ammoniumsalts are decomposedby thc

reaction,knownamountsof ammoniumsulphateor nitratewercadded to

the solutionht'forcpassinghydrogensulphide. Theresultsare recordedin

Table111. It wasalsoshownthat nitrogenis an importantdecomposition

product(TableIX).

~t'OiganandGiHctte:J. Phys.Chem.,28,744('9~4).
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TABLEIII

The decompositionof ammoniumsulphateand ammoniumnitrate

in nitt'icacidbyhydro(p:nsulphide:w u.r ..r-

Titne for thé Ammonium Quantity of AmmoniumAmmoniumAntmoaia hom

pMSXKCof salt ammontum containod teeovenM lost

!i,SinhouM used MtttMed in the after the
in too e.c. mit in reachon
in gm. 'oo c.e.

gram. gram. gram.

i.S (NH<)i80< 2.86 o.74 0.37 0.36 48.7

3.0 (NH~SO< n.37 ~93 0.94 «99 30.4

3.0 NH<NO, 4.7t '-oo o.27 0.74 74.0

Acworth'and Acworthand Armstrong*have shownthat when am-

moniumnitrateMaddedto nitricacid usedfor thé solutionof copper,the

principalgasesevolvedarc nitrogenandnitrousoxide,andwithzinc,mercury

andiron, nitrogenistheprincipatgaseousproduct.E. J. Jossexplainsthèse

resultson the assumptionthat ammoniumnitrite produccdby the action

of copperon nitricacid in the presenceof ammoniumnitratedecomposes

under ordinaryconditionsinto nitrogenand water.' Beeauseammonium

nitritecandécomposeinto nitrogenand water,it is oftenassumedthat the

nitrogenproducedin the reductionof nitricacidrcsultsfromthe interaction

uf nitrousaeidand ammoniumsalts. Thoughthis is possiblytrue in some

cases,Bancroftshowsthat thé generaUsationis not justifiedbecausecases

arc knownin whichnitrogenis evolvedwhenthere is no reasonto suppose

that ammoniais fonnedat aU. It wasessential,therefore,to identifythe

KMscousproductsof the reactionwithwhichthis papcrdeats. Thisbasbeen

describedin Part III and it is shownthat nitrogenis nota productof the

réductionof40%nitricacidbyhydrogensulphidein theearlystages. Hence

théconclusionisdrawnthat theammoniafirstformcdisduetoasidereaction

andnot to themainprocessof reductionof the nitricacid. Thereare three

possibilities,aHofwhichmaybe reatisedto someextent:

a). The ammoniais fonnedin solutionby the reductionof nitrogen

peroxide,nitrousacidor nitroxylsulphurieacid

HNO:+38''=NH,+3S+(:H:0) (19)

b). Hyponitrousacidcangiveammonia(equation12).

c). Ammoniamay be produeedby the actionofhydrogensutphideon

nitricoxidc.'

H,S + N0 – (NH<)iS+ ~0 (?o)

Scrubbedhydrogensulphidewaspassedinto watcrin a flaskfilledwith

~prubbcdcarbondioxidegasto preventthebackwarddiffusionofoxygen(air).

Xitricoxidewaspassedinto the hydrogensulphidesolutionandinteraction

J.Chcrn.Soc.,28,828(tSys).
J.Chem.Soc.,32,67()877).)·
Arndt:Z.physik.Chcm.,99,64«90t).
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tookptacc. Fumesof nitrogenperoxidewerenot observedinsidethe flask
noranyréactionin thégasphaseevenwhennitricoxidewasinexcessandthé

gasesemittedfromthé flaskgavebrownfumeswhentheytnixedwiththeair.'
Thé solutioncontainedmuchsulphurand, after removinghydrogensul-

phide,it wasfoundto givetests forammoniareadily. Thé liquidalsocon-
tainedsulphuricacidbut nitricandnitrousacidwerenot detectedevenby
the mostdelicatetests. This réactionis underfurther investigation.Sec
alsoBagster:toc.eit. Hydrogensulphideinteractswithnitrousacidgiving
muchnitricoxideeitherin théprésenceofexcessofnitricacidor ofhydrogen
sulphide'whi!enitric oxidewithhydrogensulphideand oxygcn(Bagster,
Table I) yieldsmuch ammoniaand alsonitrousoxide,nitrogen,and hy-
droxytaminc.It ispossiblethereforethat, in the laterstagesof the réaction
underinvestigation,ammoniais formcdby the actionof hydrogensulphide
on nitricoxideand immediatelydecomposedgivingnitrogen. As hasbcen

pointcdout, however,it is not necessaryto assumethe intermediatcforma-
tion of considérablequantifiesofammoniaand the authorsare not of the

opinionthat this is the sourceofthe nitrogenprésent.'
3). Thé rcmarkaHeconditionof chemicat"stasis" whichcornesabout

whenthe concentrationof thenitricaoidbasfallento :3% and that of the

sulphurieaeidbasreachcd!S%maypossiblybe due to the combinationof
thèsetwo acidsin solutionat thèsespecifiedpercentageswhichcorrespond
very roughtywith equivalentquantitiesof the two acids,the nitric acid

beingstighttyin excess. Saltsof nitrato-sutphuricacid~HXOa,H:80<or

(HO):= XO.OSO,.OHp.g.KNO,,KHSO<or HNO,,K:SO<and NH<NO,,

con'espondingwiththe constitution(HO) (NH,O)

(XH<0)––X-O-SO:

havebeenobtaincd. It scemsnotimprobablethat a compound

2HKO,,H~0<or (HO)~= N0 0

80;

(HO),= N0 0

Leconte: kx'. ctt.; Lunf;e: Her., t4, t)<)6 (tSttt).

Baftster:)oe.cit.,~683,TableH.
SardarMohammadandH.D.Suri,workinginthistahoMtor;'haveahownthat,when

nitrif«xideisbubbledthrouchaqueoussolutionaofhydrogen8t)tphidein theatMeneeof
air,actiontatte*placewiththeformationofammoniumcomjioundsoneofwhiehMthe
tetrathionate.Hydroxytaminenitrateandnitriteareahaent.

Thégaa*ousnroductsan:nitrogenandnitrouaoxide.QuantitativeeatiMatiotMshow
thatnitMj~cnMtneprincipa)productcomprisinginthéeartyetagea95'/{.ofthenitrogen–nitrouooxtdemixtarcwhile,inthélatteratagesofthéreaction,theproportionofMtrouft
oxideincreaœs,thémaximumrecordcdheinf::5%ofthemixture.

WhennitricoxideishubMedthroughasolutionofhydrogenmttphidein5%autphurie
aeid,onlytracMofammoniaarcformcdin thesotutionandtheamattquantityofgaf
fonnMtispracticattyattnitrogen.

Jacqueiain:Ann.Chim.Phy)).,(t; 70,3to(tS~o);FriedheinandMextin:Z.anorg.
Chem.,6,297(t8M;.
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correspondingwiththe aboveproportionsofnitrioandsulphuricacidemay
bc formedin solutionand that it may be passiveto hydrogensulphide.

Physicochemicalmethodswoulddeterminewhetherthiscompoundexistein

solutionor not. This investigationwillbe undertakenlater.

Inorderto confirmtheserésulta,excessofhydrogensulphidewasbubbled

througha solutioncontaining99%nitric aeidand !$%sulphuricaoid. No

actionresultedevenafter the passageofthe gasfor fourhoursat taborator;'

température(0.22°). If the actionwasstartedby the additionof tracesof

oxidesofnitrogen,it subsidedaftera shorttime.

It shouldbe notedthat it wouldhâve beenpossibleto psss througha

stageinset I, TableI, in whichthe relativeconcentrationsof the two acids

wcrein equivalentproportions. This wouldhavebeenin the i.s-3 hours'

pcriodwhenit has beenobservedthat the rate of decompositionwasmost

mpid. Bycalculationthis wouldhavebeenwhenthe nitricacidhad fallen

to about!Q%and thésulphurioacidwasabout t4%. Thefactthat, in this

.setofexperiments,the reactiondidnot ceaseis probablydueto the lowness

ofthe totalcoMceK<roMoMof the acidsresultingin the dissociationof the pos-

tutatedcompound.
Theseare speculationsand must be examinedby scientincmethodbut

thépossibilityoftheirtruth iscontributedto bythe factthat Friedheimand

Moxtinobtainedthe salt K<80<.HNO!referredto abovcfroma solution

containingonemoleculeof sulphurieacidand twomoleculesof nitric acid.

Part III. The GaseousProductsoftheReaction

Thégasesfromthe réactionflaskwerefree fromnitrogenperoxideand

hitdto be examinedfor nitrousoxide,nitric oxideand nitrogen. Carbon

dioxideandtraces ofhydrogensulphidemightbepresent. Theformerwas

rctuovcdbythé potashin G (Fig. i) and the latter bymcansof solidcuprie

p)MMphatc.'Sce also Lunge's"TcchnicatGas Ana!ysis,"p. 249. Nitric

uxidewasestimatedby absorbingit in a mixtureof fivevolumesofsaturated

potassiumbichromatesolutionwith one volumeof concentratedsulphuric
acid.' Thereagcntis stableat ordinarytemperaturesanddoesnot evo)ve

oxygenwhenagitatedwith indifferentgases. Nitricoxideis quantitativety
"xidisedto nitric acid.

:XO = KiCr~O?+ 4HtSO<= K:SO<+ Crt(SO4)+.3H,0 + 2HNO, (21)

Xitrogenandnitrousoxidewereestimatedinaspeciallydesignedapparatus

fPig.t), whichwasa modifiedformof that usedby Milliganfor the samc

purpose.The cocks,T., Tt, Ta,and T<of a s-waycapillarytube, W, were

eonnectedwith (t), a Lunge'snitrometer,H, (2),the tube, G, containing

Musticpotashsolutionand usedlater to receivethé gasesformedin actual

cxppnmcnts(3), a supplyofpure hydrogen,M,preparedbythe electrotysis
ofsaturatedbarytasolutionand (4),thé combustionpipette,Q,respeetivcty.

ttMdingan<tJohMon:J. Ind.En)!.Chem.,S,836(t9'
VonKnotrre:Chem.Ind.,25,$34(t9M).
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Thereservoir,B,andoxygentube, N, wereotosedbyguardtubescontaining

solidcausticpotash. Anydesiredvolumeof hydrogencouldbe transferred

intothé Lunge'snitrometer. Thé nitt'ometerwascooledbymeansofa water

jacket,K, containingsupply,Kt, and outtettubes,Kt, anda thermometer,

K:. Thesyringebulb,L, wasusedto bubbleair throughthewaterto keepit

stu'rpd. Thé combustionpipette, Q, madefrom an invertedseparating

funnel,wassurroundedby a copperspirat,T, perforatedwith smaUholes

directedtowardsthe pipette. Air, froman electrieblowerand chilledby

passingthrougha spiral cooledby meltingice,wasdriven on to the glass
wallsand tap of the pipette to pro-

tcct them from breakage during a

combustion.

Through the rubber stopper of thé

pipette was passed a glass tube from

thé mcrcury reservoir and two copper

rods, 8; and Si (3.s mm. diameter),

having at thcir ends vertical sockets

into which were set platinum rods

(: mm. diam.) ending in hooks be-

tween which the platinum hcating

spiral was stretched. Platinum exten-

sions were used so that thé copper

rods werc never exposed to thc gases

during combustion. The rods were

eonnected through a switch and a

rhéostat to a battery. Fig. 2 makes

these points clear. S. and 8~are the

copper rods, T. and T:, the platinum

rodsand F, the platinum spirat. Mer-

cury is shown as black and the ap-

paratus is shown set for the heating

ofthe spirat. The copper rods are cov-

eredand eleetrical connectionbetween
t-'tn.aa

(combustionPipette

thc two terminals is prevented by the setting in the rubber stopper, two

glasstubes, T and Tt. It will be sccn that the gases can be swept from the

pipette and also that, when in thc positionshown, the spiral can bc heated

without fear of a short circuit. Before pcrfonning any experiment, air

was comptetctyexpelled from the capillary tubes and pipette by fillingthem

with mcrcury, using thc nitrometer as a pump.
A measured volume ofhydrogen waspurifiedby drawinft it several times

into the combustion pipette (and heatingthe spiral) by raising and lowering

the rcservoir of thé nitrometer. When the volume of the cooled gas was

constant at atmosphcric température and pressure, it was finally transferred

to the combustion pipette. Pure nitrous oxide prepared by V. Meyers

method' and was thcn introduced into the nitrometer and measured. Thc

J. Chem.Soc.,141,<75<'«7S).
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scrcwclamp,H.,onthe pressuretubingwaselosedandthe mercuryreservoir

of thé nitrometerraisedabovethe levelof the three-waycoek. The taps

ofthepipetteandthe nitrometerwereopenedandthen the acrewctampjust

opened.Themercuryin thé nitrometcrshouldriseso stowlyas to be just

percoptiHo.At the sametimethespiralwasmaderedhot and the cooling

dovicestarted. In this way,the wholeof the gaswasslowlybroughtunder

combustion.Thc gaseswerethen passedbaokwardsand forwardsslowly

ovcrtheheatedspiraluntiltherewasnofurthercontractionwhenmeasured

st-verattimesin the nitrometerby bringingthe mercuryréservoirto a fixed

position.The gaseswereultimatelymeasuredat atmospheriepressureand

thccontractionnoted. Thisshouldbcequalto the volumeofnitrousoxide

introduccd.Actualvaluesare givenin Table IV showinga highdegreeof

accuraey(about0.3%).

A

TABLEIV

Volumeof Volumeof Volume

hydrogen nitrous after Contraction t-fror

e.cs. oxide combustion t
C.Ce. C.CB.

i). 34.30 26.:a 34.3 26.2z o

:i). 43.6 3S. 43 5 3S.3 "0.3

iii). 40.2 30. 40. t 30.1i "0.3

AWma<MHo/ theGaseousProducts</theReadion.

Thcapparatusis shownin Fig.3. TwoKippswereused,oneformaking

carbondioxideby thc actionof hydrochloricacidon marblechipsand thé

otherforpreparinghydrogensulphideby treating btocksmadeof calcium

.<u)pMdeandplasterof Pariswithhydrochtoricacid. Thepressurenecessary
to forcethe carbondioxidethroughthe seriesof liquidswasattained by

tuakingit possibleto raise thc acidreservoirof the Kippto a considcmMc

heightbycxtcndingit witha longrubbcrtube. Carbondioxidewasscrubbed

bysodiumbicarbonatesolutionand hydrogensulphideby dilutesodiumsul-

phide.The tower,D, containedcopperphosphate. The réactionflask,C,

wasconnectedby meansof rubbertubinginsidewhichparaffinwax'hadbeen

mntopreventthe oxidcsofnitrogenfromattackingthe rubber. Thé reac-

tionflaskcouldbcshakeneasily. Toallowhydrogensulphidcto reaetonthc

nitricacid,thé eock,F', wascioscdandthe hydrogensulphidecoekopened,
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whilethe reactionflaskwasshaken. Whenthe actionceased,the cock,F',

wasopenedand thé productsof reactionsweptforward. In this waythe

correctamountof hydrogensutphidefor the reactionwasadmittedas re-

quiredanditsreactioncompletedbeforeafurthersupplywastaken in. Thus,

excessof hydrogensulphidewasavoided. Theabsenceof the freegas was

shownbythefact that the cupricphosphatein the scrubberdid not become

brownor black. The absorbingvessels,Es,E,, E3containedpotassiumbi-

chromatesolutionmixedwith sulphuricacid. Cock F, (Fig. i) couldbe

connectedeitherwiththepotassiumhydroxidetube, G,or theair. Thelower

part of the tube,G, wasconnectedbya rubberbungwiththe lowerportion
of the Schin'snitrometercontainingmercury. This arrangementprevented

the liquidin G frombeingsuckedbackinto the absorptionvessels. Before

commencingthe experiment,air wasdrivenout of thé apparatusby a cur-

rent of carbondioxide. Thé scrubbinggas (CO:)was let out throughthe

cock,F, intotheair. When,ontrial,carbondioxidewascompletelyabsorbed

bythe causticpotashinG,thé experimentwascommenced.It wasobserved

that therewasverylittleor noblackeningofthe cupriephosphate.
UnabsorbedgaseswerecollectedinG overcaustiepotashsolution.When

sufficientgashad collected,it wastransferredto the nitrometer. Afterthe

experiment,the residualgasesweredriveninto the vessel,G, by a currentof

carbondioxidegas.
Theresidualgaswasexamined,asdescribedabove,forpurenitrousoxide

and nitrogen. The standardbichromatesolutionwasbacktitrated and the

amountof nitricoxideabsorbedwascalculated. The results with thé re-

sidualgasobtainedby thé passageof hydrogensulphideup to 30minutes

showedthat the gas is practicaHypurenitrousoxide(seefootnote,p. 1358).

TABLEV

Combustion with thé resmufU gas

Vohtme Volumesof Volumeafter Contraction Residual

or H, thé gM the combustion gas

i). 42.0 30.2 42-5 ~9-8 -0.5

i:). 40.0 29.3 40.7 29.6 +0-3

iii). 45-8 36.2a 46.3 3<77 +0.5 5

The absenceof nitrogenprecludesthe possibilityofanyreactionbetween

ammoniumsaltsand nitrousacidin the earlystages. Somcnitrogenwould

havebeenformed. Henceit isprobablethat,at first,ammoniaisonlyformed

as a rMu!tof sidereactionsand is not an importantproductof thé main

reaction.
In a carefullyconductcdexperiment,attthe solubleand gaseousproducts

wcredetcnnined. Theresultsobtainedafter40minutesexposureto the gas

as just describedon p. !3s6,(notbubblingunknownexcessof the hydrogen

sulphide)areshownin TableVI:
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TABLEVI

Initial strenKth of nitric acid 4~.9S%t HNO<containing 9.~4

Kramsofnitrogen:

Analysisof productsof reaction

HXOt = 39.82%cot)taininK8.8sgram8nitrogeN.

HXO, 0.46% o.i4
Il

H,80< = 2.12% –

XH, o.t6% o.tj

N0 = o.8t% 0.38

N,0 = o.:i% 0.13
rr

8 = 0.47%

9.63
"o .,cE,

f-"JV.j
Error = +o. oggramofnitrogen,

équivalentto 0.4gramofnitricacid.

Théresultsof a secondexperiment(TableVIII) in whichthe solutionwas

cxaminedafter t hour 20minutesbut fromwhiehthe gaseswereonlycol-

h'ctedduringthe last hourof theexperimentarealsogiven.

TABLEVII

Initial strengthof nitricacid=' 4~.95%HNO' containing9.54gramsof

nitrogen.

HXO,=33.50% H,SO<= 4.79%

HXO,= 0.18% NH, =- 0.27%

XO *= t .24%containingo.55gramnitrogen.

N~0 = 0.28% o.!8 gramnitrogen.
S = o.8t%

Againno nitrogenwasfoundand the ratio of nitricoxideto nitrousoxide

formed,intermsof nitrogen,remainedthesame,viz.3:i.

InTableVIII are giventhe resultsof a furtherseriesofdeterminations

inwhichthe gaseousproductswereallowedto escapeup to a certaintime

(col.i) and then the gaseousproductscollectedbetweenthe timesgivenin

columnsi and ii. Columnsiii and iv showthe proportions(percent, by

volume)in whichnitrous oxideand nitrogenwerefôundin the gaseous

mixturescollectedin the intervalsbetweenthese times(eo!s.i &ii).

TABLEVIII
Collectionofgaaes Xitroua XitMgen

TimeatM-ted llmeHnMhed oxide gM
inhount inhoufs

o 0.50 100.0 o.o
o.so t.66 ïoo.o o.o
2.2S ~-7S 79.7 20.3
j.50 4-oo 55.' 449
S.oo s-50 3~o 7o-o
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The amountof nitrousoxidedccroasescontinuously.lNitrogenmakes its

appearaneeand finallyprédominâtesthoughnitrousoxide is never com-

pletelyabsent. The appearanceofnitrogenstarts aboutthe titne whenthe
rate of chemicalaction is a maximumand whenthe sulphurieacid formed
is onlya littlelessthan equivalentto theamountof nitricaciddecomposed.
This is aninterestingobservationas it coincideswiththefact that the more

nearlythenitric (ornitrous)acidisexertingits maximumpowerofoxidation
the greaterthe proportionof nitrogenin thegaseousproducts.

The increasein the concentrationof sulphuricacidmay be responsible
in part forthe instabilityof nitrousacidformedas an intermediateproduct
or theexplanationmay bethat the presenceof sulphuricacid facilitatesthe

formationofammoniafromnitrieoxideby the actionofhydrogensulphide
(vide Bagster:loc.cit). The ammoniawouldthen be decomposedby the

nitrousacidpresentand givenitrogen(videsuprap. 1356)though,as shown

previously,it is not esscntialto supposethe formationof ammoniabecause

nitrogenisone of the productsof the reactionand onemust not cornetoo

hastilyto the conclusionthat ammoniais the intermediateproduct. Aftera

short exposureof the solutionof nitricacidcontainingammoniumsulphate
or nitrateto a currentof hydrogensulphide,muchnitrogenwasevolvedto- ?
getherwithnitrieoxide. TableIX showsthe analysisofthe gasfromtwoof

theseexperiments.

Tablk IX

Volumeof Volume Volumeleft Contrac- Nj
hydrogen of the gas after com- tion

bustion

j). 44-6 3t. o 74.7 0.9 3o.i

ii). 41.7 27.9 68.7 0.9 27.0

3

Thissuggeststhat nitrousacidis an earlyand importantproductof the

reaction.Xitrousacid isalmostcertainlythe procursorof hyponitrousacid, r

which,in acid solution,décomposesinto water and nitrous oxide. This

experimentalsoshowsthat nitrousacid-the parent ofhyponitrousacid-

is destroyedby ammoniumsalts. In thisway,thé sidereactionpreventsthe

appearanceof the normalproductsof the reaction. Theseresultsalsoshow

that, in thecarlystagesthe actionof hydrogensulphideon nitricacid, am- !1

moniumsaltsarenot formedandsubscquentlydecomposed. l

Hydrogensulphidewas possedinto 43%nitric acidcontaining5% of

sulphuricacidasdescribedon p. 1356.Thereactionproccedsrapidlyat first

but slowsdowntowards the finish. The gascousproductswerecollected

betweenthe intervaisof time shownin Table X, eolumnsii and iii, and D

nitrousoxidcandnitrogcnwereobtainedin theproportionsshownincolumns (

iv andv.

1AsmallamountofnitrousoxideialosthyabsorptionintheeausticpotashsolutionG.
This«loesnotaffectthegêneraiconclusionsdrawn.

n
si
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TABLKX

Nitric acid =42 .gs%
Concentrât™*

{ Sulphuric acid m\££Sulphuria acid 5.00%
Timein hou» Nitrous Nitrogen Ratio Free UNO,

No. oxide JW stïtl
start Finish byvolume N« undecomposed

1 0.05 0.10 Pure nitrous oxide never obtained.

2 0.00 0.50 756 34.4 3 i 39.1%

3 o 50 1 s© The gas was practically all 36 $%
nitrie oxide.

4 i-7S a-2S 58.5 4i-S 3 2

5 2.7s 3°° 38.8 61.2 2:33 29-1%
6 3.25 3.75 29. r ?o-9 3:7 p *7-6%

7 S-oo 5-S° 230 77-0 2:7 p 24.1%
8 6.00 6.50 Negligible: only 4-5 ces. in 23.1%

all. A very little nitrie

oxide is evolved.

'l'oomuchimportanceshouldnot be attached to the time-compositionrela-

tionship,cols.ii and iii and col.vii, as the rnethodof workingand the tem-

poraturevariationsmakethe rclationshiponly of a gênerainature. When
thèseresultsarccomparedwiththose in TableVIII, it willbeseen(1) that
thepresenceof sulphuricacidaffectsthe actionby eliminatinga preliminary
.stagein whichnitrousand nitrieoxidesare amongthe productsof reaction
butnitrogenis absent and (2) that, althoughpurenitrousoxidecannotbc

obtained,until chemicalstasis sets in, a conditionisneverrealisedin which
it is formedat all.

Part IV. Summaryand Discussion

In orderto facilitatethe rcadingof the paper,muchdiscussionhas been
introducedinto the bodyof the report. To avoidduplicationonlythe most

généralconclusionsare summarisedin this section.

1). Solutionscontaining5% nitric acid and lessare not attacked by
hydrogensulphideevenifnitrousfumesarc added.

2). Solutionsof higherconcentrationsare attackedaftera moreor less

longintervalof time. This"induction"periodis rcmovcdifnitrousfumesare

introducedor slight decompositionof nitric acid is inducedby insolation.

Theadditionofsulphuricacidinereasesthe inductionperiod. A43%(c.6.8N)
solutionofnitricacidwasused.

3). Theproductsof reactionarc sulphuricacid,nitrousacid,ammonia,

sulphur,nitricoxide,nitrousoxideand nitrogen.
4). A possibleexplanationof the evolutionof nitrogenin the later

stagesis that ammoniais formedand immediatelydecomposed.If this is

so,ammoniaisnot fonnedin the earlystagesof thereactionin anyquantity
thoughthere isévidenceto showthat it might beformedlater. Apparently
thcpresenceofsulphuricacidexertsconsiderableinfluenceon the formation
ofnitrogen. Thereare howeverexplanationsfor the existenceof nitrogen
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other than throughthe agencyof ammoniaas an întermediatecompounu,
and it is probablethat any ammoniaformedis the resultof sidereactions

or minor secondary reactions.

Thereisa concentrationofammoniumsaltbelowwhichthere isnointer-

actionwithnitrousacid.

s). The presenceof sulphurieacid affectsthe progressand ultimate

productsof the reaction. If to the nitricacid,Bulphuricacidi»addedbefore

passinghydrogensulphide,the reactionstopswhenthe concentrationof the

nitricacidhasfallento 23%andthe total sulphuricacidconcentrationis 15%.

Theseare roughlyequivalentquantitiesbut isotonicsolutionsof lowercon-

centrationsdo not exhibitthis stoppagein the progrcssof the reduction.

It is probablethat the nitricacid andsulphuricacidenter into a ehemical

combinationwhichis inert to the actionofhydrogensulphide,but whichat

lowerconcentrationsbecomedecomposedor dissociatedand attackableby
lC

hydrogensulphide(p. 13S*)-

Suggestionsregardingthe mechanismof the formationof sulphuricacid

aregivenonp. 1348.
6) Froma studyof absorptionspectraand conductivitymeasurements e

A. Hantzsch'suggeststhat nitricacidconsistsof an equilibriummixtureof t

(i) Oj NOH(pseudo-nitricacid),(ii) true acidpresentas hydroxoniumsalt

X05(H.OHî)and (iii) acid formingsalts like nitronium nitrate (NOa)4

[(OH»)]N. The hydroxoniumsalt maybe

OH

N

0 0
1 I
H H

Y 1o
comparedwith the acceptedviewson sulphuricacidand leadsoneto the

analogousbut unstablehydrogensulphidederivativewhichbreaksdownthus:

OH

N
r%

0 OH00 OH

1 1 -H,0 + S4-N (33) îi

H H

V 0

S

In stronglyacidsolutionsthis nitrousacidis probablythe sourceof the

nitric oxideand also of the nitrogenperoxidewhenit occurs. E. J. Joss*

1Bcr.58,94»(>9*5).
J.Phys.Chctn.,40,1354(1924)-
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eoncludedthat the depolariserin the réductionof nitrieacidisnitrosicacidi

(HjNjOj);theformationofwhiehin the actionunderreviewmaytake place
intwoways:

1) OH 0 NOH HO 0

N + 0 = N N.OH or (.23)

/V
O 0 0

2) 0 OH 0 OH 0 OH 0 OH

N + N +H,S– > N N (24)

0 0 0 0

4
H H
V

S

O OH OH
V

N-O-N +H,O + S (as)

V
0

Inotherwordsnitricacidisactivatcdowingto theformationofnitrosicacid,
thenitrousaoidbeingthe catalyst. Nitrousacidalsoacts as an oxidising

agent.

Fromnitrousacid,by the actionof a reducingagent,Angeli'sacid' or

nitro-hydroxylamicacid is producedthus:

HO OH

N N HO OH
1 (*<>)

0 0 N N + H*0 + 8

1 1
H H 0

V
S

1Oddo:Gazz.,451, 413(t9t5).
1Angeli:Gazz.,26H,345(1897);AngeloandAngelico:33II,245(1903).
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This is furtherreducedto HjN,O»,hyponitrousacid,which,in acidsolution,

décomposesgivingnitrousoxideandwater

HO OH HO OH

X • N + H,S– 1 + HSO+ S– + N,0 + HO (27)
N « N

0

Hyponitrousacid can also decomposegivingnitrogen (equation13), or

possiblyammonia(equation12)oneofthe otherpotentialsourcesof which

is the actionofhydrogensulphideonnitricoxide(p. 1351).

De-partmeiilof Chemixtry,
(lorenimnit CMege,

funjnb Vnivertsily,
Uthore, Imlia.

3faym, wm.



THEREGIONALABSORPTIONOFDYESBYGROWINOCRYSTALS

BY ARTHUR Q. MILUOAN

Introduction

There are numerousreferencesin physico-chemicalliteratureto the

colorationof crystals,grownfrom mother-liquorscontainingdye-stuffsin

solution. As far backas 18S4de Senarmontshowedthat tinted orystals
ofstrontiumnitrate couldbe grownfroma solutionof the saitwhichhad

bccncolouredby extraetof log-wood,1and manyotherexampleshavesince

beendescribed.The phenomenonis not gênerai:it occursonlywithcom-

parativelyrare combinationsof sait and dye, and it wasquiteby chance

thatonesuchcombinationattractcd myattentionin the courseofan inves-

tigationofsomeofthefactorsinfluencingthecrystallisationofsaltsfromtheir

aqueoussolutions. 1wasattemptingto retardandto controlthegrowthof

potashalumcrystalsbythe additionofcolloidsto the mother-liquorwhenit

wassuggcstedto meby Dr. R. T. Beattythat interestingeffectsmighthe

obtaincdwith such semi-colloidalsubstancesas the water-solubleaniline

dyes. The effectwith chlorazolsky-blueFF wasarresting. Althoughit

.soonappearedthat to investigatcthé phenomenonfullywoulddemandmore

timeand probablymorespecialisedknowledgethanI hadat mycommand,I

madea briefstudy ofthe salient featuresand establishedoneor twofacts

which,I believe,constitutenewknowledgeonthé subject. Dr.Beattytook

a mosthelpfulinterestin the workand I owehim my thanksfor many
fmitfulsuggestions.

Apart fromthe barefact that growingcrystalswillsometimesabsorb

a dyewhichhas beendissolvedin the mother-liquorand becomemoreor

lessstronglycoloured,it seemsto be establishedthat the phenomenonis

eomparativelyrare, andcannot,at present,be predictedfroma knowledge
of the substancesinvolved:Whenit doesoceur,the velocityofcrystallisa-
tionis reduced,and R. Marc3affirmsthat growthentirelyceasesbeforethe

concentrationof dissolvedsalt bas been loweredto the normalsaturation

value.
The mostimportantfacts emergingfromthe presentinvestigationwere,

firstly,that the colourisconfinedto the wedge-shapedrégionssweptout by
certainof the crystalfacesas they grow,and,secondly,that thehabit ofa

crystalmaybeprofoundlymodifiedbythe absorptionofa dye. Thefirstof

thèsefactsseemsto havenarrowlyescapeddiscoverybyE. Perucca,who,in

the courseof a paperon optical activity in crystals'describescrystalsof

sodiumchlorateartificiallycolouredby Chinablueextra dissolvedin the

uiothor-liquor.He noticedthat the colouroccurredonlyin patches,andhis

1Ann.Chim.Pliys.,41,319(1854)
«3C.physik.Chcm.,68,104(1909);73,685(1910);79,71(1912).
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photographsleaveno doubt that thé absorptionwasregionalin the sensé

of this paper;but he altogetherfailedto appreciatethe truc signifioancoof

his observations– that the colouredrégionswerethé lociof particularfaces

duringgrowth.

Expérimentât

Potashalum(K«SO4,A1,(SO4)3.24H«O)crystallisesin the cubicsystem,
and an aqueoussolution,whencooledbelowits saturation température,

depositsoctahedralcrystals,whichcaneasilybe grownto largedimensions.

The octahedron{tu} facesinvariablypredominate:other facessuchas the

cube{100}andrhombicdodecahedron{110)facesareusuallysmallor absent.
it

a.

Whengrownon the bottomofa crystallisingdish,the octahedronarecom-

monlysomewhatflattened,asshowninFig.1,wherea typicalcrystal,having

largeoctahedronfacesandsmallcubefacesis shownin relationto the ideal

octahedron,completedby dottedlines. Thisdeparturefromthe idealhas,

of course,no crystallographicsignificance,and it will sometimesbe con-

1venientin the followingpagesto simplifydiscussionby consideringonlythe

idealforms.
Whena warmsaturatedsolutionofalumwasstronglycolouredby the

additionof chlorazolsky-blucFF the crystalswhichseparatedon cooling

wereof a quite differenthabit. In themthe cubefacespredominated,the

octahedronfaceswerereducedbut stillwelldeveloped,and rhombiedode-

cahedronfacesoccurredcommonly.Fig.2showssucha crystalorientedlike

that in Fig. i, to illustratethe changein habitdue to the relativeenlarge-

mentofthecubefaces. Themostremarkableandunexpectedfeaturcofthese

crystals,however,wasthe lozenge-shapcdpatchofintensebluecolourwhich

occupiedthe centreof eachcubefacealthoughotherwisethe crystalswere

colourless.In the firstexperiment,inwhichthe concentrationofdyestuffin

1 NuovoCimento,18II, lia (1919)-
n

Y
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the solutionwasveryhigh,thesepatchesweresodarkas to beopaqueand

almostblack. Theywere,moreover,sunkin shallowpitsbelowthe general
levelof the faces;andtheir surfacehadthegranularappearanceofMorocco

leather. Fig.3a is a sketchofa typicalcrystal. Averyfewsmallcrystals
had the formshownin Fig. 3b; they are essentiallysimilarto the others,
buthavegrownupona basewhiohis parallelto a cubeandnot to anoctahe-

dronface.

A study of many crystalsin differentstagesof growthhelpedto show

howthe peculiardispositionof colourarises. It isa commonplaceparadox
of crystallographythat the fastest growingfaces(thoseupon which the

moleculesofsolutemostreadilyand mostrapidlydeposit)tend ipsofactoto

disappearfromthe crystalhabit:the persistentfacesarethosewhosegrowth,
outwardsfromthe centreof the crystal,is slowest.Thisisobviousif were-

flectthat anyfacecanextendlaterallyonlyby depositionofmaterialupon
thcadjoiningfaces.

Alumcrystals,undernormalconditions,growrapidlyin directionsper-

pendicularto the cube faces, whiehare conscquentlyseldomdeveloped.
Thepredominantfacesare thoseof thcoctahedronuponwhichthedeposition
ofsalt is relativelyslow. Someof thesmallestcrystalsfoundin the coloured

solutionwereoctahedraland colourless,and it seemsprobablethat every
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crystal «torts growth in this habit, for the great majority of dyed crystals,

although esscntially eubic, restée!on a base parallel to an octahedron face

(Fig. 2and Fig. 3a), and thé blue patches, which are associated with cube

faces, wereseen to be largely superficial. Sooneror later, however, tiny cube

facesmust fonn at the corners of the octahedron, as in Fig. 4a, which show»

an idéalcrystal both in perspective and in elevation. Immodiatcly, for some

reason not yet understood, thèse cube faces become colouredby association

with dyestuff drawn front the solution. Further deposition upon thetn is

inhibited by the présence of the colouring matter, and they begiu to in-

creaxe in area at the expense of the octahedron faces, upon which growth,

unhampered by dye, is now relatively rapid (Figs. 4b and 4e).

In a moderate concentration of dye the octahedron faces are usually {

greatly reduced and may disappear completely(Fig. 4d). The resulting cubie e

crystals show very beautiful flower-likeinarking» whoseformation may be •

traced in Fig. 4. The clear portions of thèse crystals have been formed by >i

déposition upon octahedron faces, once predominant but now vanished; le

the coloured régions by deposition upon ever enlarging cube faces. Every
:1

crystal thus bears in its own substancea legiblerecordof its life-history, for
1:

on looking into the transparent designone can see what size each face has a

beenat any stage of growth. For reasonsalready indicated only a very few ><

tiny crystals closely approached the idéal shape shown in Fig. 4d: but the

markings of larger and more distorted crystals are most readily understood

by référence to thé ideal diagram.
Whcn the concentration of dyestuff is very high the phenonienon takes a

slightlydifferent courseand producescrystalsof thetypefirstmentioned (Fig. 3)

with octahedron faces still prominent and with the dye confinedto intensely

coloured,lozenge-shaped patches in shallowdépressionsin the middle of the

cube faces. A study of many such crystals led 111cto accept the following

explanation. Apparently the absorption of dye has in thèse cases so in-

hibited the growth upon cube faces as to stop it almost completely. The

salt deposits upon octahedron faces only, and these, in conséquence, are

progressivelyreduced in area. Astage is reached whenthe area presented is t

inadequate for the reception of the crystallising sait, and, as the solution

cools,the degree of supersaturation increasesuntil at length an irregular kind

of crystallisation occurs.1 The octahedron faces, as it were, overflow their

géométrie limits, their further growth being aceompanied by an irregular

growth of the cube faces near their edges. As far as can be seen this new •

growth is built up, not by nonnal deposition on a cube face, which is pre-
i

vented by the absorption of dye associated with it, but by the development

of "vicinal" faces more or less inclinedto the 100plane, which seem to have

but sniall affinity for the colouringmatter. Such vicinalfacesquite commonly

occur in large alum crystals normally grown from a pure aqueous solution 8
of the salt, and their appearance in thèse disturbing conditions is not sur-

1 Onewouldexpectthat thi»increasein supersaturationmightfavourthe fonnation
ofnewcrystalnuclei,and it was,infact,observedthat solutionscontaininglargeamounts
ofdyestufftendedalwayato producenumerousamallcrystals.ratherthanfewlargeones.

C
r»
n
E
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prising. Eaohcubeface,then,showsa centrallozengeofcolour,surroumlctl

bya raisedridge,poorlyfomiedundnot veryclear,but apparentlyuncol-

ouredexceptbyoccasionalsmallinclusionsofthebluesolution. Thesloping

sidesof the pit inwhichthc colouredpatchliesoftenseemto be fonnedby

rc-entrantoctahedronfaces;but here,too,thesurfaceisveryirregular.

This type ofcrystalis interestingasshowinghowstronglya dye maybe

concentmtedonone"fonn" (in this instancethecubefaces)withoutnotice-

ably affoctingany otherswhicharc présent,and howconipletelygrowth

m«ybe preventedby absorptionof the colour;but for furtherobservation

of the phenotnenonthe irregulargro\vthwasa veryundesirablefeature. In

otherexperimentswithalumand chlorazolsky-blueFF, therefore,a inuch

smallerconcentrationof dyestuffwasused,andin subsequentexperiments

withotherdyesnoabsorptionsufficientlyintenseto causeirregulargrowth

waseverencountered.

A nuinberofexperimentswercmadewithpotashalumandwater-soluble

dyesother than chlorazolsky-blueFF. Manydyes (as, for example,the

eosins)were largelyor whollysalted outof solutionby the concentration

ofalumnecessaryto givea solutionsaturatedslightlyaboveroomtempera-

ture. Others,suchas naphtholgreen,methyleneblue,acidgreenG, etc.,

althoughthey dissolvedsufficientlyto colourthe solutionsstrongly,were

not absorbedby the growingcrystals. The best-formedcrystalswhenre-

movedfromother-liquorscontainingthesedyeswerefoundto beclearand

colourless;and anytraceofcolourinthe poorercrystalswasseento bedue

to irregularinclusionsof the colouredsolution,andnot to anytrue absorp-

tionof the dyeinthesubstanceof thecrystal. Moreoverthèsecrystalswere

alloctahedralinhabit,withno morethana normaloccurrenceofsmallcube

JiooJandrhotnbicdodecahedron(no) faces.

Croceinescarlet3B, which,like ehlorazolsky-blueFF belongsto the

azo-classofdyes,colouredthe cubefacesandfavouredtheirdevelopmentin

a mannerexactlyanalogousto that alreadydescribed.Theabsorption,how-

ever,wasnot quitesostrongand the inhibitionofgrowthwaslessmarked.

Methylviolet,a dyeof the triphenyhnethanetype,wassolubleonlywith

difficultyin a saturatedalum solution:but by boilingthem togethera

solutionwasobtainedwhich,after coolingandfiltering,wasfairlyintensely

colourcd.Onfurthercoolingbelowthesaturationtemperature,this solution

depositednumeroussmallcrystalsallof whichwerecoloureda deepviolet.

The colourappearedto be uniformlydistributedthroughoutthe crystals,

and theywerealloctahedralinhabit. At firstit seemedthat in this instance

the absorptionofdye wasnot regionaland hadnot modifiedthe habitof

growth. But doserinspectionshowedthat cubefaceswereconspicuousby

theirrarity;onlyonesmallcrystalshoweda fewtinycubesat its cornersand

thesefaceswereentirelyfreefromdye,the ctear,uncolouredwedgesbeneath

themshowingbeautifullyundera lens. Theabsorptionof the dye was,in

fact,strictly régional,but whereas,theotherdyeshadshownan affiuityfor

the cubefacesonly,methylvioletavoidedthemand associateditselfwith
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theoctahedronfaces. Thenaturalhabitofalumbeingoctahedral,the slow-

ingdownof growthuponthèsefaceshadno conspieuouseffect,but the re-

ductionof the alreadyinfrequentcubefaceswas an indicationthat the

slowingdownreallydoesoccur.

Theresultsofexpérimentasofarconductedonthegrowthofalum crystak
fromsolutionscolouredwithvariousdyestuffsmaybesummarisedas follow»

1 Dyestuffsmaybeclassifiedaccordingto theirbehaviourintothefollowing
classes.

A. Thoseprecipitatedby the highconcentrationofsalt in the solution.

B. Thosesufficientlysolubleto colourthe solutionstrongly,whiehmay
besubdividedinto
a. Thosewhiehare notabsorbedbythe growingcrystals. fe
b. Thosewhiehareabsorbed,andeither h

a. Colourthe cubefaces,or

0. Colourtheoetahedronfaces. j
2 Solubledyeswhicharenotabsorbedappearto exercisenoinfluenceon the i

growingcrystals.
3. Dyeswhichare absorbedfavourthe developmentof the absorbingfaces

by retardingthe depositionof saltuponthem. .

4. In everyobservedinstance,absorptionwasregional,andnotuniform. 1

It wasof interestnowto enquirewhetherothersubstancesthan alum

wouldgivesimilarresults. Experimentswereaccordinglymadewith a few

substances,chosenprincipallyfor the casewith whichfair-sizedcrystals
couldbe grownby simplycoolingan aqueoussolutionbelowits saturation

température.
The experimentswith potassiumchlorate,sodiumchlorate,zinc sul-

phateand oxalicacidwerenot individuallyvery satisfactory,becausein-

stancesofabsorptionwererare,whereasinclusionsofcolouredsolutionwere

all toocommonandtendedto masktheeffectthat wasbeingstudied. The

mostthat 1 feeljustifiedin sayingof theseexperimentsis that uniformab- t

sorptionwasneverobserved,andthat regionalabsorptiondefinitelyoccurred

in the casesofsodiumchloratewithphloxine,sodiumchloratewithcroceine 1
scarlet3B, and oxalicacidwithrhodamineB. Excellentresults,however, $
wereobtainedwithsodiumpotassiumtartrate("RochelleSalt,"K NaCeE^O»,

4H5O)of whichlarge,clearcrystals,freefromirregularitiesand inclusions,

caneasilybe grownby coolingan aqueoussolutions*o° or more below

the saturationtemperature.The crystalsare rhombieandthe usual habit

isa short prismshowingprincipallythe a |iooj,b |oio},c[001}, m {noj,
and 1 {210)faces,(Fig.5) andin additionany or allof thefacesn {120}..

q (0111 0 {111) w1iïi ) etc.,whichareusuallyinconspicuousand are not

shownin the diagram. A crystalwhichgrowsuponthefloorof the crystal-

lisingdishusuallytakesthe formof onehalfof the idealcrystal, the base

uponwhichit liesbeinga médianplaneofthe idealcrystalandparallelto one

of the principalfaces,especiallyoneof the thrce basalplanes,a, b, and c.

Fig.6givessketchesof twotypicalcrystals:(a) isa shorterectprismwhose

baseis parallelto the c (001)faceandwhichshowsq {01ij and w {1Ï1J1 i
i
a
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facesin additionto thosepreviouslyfigured;(b) i«a halfprismlyingona

baseparallelto thob (ioio) face,and the remainderof thé idealprismis

indicatedindottedlines.

The azo dyes croceinescarlet 3B and chlorazolsky-blueFF, both of

whichhad shownregionalabsorptionuponthe cube{100}facesof alum,

gaveexcellentresultswith Rochellesait also. Eaehwas absorbedby the

b {010}prisaifacesand gavebrilliantlycolouredwedgesrunningfromthe
-1 _-–-tt. –––.–t~ a.. ai. l. Ti~
1 • « »

centreof growthoutwardsto these faces. Fig.

7 is a sketchof a crystal colouredby chlorazol

sky-blue FF. in which,for simplicity,the blue

wedgesare shownundistortedby refraction.

AcidgreenG, a dycof the triphcnyhnethane
class,whichwas not absorbedat all by alum

crystals,gavewithRochellesalt an effectwor-

thy ofspecialmention. The dyestuffwaslarge-

lyprecipitatedby a saturationconcentrationof

Rochellesalt, but, after boiling and filtering,
sufficientremainedin solutionto imparta mod-

crateiygoodcolourto the liquid.Crystaisdeposit-
ed fromthis solutionshowedregionalabsorp-
tionnot onlyon the b {010}faces,butalso,to a

lessextent,onthe1 {210}faces. Fig.8showsthe

appearanceof theendof a typicalprismexaminedby transmittedlight. A

stronglycolouredwedgeextendedfromthe axistoeachof the twob |oio)

faces,and four lighterwedgesof approximatelyhalfthe intensityran from

the axisto the four1 {210}faces. Evenin a prism4.cm.longnotraceof

colourwasperceptiblein any of the régionssweptout by the other faces.

Thiswasthe onlyinstanceeverobservedof a dyetakingupontwoforms

simultaneously.
It isunfortunatethat methylviolet,the onlydyewhiehwasabsorbedby

the oetahedronfacesof alum, was very sparinglysolublein a saturated

RochelleSaltsolution,and, in the greatestconcentrationwhichcouldbeob-

tained,didnot appearto colourthe crystalsat all.

ManydyesweretestcdwithRochelleSaltina searchforonewhiehwould

coloursomefacesotherthan the b {010)faces,inorderthat theanalogywith

alummightbe complete. The desircdeffectwasat lengthobtainedwith
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phloxine,und lessmarkedlywithroseBengal,both dyesof theeosingroup.

Thcywereabsorbedbythe basalpinakoids,c |ooi and by noother faces,

so that a typicalcrystalhad thcappearanceshownin Fig. 9, whichshould

be comparèdwithFig.7. It willbenoticedthat the distributionof colour

indicatesthat the crystalgrewat finîtin the fonnofa slenderrodandthat,

at a certain stage,growthin the other twodimensionsstarted abruptly.

This is not tu be attributed to the

presenceof thedye,forthesamething

is often indicatedby the markings

upon the baseof a crystalnormally

grownfrom an uncolouredsolution.

Indeed,very little alterationin habit

seemedto be causedin RochelleSalt

erystalsby their absorptionof dye:

certainlynothingwas ever obsenred

comparablewith the completecon-

version of octahcdralcrystals into

almostperfectcubes.usuawov Y.

Eosin itself and other dyestuffs of this group either were insoluble in

RochelleSalt solution,or, beingsparinglysoluble,werenot absorbed.

In view of the differencein behaviour of phloxineand rose Bengal with

RochelleSalt from that of ehlorazolsky-blue FF and croceinescarlet 3B, it

wouldhâve been interesting if alum crystals could have been grown in the

presenceof one of the former dyes, but unfortunately, they, as well as cosin,

werealmost entirely thrown out of solution by the sait.

Discussion

The essential features of the phenomenonwhieh 1 have called regional

absorption are clearly revealedin the experiments just described. It cannot

be said with certainty that the absorption of dyes by growing crystals in-

variably takes this course but 1 think there is a strong probability that it
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does.1havefoundnoevidenceto thé contrary;andifanexamplcofa uni-

formlycolouredcrystalwereknown,it couldbe citedas an exceptiononly

if all thc facesnonnallyoccurringin the uneolouredcrystalwerepresentin

the colouredone.
Whilethé effectis made clear,however,the causeremainsobscure. I

havenot the opportunityto followup thé subjcctin greaterdétail,and I

considerit to be theconcernratherof colloidchemistsandthose interested

in absorptionandothersurfacephenojnena.At présentthere is insufficient

expérimentalévidenceto buildupon,andif I venturea hypothesis1 do so

tentotivclyand withduc hésitation.

Marc'has alreadyexpressedthe opinionthat theslowingdownofcrystal

growthby dyes is due to their adsorptionon tbe crystalfaces. The faets

clescribedin this paperundoubtedlysupportthisview,sineethey showthat

theassociationofa dycis withthe solidsalt andnotwiththe moleculesstill

insolution,as mightbe the caseif the colourabsorptionwereuniform.

The factorscausingadsorptionon solidsurfacesare many and varied,

andare far frombeingclearlyunderstood. In the caseunderconsideration

thcdecidingfactorisone whichvariesfromfaceto faceofthe samecrystal.

It maybe the elosenessof packingofthe atomsona particularplane:it may

bethesurfacetensionof the solvent,ifonefaceshould,forinstance,bemore

thoroughlywettedthananother.

In my opinion,however,the absorptionof onedyeby oneformand of

anotherdye by a differentformof the samecrystal,ismostsatisafactorily

explainedby supposingthe decidingfactorto be electrical. The oriented

moleculesin the crystallatticemustoccasionallypresentuponcertainplanes

a preponderanceofpolaratomsor groupsof onesign. Suchplaneswould

attract to themselvesions,or, it may be,chargedcolloidalparticlesof the

oppositesign. Mostdyestuffsin solutionarecolloidalorsemi-colloidal,and

thcfacesonwhichtheywereadsorbedwouldonthisassumptiondependupon

the signof the chargethey carry.
Thishypothesisrequiresthat chlorazolsky-blueFF and croceinescarlet

3B, on the other hand, shouldbc oppositelychargedfrom phloxineand

mcthylviolet,on thé other: sinceI supposethe ( 100}facesof alumand the

1101 facesof RochelleSalt to presenta preponderanceof polar group of

onesign,whilethe 111) facesofalumandthe (ooi) facesof RochelleSalt

havethe oppositepolarity.
1 havebeenunableto obtainany usefulinformationabout the colloidal

natureof thèsedyes:but a priorireasoningfromtheirformulac(givenbelow)

leadsone to expectthat chlorazolsky-blueFF (I) andcroceinescarlet$B,

(Il) beingsodiumsaltsof sulphonicacids,wouldform,insolution,negatively

chargedionsor micelles;whilemethylviolet(III) the hydrochlorideof an

aminobase wouldcarry a positivecharge. Phloxine(IV)however,is the

potassiumsalt of a mixed phenolic-carboxylicacid heavily laden with

halogcnsubstituents,and there appearsno reasonwhyit shoulddiffer in

behaviourfromI andII.

""«Loc.dt.
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It is particularlyunfortunatethat the two dyeswhichwerefoundto be

absorbedby both potashalumand Rochellesait fall in the samecategory.
Aninstanceofa dyocolouringthe fin) facesofalumandthe (ooi} facesof

RochelleSalt wouldhave strengthenedthe hypothesisnow suggested:a

singlecontraryinstancewouldhavedisprovedit. Asit is,the phenomenon

perhapsmeritsthe attentionof the colloidchemist;and, if eventuallythe

hypothesisI put forwardshouldprovesubstantiallycorrectit is probable
that the regionalabsorption(shouldwesaythe regionaladsorption?)of dyes

bygrowingcrystalsmighthavevaluableapplicationsin the elucidationof

crystalstructures.

Mythanksaredueto Dr. R.T.BeattyoftheAdmiraltyResearchLabora-

tory, Teddington,for his keeninterestand valuablesuggestions,and to

the Directorof ScientificResearchto the Admiraltyfor permissionto

publishthis paper.
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MEMBRANE POTENTIALS*

BYJOHNM.ORTANDW.G.FRANCE

Introduction

In the use of thermodynamic equations to account for experimentally

detennined potentials of cellsemployingmembranes, the membranes are as-

sumedto be ideal. That is, it is assumedthat there is no potential difference

across the membrane other than that due to the effect upon which the

équation is based. Des Coudres,' Donnan, Prideaux, Loeb, and others have

gathered much expérimental data in support of sueh equations. The agree-

mentbetweentheoretical and experimentalresults has not always been within

the limits of expérimental error. For example, Donnan and Allmand say,

–"the phenomena are not so simple as supposed in the theory mentioncd.

However,the approximation of the observed values to the calculated values

oftenhas been too close,to doubt that the theory underlyingthese calculations

is sound.

Ŵlanyhave observed that different membranes carry different cleetrical

chargesunder a given set of conditions.' And it has been further observed

that the charge for a given material changes under different conditions and

can even be reverscd in sign in suitable surroundings.

It has also been pointed out that someof the discrepancics between the

theoretical values and the values obtained by membrane potential measure-

ments rnay be due to thèse charges, which are spécifiefor each membrane

under the conditions employed.

\pparently there are no published data in which the specifie charges of

the membranes are considered in the accuratc détermination of membrane

potentiel*. In this investigation, these charges have been considered in the

mensurement of one type of cell in which a membrane potential exists.

These data indicate that there are two potential effects involved, one, tho

specifiepotential due to the nature of the membrane and electrolyte, and

the other a mathematically calculable potential.

The particular cell chosen for study was first described by Des Coudres.

It ispnxluccd by thé pressureof a columnof mercury resting on a membrann

imperméableto liquid mercury, but permeableto Hg+ions, to the *»ter, and

to thc otlier ions of the electrolyte in contact with the opposite side of tno

membrane. By this pressure, Hg+ ions ure forced through the membrane,

• FrumthethcsîTprcscntedto the Gndutto i*hoolof theOhioStftto™veniit-vfor

thr(lcgrecofDoetoro/PhiloSophy,Junoi924.l>y-I"hnM.Ort.
DesCOlldrl?8:11'ied%nu.,46, 292 (18<)21;DonnanandUarris:J. ChemSoe.,99.

1554Îl9111;DonnanandClarner:115,1313(1919);DonnanandGreen:Proc.Itoy.tioc.,

IA'90,450(ic)i4i;ixentganand:lllmand:J.Chem.
1'10(' 105.19631J9Itl¡'l'ridCOIIX:

Trans.

1·arsday:wn· 10.160ngc4); l.och:"l'roteil18and the Theorvo Coloidal 13chavior,

(.'I~aptcr~'III.
'Perrin: J. Chim,r~hvs.,2,6ot.((9041;3,50 ( t9oSlBartellandlIocker:J. Am.Chean.

Soc.,38,1029(1916}jCoehl1and¡.'ranken:Ann.P ysi (4)48,10051t9t5)·
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tending to leave the liquidmercurychargednegatively. Becauseofelec.

trostatio attraction,equilibriumin this passageof Hg+ions throughthe

membraneis reachedwhenthe workwhichwouldbe necessaryto forcea

gramequivalcntofHg+ionsawayfromthe negatively-chargedliquidmer-

cury is just equalto the workwhichwouldbenecessaryto raisethe weight
of the gramequivalentof ionsthrougha distanceequalto the heightofthe

mercurycolumnabove the membrane. Hence,the potentialdifference

of this ccUas measuredacrossan idealmembrane,should,as DesCoudres

derivedit, begivenbythe equation:

I-'iu.i

“ Q X io-! volts

E g–

in which E = the potential per each atmosphère of pressure of the liquid

mercury column, Q » the elcctrochemical equivalent of the Hg+ ion, and

S = the density of the liquid mereury in the pressure column. This amounts

to very nearly i microvoltper height of 5 cms.
Des Coudres used purchment paper membranes. While some experi-

ments were made with parchment paper, and also with gold-beaters' skin,

the»data given here were gathered only from collodionmembranes. Des

Coudres obtained resuite which checked his equation only approximately,
His discrepancics ranged from 3% to îo9J, growing larger at the bigher

pressures and potentials, and were probably due somewhat to polarization.
The highest pressure he used was 113cms. of mercury. He attributed thèse

différencesto errors in his potential measurements. Our data also showthat

the measuredcellpotentialsarc not alwoysin agreement with those calculated.

Indeed, they are often many times thé calculated values, and sometimesop-

posite in sign. However, after the specifiecharge of the membrane becomes

constant, then the measured additional potentials, which are due to the

pressure effect, agrée with the calculated increases within the limits of error

of the measurcinents.
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Apparatus
The modifiedformof the DesCoudrescell usedis shownin Fig. i. Ail

glass parts were of Pyrexexceptthe pressurecolumn,P. C., whichwas

madeof ordinarysoft-glasstubingofabout 5 mm.bore. ThemembraneM

wasfoldedover the bottomendof the tubeT andprcssedagainstthehole O

(about5mm.in diameter)inthebottomofthe largertubeC. Paraffinin the

spaceP, held thesepartsrigidlyin place. Thusthe membranewasin con-

tact withmercuryonthe top sideand withthe electrolyteL, on its bottom

side. The heavy,wire-wound,rubberpressuretube connectionsare shown

in crosssection. Electricalconnectionto the mercuryunder pressurewas

madethroughthe sealedinplatinumwire,P. W. Thepotentials,asrecorded

below,wereread betweenthe mereuryin the tubesat Hand K witha White

DoublePotentiometer.The vesselA and tube H wereimmersedin an oïl

thermostatwhichheldthe temperatureconstantto withina hundredthofa

degreeCentigrade. ThePressureEffectt

Afterstandingforovertwoweeksto allowthespecifiechargeto become

fairly constant, the effectof mercurypressureon the membranecouldbe

studied. Table 1showstheresultof a typicalpressurerun.

Table I

1 II III IV V

Timein PnsJirein Observedcell Changefrom
^5*

)Olinutes t-maHtt potential Observed CalculatedMinutes cms.Hg.
£«£ g-J- QMrtg

o 125 -34 0 °

120 iss -36 2 0

165 "S -41 S 0

195 "s -37 +44 0

203 ISS -43 6 6 6

209 ISS -43 0
l

211 115 -35 + 8 + 8

217 "S -35 ° 0

218 75 -»7 +88 + 8

263 75 -30 3 0

265 40 -23 +77 + 7

271 40 -23 0 0

313 0 -15 +»8 +88

278 0 -15 0 0

280 40 -23 8 8

287 40 -22 + l 0

289 75 -29 7 7

293 75 -»9 0 °

296 150 -45 ~l6 "1S

301 150 -44 + 1 0

302 0 -14 +30 +30

327 0 –11 +33 0

335 40 -19 8 8
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In this table,Column1 givesthe timein minutesduringthe run. Zéro

timeis an arbitrarilychosenstartingpointand has nothingto do withthe

timethat the membranewasfirstput intothé electrolyte. ColumnII gives

tliopressure,in excessof atmosphericpressure,that wason the membrane

whenthe readingsweretaken. ColumnIII givesthe actualpotentialsas

measured. CohminsIV and V givethé changein potentialfromthé last

previousreading,a valuein ColumnIV beingthe differencebetwcena given

readingin ColumnIII and the oneprecedingit. ColumnVgivesthe dif-

ferencesthat shouldbefound,asealculatedfromDesCoudres'equation. A

pressureincreaseof s cm»,of mereuryshouldmake the cellpotentialone

microvoltmorenegative.Thefirstfourreadingsgivenin the tableshowhow

thespecificchargewillvaryovera periodoftimewhen,apparently,it should

remainconstant. Since, however,the responseof potentialto pressure

changeis almostinstantaneous,whilethe specifiechargevariesmoreslowly,

this diffieultyis not serious. The table showsplainlythat the measured

potentialis veryexactlythe sumof the mernbrane'sspecifiechargeandthe

addedchargedueto the pressureeffect.

Whilethe conditionsin a DesCoudrescellare admittedlydifferentfrom

thoscof a Donnanequilibrium,neverthelessthere is this similarity,which

is bothnecessaryand sufficientforany membranepotential-the conditions

are differentonthe twosidesof the membrane(For a complèterésuméof

theconditionsofa Donnanequilibrium,seeDonnan:ChemicalReviews,1,

73(1924)).
It seemsquiteprobablethat, in a Donnanequilibrium,the ionsto whieh

themembraneisimperméableaffectthé contactpotentialdifférencebetween

themembraneandsolutionbyadsorptiononthat sideto whichtheyarecon-

fined. Hence,thecontactpotentialisdifferentonthé twosidesandsothere

isa potentialdifferenceacrossthe membranewhichis an effectquiteother

than that due to the diffusionforceswhosevaluesDonnan'firstcalculated

andwhichLoebconsideredin hismembranepotentialmeasurements.It is

quiteprobablethat thisspecifieeffectmaybesosmallin somecases,incom-

parisonto the Donnaneffect,that it maybc ignored. However,as willbe

shownlater, thisspecifieeffectisquitevariable,and,undercertainconditions,

mustbetaken intoaccount. If this iscorrect,it iseasyto seewhyPrideaux,

in plotting the data from his membranepotentialmeasurements,obtained

curveswhichhadintereeptsonthe potentialaxis,insteadofpassingthrough

the origin. This indicateda constantpotential,algebraicallyadditiveto

the Donnaneffectinvestigated.
In the experimentsin whichgold-beaters'skinandparchmentpaperwere

usedinsteadofcollodion,difficultieswereencounteredwhichprovedinsur-

mountable. Thegold-beaters'skinwouldnot stand the pressureand the

parchmentpaperseemedta reactchemicallywith the electrolyteandtum

pink after abouttwo days. Onlyvery erratic results wereobtainedwith

these two materialsand henceno accuratcpressureexperimentswerepos-

sible.

1Z.Ëlektrochemie,17,572(1911).
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ASpécifieChargeHypothesls

Bartell and Van Loo' have shownthat collodionmembranesare, in

structure, simplysheetsof imperviouscollodionpenetrated by numerous

smallholes. Theseholesareformedbytheevaporationofthe volatilematter

in the préparationof the membrane.Régulationof the extent of the evap-

ELECTROLY TEL

Fia.2

orationregulatesthe sizeofthe boles. If the evaporationcontinuesuntil ail

the volatilematter isgone,the holesfillup andthe membranebecomesim-

permeable. In our workthis was foundto be true, for such membranes,

whenplacedin a circuit,madeno electricalconnection. Hence, all dif-

fusionandionicconductiontakeplacethroughthesecapiUarychannels.

Bartelland VanLoopresentdata showingthe diametersof thescholes

for membranesrangingfrom"least permeable"to "verypermeable." All

»J.Phys.Chem.,28,161(1924).
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diametersare of the orderof magnitudeofa micron. Asthe moloculesof

mereuryare muchsmallerthan the porediameters,it seemsreasonableto

assumethat the irnpermeabilityisdueto negativecapillaryattraction,since

mercuryisdepressedina capillarytube Webave,then,to considera system
ofcountlesslittlotubeswithmercuryinoneend.

Therefore,in the cellshownin Fig. i, whatismeasuredis the potential
differencebetweenthe largemercurysurfaceat the insideendof the tube K,

and the countlenslittle invertedmercurysurfacesin the poresof the mem-

brane. Sincethe largemercurysurfaceis onthesamelevelwith the little

surfaces,this potentialdifferenceshouldbe zero,whenthe Hg pressureis

atmospheric,if the membranewereideal. But the membraneis not ideal

for it is charged. Thischargemustaffectthe finalequilibriumbetweenthe

Hg+ionsand these little surfaces. Hencethe chargeon these surfacesis

not thesameas that onthe largesurfaceat the innerendofK. Thepotential
differencebetweenH and K, then, is the "specifiecharge"as measured

acrossthe membrane.
In mountingthe membranes,hot paraffinwaspouredinto the spaceP

in tube C. Sincethe membranecoveredthe hole0, the paraffindid not

touch the electrolyte. Thereare, then, the followingcontactein the cell:

paraffin/membrane,paraffin/glass,membrane/glass,membrane/electro-

lyte, glass/electrolyte,mercury/mcmbrane,mercury/glass,and mercury/

electrolyte. Accordingto Coehnand Frankenthereisa potentialdifference

at all thesecontacts,dueto différencesindielectricconstants. Butsincethe

measurementswerenot madeacrossmanyofthesecontacts,not allof them

willhavean appreciableeffecton tho readings.Thecontactwithgreatest

effecton the valuesread is, of course,the meroury/electrolytecontact. It

is onlywhenother influencesmakethe potentialdifférencesat this kindof

contactin themembraneporesdifferentfromthatat thesamekindofcontact

at the innerendof the tube K that wegetthepotentialdifferencewhichbas

been calledhere "specifiecharge." Of the other contacts,the influence

of the membrane/electrolytecontactpotentialdifférenceis probablythe

predominatingone, althoughthe mercury/membranecontact may also

exert an appreciableeffect.

An hypothesiswillnowbe advancedto showhowthe membrane/elec-

trolyte contactpotentialdifferencewillinfluencethe equilibriumbetween

Hg+ionsand the littlemercurysurfacesin the membranepores,and thus

giveriseto a specifiecharge. Assumethat the membraneis chargednega-

tivelyandthat, therefore,the electrolytesideofthé doublelayer is charged

positivelyand that H and K Fig. i are underatmosphericpressure. This

conditionis illustratedin Fig.s,whiehrepresentsoneporeof the membrane

withthemercuryaboveit and the electrolytebelowit, as they werein the

celLsused. Thewidthof thé poreis,however,exaggeratedin this figure,for

whilethe actualthicknessof thé collodionmembraneswasabout0.22mm.,
the diameterof theporeswasonlyoftheorderofmagnitudeofa micron.

Aroundthe chargeson eachsideof a doublelayerare electricalfields.

The intensityofan electricalfieldis invcrselyproportionalto the squareof
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thc distancefromthecharge. Thetwosidcsofa chargeddoublelayerdo not

coincide,but are spaciallyseparated,althoughonly a very smalldistance

existsbetweenthem. Thepositivechargesof the liquidside of the double

layerare probablynot allconcentratedat onemathematicalsurface. Most

likelythey arcspreadout,makinga zoneofexcesspositivechargesin which

the excessgraduallygrowslessas the distancefrom the membranesurface

gvowsgreater,'until the neutralconditonof the mainbulkof thesolutionis

reached. Hence,anypointP, Kg. 2, just at the mouthof a pore,is a little

eloserto the positivechargesof the liquidlayerthan to the negativecharges

on the collodionmass. Therefore,very closeto the end of the pore the

positivefieldfromthe chargeson the liquidside of the doublelayer pre-

dominâtesto someextent. Thismust be so,since the distancesare small

and the positivechargesarenearerandwouldtend to scrccnoffthenegative

fieldofthe relativelymoredistantnegativechargesonthecollodion.Hence,

if a negativechargewereat the point,P, Fig.a, it wouldbe drawninto the

pore. But if it wereat the point0, therewouldbe no unbalancedelectrical

fieldsactinguponit.

Xowat the largemercurysurfaceat the innerend ofthe tubeK, Fig- 1,

thereexiststheusualequilibriumbetweenosmoticpressureand theopposing

forcesof the solutiontensionof mercuryand the electrostatioforce. At

eachof the mercurysurfacesin the poresof the collodionthe sameforces

are acting. The onlydifférencehere is, accordingto this hypothesis,that

the concentrationof the electrolytewithinthe poresmust necessarilybe

differentfromthat in thecellbelow. Thisdifférencearisesas follows:When

themembranesare firstput intothecells,theporesare fullofdistilledwater,

but at once diffusionstarts, to equalizethe concentrationsof solutes

withinand withoutthe pores. In this case, the solutesare all electro-

lytes whichdissociateand produceions that diffuse. Aseach ion reaches

the mouthof a pore,as at point P, Fig. 2,it is either drawninward or

repelledoutward,accordingto whetherit isnegativelyorpositivelycharged.

Hencewhen equilibriumis finallyreached,the concentrationwithin the

porcsis not the sameas it wouldbe if the porc wallswerenot charged.

That is, the concentrationof the Hg+ions,in the caseassumed,wouldbe

less. For this reason,the positivechargeat the little mercurysurfaces

in the poreswouldnot bc as great as the chargeat the innerend of the

tube K in Fig. i. Therefore,whenthe cell potential is measuredunder

these conditions,the little mercurysurfacesappear to be chargedneg-

ativelywith respectto K, as indicatedin Fig. 1, although for ordinary

concentrationsof Hg+ ions, they are actually charged positively as

indicatedin Fig. 2. If, on the contrary,the chargeonthe collodionmass

be assumedto be positive,the liquidlayerwouldbeara negativecharge.

Thenthe Hg+ionswouldbe attractcdby the predominatingnegativefield,

whichin this casewouldaid the osmoticpressure,and the concentration

wouldbe greaterin the poresthan outside. Hence the positivechargeon

1F.E.Hurton:ColloidSymposiumMonograph(1926).
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the mercurysurfacesin the poreswouldbegreaterthanon the large open

surfaceand the little mercurysurfacesthereforeappearto be chargedposi- (

tively, whenthe cell potentialdifferenceis measured. In eithercase, the j

spécifiechargeas read, is tho samein signas the actualchargeon the col-

lodionmass,but ofcourse,isdifferentfromit inmagnitude. In otherwords,

the specificchargeas read is onlythe differencebetweentwo singleelectrode

potentialswhichare differentbecausethe concentrationsof the ionsin con-

tact withthe electrodesare different,forthemeasurementsaremadethrough S

the poresand not acrossthe collodion/electrolytecontactsurface. That is,

the specifiecharge"as read" is the potentialreadingat zeromercurypressure

on the membrane. The actual specifiechargewouldbe the potential dif-

ferencebetweenthe solidmaterialofthe membraneandthe liquidin contact

with it. No attemptwasmadeto determinethequantitativerelationbetween

the spécifiechargeas readandthe actualchargeof the membrane.

In the caseof other membranesand equilibriain whichthe action may =
not take placealtogetherthroughholes,but perhapssomewhatthrough the

membranematerial, the specificchargemustplay a more important rôle.

For thenit addsmoredirectlyto the thermodynamieeffectand notindirectly ]

throughits effecton anotherequilibrium.

Supportisgivento thehypothesisbythemorerécentworkofL.Miehaelisl

and associâtes,who,in their studiesof the permeabilityof membranesfor

electrolytes,find differencesin the ionicmobilitiesof cationswithin and

withoutthe poresof dried eollodionmembranesthat can be accountedfor

on the basisof the electricaleffeetswithinthé capillaries. Further in the

workofMlle.Chaveraun1the selectivepermeabilityofgelatinmembranesis

accountedforby ossuminga retardationofonekindofionsbythe electrical

chargescoveringthe porewalls.

SpecifieChargeDataandDiscussion

Theeffectof températureonthe spécifiechargeas read isshownin Table

II. Theseroadingswerealsotakenafter themembraneshad stoodfor over

two weeks.

TABLE II

I~ffcct of Tempert~tuue on Spécifie Charge

Temperature II III0(,, 1 Il III 1\'

20 +155 + 10o + 2 +10o

25 -74 -too -40 -30

go -98 -264 -90 -45

1 _t_s_ _r w v_w·n

Jv 7-

The data given in Columns I and II are from an electrolyte of o. i N HgXO*

and o.o2 N HNOj. This is about the weakest acid that will prevent hydrolysis

and précipitation of the mercury salt. The two columns give data from two

» L. Micliaclia: J. Gen. Phyaiol.,8, 33-59; Michaelisand Perlsweig: 575-98;Michaelis, ?

Elkworth and W'ecch:671-83;Michaelis,Wccchand Yamatori:685-701(1925);Mictachs

and Wccch:II, 147-S»(«9*7); 12.55-8»(«9*»)- s

Compt.rend., 185 502-5(1927)-
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differentrunsmadeabouta monthapartwithmembranesfromtwodifferent

sourcesof collodion.Thedata in thèsecolumnsshowabout the extent to

whichthe resultscanbeduplicated.Theelectrolytefrom whichtho values

in ColumnIII wereobtainedwaso.i N with respectto both HgNO,and

HNO,, while that whichColumnIV representswaso. N HgNO,and

o.5N HNO,.

Accordingto the abovedata,the higherthe températurethe morenega-

tive the specificchargebecomes.Afewfluctuatingreadingsfromparchment

paperand gold-beater'sskinmembranesindicatedthat the negativecharge

decreasedat highertemperatures,as wasthe casewiththe collodionmem-

branesin the strongacidelectrolytes.Likethe fourcasesshowninTableII,

with most of the electrolytesused, a reversaiof signwas observedat a

temperaturea littleoverïo°C. Littledata on the effectof temperaturehas

been published. Coehnand Frankenobserveda reversaiof sign in the

potentialdifférenceat thecontactsurfacebetweenparaffinand water. They

found,however,that the paraffinbecamemorepositivethe higherthe tem-

perature.
The changeof the specifiechargeas the compositionof the electrolyte

is varied is shownin Table III. The various figuresas arrangedin this

table are self-explanatory,and are the averagesofmany runs. The final

valuesweretakenat leastthreeweeksand sometimesfour weeksafter the

membranesfirst touchedthe electrolytes. The valuesused for averaging

deviatedon eithersideofthe figuregivenabout 20percent as a maximum,

with the exceptionof thosefor the normalaoid,whichwere erratie. The

normalacid did, however,alwayscausethe membraneto be chargedposi-

tively at all températuresinvestigated.

TABLE III

EffectofCompositionof Electrolyteon SpecifieCharge

at ZéroPressureandat 25°C!t!
CompositionofElectrolyteinNorrnalities

HXO33 0.02 0.1 1.0 1.0 0.5 o.S

HgNO, 0.1 o.i o.rr o.t o.or 0.5

Specifie

Charge in -75 -40 -30 +3So? ~3S -"S S

microvolts

It is évidentthat varyingthe concentrationof theelectrolytewilldoubt-

less change somewhatits dielectricconstant. However, the effecton

the extent of adsorptionis the predominatingfactorhere. Thisis clearly

demonstratedin TableIII. In everyinstance,the higherthe concentration

of H+orHg+ions,themorepositiveor lessnegativeisthe membranecharge.

Whenhigh enough,the negativechargewhiohwouldbc on the collodion

due to the differenceof dielectricconstantsis overcomeand the sign re-

versed. This agrceswiththe resultsof other workerson manydifferent

materials.1

>Perrin;BnrtellandHocker;CoehnandFranken:loc.cit.
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The changingof the chargesovera periodof timeisshownin the curve

in Fig.3. Becauseof the rapidchanges,measurementssoonafterthe mem-

branefirsttouchedthe electrolytewerehard to make. Forthis reason,the

valuesgivenfor this periodare not veryaceurate,and the curvcsimply
showsthe generaltrend. In all cases,the chargeas measuredat the start

wasnegative. Thisis becausethe poresof the collodionmembraneare filled

with waterat first,and heneethe singleelectrodepotentialcommonto ail

the little mercurysurfacesin thèseporesis not nearlyso positiveas the

singleelectrodepotentialof the surfaceat the innerendof the tube K in

F»g.1.

Whenthe membranecomesinto contactwith the electrolyte,diffusion

beginsto equalizethecompositionofthc liquidin the poreswiththat of the

electrolytebelowthem. Becauseofthe fast movingH+ions,thereis set up
a boundarypotentialwhichis in oppositionto tbe firstmentionednegative
effect. Then, also,as the Hg+ionsdiffuseinto the pores,theydepositon

the mercurysurfacesand beginto equalizethe twomercury-surfacepoten-
tials. Soon,becauseof thèse two latter effects,the signof the apparent

chargeis reversed. Asthe acidconcentrationbecomesequalizedwithinand

withoutthe pores,the positiveboundarypotentialdecreases.Hence,the

curvesoonpassesthrougha maximum,beginsto fall,and soonagain goes

throughzero. Thc diffusionof the HgNO»will,ofcourse,tend to create a

boundarypotentialalso,but this effectis maskedby the largerone due to

thc rapidlymovingH+ion. It is the net boundarypotentialwhichhelps
to bringabout this temporaryreversaiin sign.
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When the net boundary potential almost cesses to exist, the ourve no

longercontinues to fall but passesthrough a minimum, and then rises again.

The original negative charge on the collodionmass due to the différence of

dielectricconstants, bas from the start been gradually reduced by adsorption

of positive ions. This negative charge has retarded the entrance of Hg+

ions into the poresand assisted the anions, because of the positive field due

to the positivelychargedliquid side of the double layer. Since this influence

is now decreasing,moreHg+ ions can now get into the porcs and deposit on

the mereury surfaces. Hence the difference between the charge on these

surfacesand that on the surfaceat the inner end of the tube K in Fig. i, is

steadily decreasing,and the curve rises towards zero, until equilibrium is

reached between the combinedeffects of the solution tension of mercury,

the electrostatie forceat the mercury/electrolyte contacts in the pores, and

the osmotic pressureof the Hg+ ions corresponding to the concentration of

HgNOs within the pores, whieh is modified by the electrical fields of the

double layers of the collodion/electrolytecontact, as described in the dis-

cussionof thé hypothesisabove. As the curve shows, over two weeks must

elapse after the membrane first touches the elcctrolyte before the specifie

charge becotws really constant. AUvalues given in the tables above were

read after the final equilibrium was reached and thc curve had become

practicttllyhorizontal.

As far as could be found, little similar data have been published showing

the effect of time on the membrane charge. As stated above, the actual

valuesof the specificchargeas read in this cell arenot the same as thé charges

existing on thc membranes. Thèse curves do, however, show qualitatively

thé effect of time on the actual mcnibninc charge. Thé effect of time on

boundary or diffusionpotentials has, of course, been observée! and recorded

before. Lewis and Rupcrt,1 in working with liquid junctions, found that

equilibrium wus established in twenty-four hours. They observed a maxi-

mum change in potential differenceof about 0.8 of a millivolt, without, of

course, any reversai in sign. Cumming and Gilchrist* in making observa-

tions on cotton woolboundaries for twenty-four hour periods, found dif-

fusion to bc practically complete in six hours. They recorded no reversai

in sign.
In using severalkinds of membranesat the boundary A in the following

chain

1.0X KCl/0.1 X HCl/1.0 N KCl

A B

with only the liquid junetion at B, they observed in most cases that the

potential of the chain fell steadily to zéro in twenty-six hours Lewis and

his students»using the "Sandfüllting" of Bjerrum1which was simply a layer

1 J.m. Chem.Hoc.,33,*99(19»>•
» Trons.FaradaySoc. 9, 174'i9'D-
Lewis,BrightonandSébastian:J. Am.Chem.Soc.,39,2245(1917).
Z.physik.Chem.,53,4*8(1905).
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of sandin whichthe twoliquidaof differentconcentrationsmet, foundat
first the surprisinglyhigh potentialdifferenceof 0.03 volt which-"fell
rapidlywithoutreachingany definitelimitingvalue."The comparatively
highinitialpotentialdifferenceandtherapidfallarcsinnlartoourownresults.

SimuuAry
i. An investigationof the DesCoudrescellwasmadeunder different

conditions.
2. The membranesusedin thiscellwerefoundto beapecificallyeharged

evenwhennopressurewasplaceduponthem.

3. As the resultof specifiecharges,the cellpotentialsas read did not
agréewith the valuescalculatedfromDesCoudres'equation.

4. It wasfoundthat withinthe limitsof experimentalerror, the cell
potentialswerethe algebraicsumof the speoifiechargesand the calculated
values.

5. The effectsof temperature,compositionofelectrolyte,nature of the
membrane,andthe periodof timeafterexposingthe membraneto the elec-
trolyte,on the spécifiechargeof membranesin a Des Coudrescell were
studied.

6. In a DesCoudrescell,it wasassumedthat the actualpotentialdif-
ferencebetweenthe membraneand electrolyteindirectlyaffected the
measuredpotential. This indirecteffect(thespecifiecharge)wasassumed
to bcdue to theactionoftheclcctricalfieldaroundthechargeddoublelayer
at the contactsurfaceof electrolyteand membrane.It wasassumedthat
the fieldof the liquidlayerpredominatedoverthefielddueto the chargeon
thécollodionmassandaidedoropposedthe osmoticpressurein its tendency
to causediffusionof the ionsintothepores. This,itwasassumed,makesthe
concentrationsof electrolytesin the poresofmembranesdifférentfromthat
in solutionsincontactwiththem. Therefore,the singleelectrodepotential
at the surfaceof mercuryin poreswillbe differentfromthat at an open
surface. Thecellpotentialswerereadbetweena numberof suchsurfaces
withinporesanda largeopensurfaceandthisdifferenceofpotentialexisting
at zeropressurewascalledthe "specificcharge."

7. If, in otherequilibria,the membranepotentialmeasurementswerr
madethroughthe massof the membraneinsteadofthroughholes,the spé-
cifiechargewouldbc morenearly,if notcxactly,thesameas the difference
betweenthe contactpotentialdifférencesonthe twosidesof the membrane.

8. It basbcenpointedout that the specifiechargesof the membranes
shouldbe takenintoconsiderationinmeasurementsofmembranepotentials.

The Chemical Laboratories of
TheOkio&tnltVhiversily,
Colitmbus,Ohio.



THE SORPTIONOFSULPHURDIOXIDE,CARBONDIOXIDE,

ANDNITROUSOXIDEBYACTIVATEDCARBON

BY D. 0. SHIEL8

Introduction

In viewofthe probabilitythat adsorptionor sorptionofa gasby a solid

adsorbentdependsvery largelyon the stray fieldof forceabout the mole-

cule,or in otherwordsonsecondaryvalenceforcesof the molecileof gas,

it was consideredadvisableto investigatethe adsorptionor sorption of

gaseswhichhavea verysimilarelectronieconfigurationand in whichthe

secondaryvalenceforces,as judgedby criticaltemperature,surfacetension

in liquidstate,etc.,areverysimilar. Thegasesselectedwerecarbondioxide

and nitrousoxide.

In additionthesorptionofsulphurdioxidewasmeasured,as thisgashas

a muchhighercriticaltemperature,and it was thought that a comparison

ofthesorptionisothermofthisgaswiththoseofthefirsttwogasesmentioned

wouldbe interesting.
Table1showssomeofthephysicalconstantsofthe gasesconeerned–

TABLEI

(; p_ C.T. Viscoàtyao'C:

N*O 75 3S-o°C 148X
10^

CO2 77 3i-2°C 148X10-*

SO« 78.9 ISS-4°C

Whenthis workwascommenced(November,1926)no otherworkhad

bccnpublishedin whichtheadsorptionofcarbondioxideand nitrousoxide

by activatedcharcoalhadbeencompared,althoughthis had beendonefor

theadsorptionofthèsegasesbysilicagel(secPatrick,PrestonandOwens.)'

Subsequentlyto the carryingout of the experimentalpart of this inves-

tigationGregg*has publisbedan extensiveinvestigationinto the heats of

adsorptionofcarbondioxide,nitrousoxide,sulphurdioxideandother gases

by activatedcharcoalin whiehthe isothermshavebeendetenninedas well

as the heatsofadsorption.

TheApparatusand MethodofExperiment

Thesewereverysimilarto thoseusedfor the sorptionof sulphurdioxide

by platinisedasbestos.

The activatedcarbonwascontainedin the glasscontainerC (Fig. 1),tho

volumeof whichwasdeterminedby weighingthe amountof waterit con-

tained.

J.Phys.Chem.,29,421(19*5)-
J.Chem.Soc.,1927,1494.
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This wasconnectée!by meansof the groundjoint and tap Ti with the

réservoirR, the volumeof whichbetweenTa,Ti was also determinedas

above.
To R wasattacheda mercurymanometerMiandMcLeodgaugeG.

Betweenthis part of the apparatusandthepart whichsuppliedthe re-

spectivegasesweretwodryingtubesDtand Drin seriescontainingMerck's

phosphoruspentoxide.

The wholeof the apparatuscouldbe evacuatedby the mercuryvapor
diffusionpump backedby waterpump.

The sulphurdioxidewaspreparedin sameway as in the case of the

platinisedasbestosexperiments.
Carbondioxidewaspreparedin a similarwaybut by usingMerck'spure

sodiumcarbonateinsteadof sodiumsulphite.
Nitrousoxidewaspreparedin the followingway. Crystalsof the pure

saitwereplacedinbulbB4whichwasthenfusedto the bulb BS. The whole

apparatuswas then evacuatedto lowpressure. A strong solutionof pure
ferroussulphatefromwhichtheoxygenand nitrogenhad been boiledout

undervacuumwasintroducedthroughTlt, allowingsome of the solution
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to remainabovethetap,soasto preventtheegressofany air to theapparatus.

Theapparatuswasfurtherevacuatedto very lowpressure. Thepump was

then shut off and the ammoniumnitrate gentlyheated to decomposition.

Theferroussulphateabsorbedany nitricoxideand a supplyof purenitrous

oxidewasobtainedinthe reservoirS. Thiswasin connectionwitha drying

tubeDacontainingMerck'sphosphoruspentoxide. The tube L waspacked

withsodalimeand wasusedto absorbsulphurdioxideas muchas possible

beforeusingthe pump,soas to preventas far as possiblecorrosionof the

iron mercuryvapourpump.
ActivatedCarbon

This wasobtainedfroma Germangas maskand wasgradedto 12-14

mesh. It wasextractedby repeatedboilingwithconcentratedhydrochloric

acid and subsequentwashingin boilingdistilledwater until the washings

showednotraceofchloridewhentestedwithsilvernitrate.

Theashcontentwasreducedby thismeansfrom12.9%to lessthan 0.1%.

The volumeof freespacein the containerwhenthe activatedcharcoal

waspresentwasdeterntinedin the followingway.
Thedensityoftheevacuatedcharcoalwasdeterminedby takinga known

weightandevacuatingit at 27o°Cto lowpressureand then allowingwater

at knowntempératureto enter the containerand completelyfill the free

space. Fromthe weightofwaterits volumecouldbe obtainedand,knowing

the total internaivolumeofthe container,the volumeof the evacuatedchar-

coalwasobtainedand henceits density.
Froma knowledgeof the weightof the evacuated charcoalused in an

adsorptionexperimentand its density its volumecould be calculatedand

hencethevolumeof thefreespacewiththe charcoalpresent in thecontainer.

MethodofDeterminingAdsorption

The charcoalwas firstof all evacuated,and heated, the detailsof the

processbeinggivenlater.
Afterevacuationof the charcoalthe furnacewas removedand a large

beakerplacedaroundC and the reservoirR to act as a thermostat. The

températureof the water in the thermostat was maintained constant to

±o.o.^Cbya gasthermo-regulatorandsmallstirrerdrivenbyelectricmotor.

Withtap Ti shut, the gasfor whiehthe isothermwas beingdetermined

wasallowedto enter lt to a convonientpressureandthen T2wasshut.

Afterallowingtimefor the gas to corneto températureequilibriumthe

pressurewasrendto o.orm.m.by meansofa travellingmicroscopemounted

on a thickglassplaterestingona solidwoodenfoundation.

Ti was then openedand the charcoalallowedto adsorb the gas. The

pressurewasreadat intcrvalsuntil it remainedconstant to within0.02m.m.

for ao minuteperiod.
Froma knowledgeof thevolumesofthe vesselC and the conhcctmgtube

up to Tap Ti, ofthe reservoirR fromTi to a markon the manometertube,

andof themanometertubepercm.length,the volumeofgasadsorbedcould

be readilycalculated.
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A similarprocesswasgonethroughfor thc desorptionexpérimenta,but

in thèsecasesthe vesselC containinga knownpressureofgaswasexposedto

the completelyevacuatedreservoirH and then thc equilibriumpressurein

C and R measured.

PreliminaryEvacuationofCharcoat

Thesorptionisothermof SO«was determinedfirst. The charcoalwas

evacuatedto 4 X io~*m.m.pressurein the cold, and then heating was

coimnenced.The evacuationat 27o-3oo°Cwascontinuedforonehour, at

F10.2

the endof whichthe pressurewas 1.6 X io~*m.m. The pumpwas left

runningduringthe cooling,the finalpressureat the end of a further half

hourbeing1.5X io-*ni.m.

Thecharcoalwasthenallowedto adsorbSOt,but therewasapparentlya

leak,andsothe evacuationwasrepeated.
After evacuation for 1hour I2 mins. at 300*0 the pressure was

ï X io-*m.m.

Adsorptionexpérimentawerecarriedout,andthen thedesorption.
C wasthenevacuatedat 25°for i hour.

In anotherhourthe amountofgasevolvedwas0:084ces.

The charcoalwas then heatcdto 27o°Cfor an hour and evacuatedto

1.3X io~*m.m. Thesecondadsorptionexperimentswerethencarried out.

(TableIlb).
Thecharcoalwasthenaccidentallyexposedfora fcwsecondsto a pressure

ofabout10cms.ofair. It wasthenevacuatedat 3oo°Cfor 1 hoursand for

1 3hourduringcoolingthefinalpressurebeing1.2X io~»m.m.
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TheexperimentswithCO»werethenoarriedout. The charcoalwasthen

evacuatedat 300*0for ii hours,the pressurefinallybeing1.3X i<r*m.m.

whilecharcoalwasstillhot.

TheexperimentswithN»Owerethencarriedout. The heatingwasdonc

by meansofa smallelectriefurnaceplacedaroundthecontainerC.

TheresultsaretabulatedinTableII.

TABLEII

Temperature 2s°C. Pressure in m.m.Hg « p. ces. at N.T.P.

per gram of charcoal«=q

p
SO,

q p
CO,

q P
N«°

1

(a) 2.39 4.467 8.86 1.33 3-26 0.52

4.12 7.36 26.04 3-32 l0-S& l-16

7.035 12.79 46.43 5-iS 28.62 417

10.7s 17-30 19-S7 a-93 44-8o 6.02

16.20 22.81 8.86 1.29 20.01 323

22.67 26.5o 4.39 o-64 10.00 MS

13.06 24.44 4.95 102

9.03 22.92 3-82 °s8

7.50 21.60 !•" ot4

6.32 20.47
4.00 16.16
2.93 12.98

(b) 0.385 1.349
2.67 4-171
4.90 7-l8i
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Discussion ?

Fromthe isothermsplottedin Fig.a it willbeobservedthat the amounts

adsorbedat any givenpressureare in the order of the respectiveCritical

Temperatures,and that in thecaseofCO8there ispractioallyno hysteresis,
thesorptionanddesorptioneurvespractieallycoinciding.

In the caseofNSOthereisdefinitethoughsmallhysteresis,whereasinthe

caseof SOjthehysteresisisverymarked.

1

Furthermorc,the isothermsforCO»and N*Overynearlycoincide,ashad

been anticipatcd.
If insteadof plottingp againstvolumeof gasadsorbedtheexpression

p/P is plottedagainstV, thevolumeof liquidadsorbed,wherep is theob-

servedequilibriumpressureduringadsorption,and P is thesaturationpres-
sureat 2 SOC,the curvesforCOjandN»Ocoincide. =

That forSO2howeverdoesnot comenearthe commoncurvefortheother

twogases.



I392
I). 0. 8HIELS

m._• • i* rt/\ V _lî. m«1 On 4 m! il.» nml AT siiïtl Vfi.fi t

In the caseof thoadsorptionof80*by silicagelPatrickand McGavack'

haveshownthat the plotoflogfcxr/P)againstlogV (where<j surfaceten-

sion)givesa straightline,the samecurvescrvingfor the adsorptionat all

températures.
'l'ABLJ';IIITablk III

p = Ëquilibriumpressureinm.ni,ofmercury.

q = ces.ofgasat X.T.P.pergramofcharcoal.

P « Saturationpressureat 25*0.

V = Volumeof liquidadsorbedpergrainofcharcoal.

<r « Surfacetensionofadsorbatein liquidstate.

D = Densityof liquidat 25°C,¿J or

p q p/P V P*/P

CO2 7 1 0.OJ140 .0S2807 .0435 D = 0.70

iS 2 0.0J301 .035614 .0475 P =49-8ooin.in.

23.8 3 0.0,478 .058421 .ojiio a =0.25 dynes/cm.

34.3 4 o.o»68«7 .01123 .0^72 (above at 25°C)

NjO 5.5 1 o.osii8 0.0J247 0.0,208 D = 0.796

13 2 0.0,275 o.Oj494 o.os484 P « 46.500 m-1"-

20 3 0.0,43 o.os74i o.o,7S7 ff = 1. 75dynes/cm.
28 4 0.0,60 0.0,988 o.Oïioô (aboveat 2S°C)

SO» 2.7 5 0.0470 0.01068 o.ojiôô D =» 1.369s

s.s 10 0.0,143 0.02137 0.0,338 P « 38.S00m.m.

g.o 15 0.0,234 0.0320s 0.0*553 «r = 23.6dynes/cm.
13.220 0.0,344 0.04274 o.oj8ii (aboveat 2S°C)

19.6 25 o.ossio 0.05342 0.0120

Log(p/P) LogV 1/* (P»/P)

COî 4.1462 3.4486 5 5443

4.4788 3-7493 5.8750

4.6794 3.9255 4-O7S7

4.8381 2.0424 4-2356

NSO 4.0726 3.3930 4-3i8o

4.4397 3.6940 46845

4.6334 3.8697 4.8787

4.7796 3-995 3.0250

S03 5.8470 2.0287 3-2Ï97

4.1552 2.3300 3.5282

4.3692 2.5060 3-742S

4.5362 3-9095

4.7080 2.7280 2.0806

J. Am.Chem.Soc.,42,946(1920).



SORPTION OF SULPHU» DJOXIDK BY ACT1VATKD CARBON 1393 ?

Log(p/P)againstlogVgivesstraightlines,thé curvesfor differenttom-

peraturesconvergingtowardsthe regionwherep/P « i.

Patrick,PrestonandOwenshavealsoshownthat in the adsorptionof

COt,NgO,bysilicagel log(p<r/P)plottedagainstlogVgives straightlines,

the Unesfor differenttempératuresbeingparallelto each other and those

for COsbeingparallelto thoseforNSO.

If, however,thevalueofa wascorrectedfor the influenceof theradiusof

ourvatureonthesurfacetensionit wasfoundthat the logV/(par/P)curvesfor

N»Oat o",20°,300coincided,andthoseforo°and ao°forCO*ooincidedwith

Fia.5

eachotherbut not withthosefor N20. Apparentlythe sampleof gelused

for the experimentswithCOtat o°and 200wasdifferentfrom that usedfor

N30, the watercontentsbeing1.28%and 1.38%respectivelyalthoughthe

authorsstatethat the endeavourwasto havethe same«impiesor portions
of the same«amplesusedthroughout. Theydo not make this pointquite
clear.

In calculatingthe valuesof p/P, V, p<r/Pthe valuesof V haye been

determinedfromthe weightsof the gasesadsorbedandthe densitiesof the

substancesin the liquidconditionat 25°C.
The densitiesof COSand N3Ohave beenobtainedfrom curvesdrawn

fromthe dataof Patrick,PrestonandOwens.

The valuesof P andof<rhavealsobeenobtainedin the samewayfrom

thcir data. Thevalueof<rforCOjat 2 s*Cissomewhatuncertain.

The densityof liquidSOjat 25°has beenobtainedfrom Lange'svalues =
in Landolt-Bornstein'sTabellen. The valueof P for SOïhas alsobeenob-

tainedfromLandolt-Bornstein'sTabellenandthe valueof orfor S02froma

curvedrawnfromdataof McGavackand Patrick.

TableIII givesthevaluesof thedifférentquantitiesmentioned.
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In the present investigation the p/P, V ourves for CO»and NSO coincide

exactly, therefore also the log (p/P), log V curves.

The fact that thé log(p/P), log V curve is a straight line indicates that the

isotherm may be representedby an equation of the form.

V « K(p/P)"n whieh is a modified form1of Freundlich's well-known

équation.
If the surfacetensionfactor be introduced as in the case of the investiga-

tions previously quoted the log V, log(p<r/P) curvesfor COI and N2O are

parallel straight lines and that for SO« is, over most of the range consid-

ered, a straight lineparallelto the other two curves.

The exact coincidenceof the log V, log(p/P) curves for carbon dioxideand

nitrous oxide, and the lack of such coincidence when the log V, log (per/P)

curves are plotted may indicate that the introduction of the surface tension

factor a is not warranted, or that the value used may be incorrect. The

latter possibility is very probable, sinee one would anticipate that these

two substances would have very nearly thé samc values for their surface

tensions, whereasthc valuesused are quite different. (Table III).

It is interesting to note that if the gases experimented with are arranged

in order accordingto the volumes adsorbed at any particular temperature,

the order is X,0, 00,, SO»for silica gel*and also for glass,3whereas in the

caseof activated charcoalit is 00», N20, SOS.

The values of K and i/n for carbon dioxideand nitrous oxide have been

determined from the curves. K is taken as the value of V when pcr/P = i.

The values for SO. have not been calculated since the curve is straight

over such a small range that extrapolation is not justified. These values are

eompared with those obtained for silica gel by Patrick, Preston and Owens.

TABLE IV

(;M Si[ica(M ('littreoul Silira (;p.1 1 /n Charcoal

OU. 0.145* 28.17 0.866* 0.909
o.~8t 0.898t

\:l.l 3.98 0. 8t) 1 0.875

· r. ,i ·.v .r·
Thfso Ytth)' (or silic'a 1(1,1arc nt (J'C.

Thèsevulm-sforsilicagelareat ()'("f ïlicsevaillesforailiearcIareat 2o°C.

It appears that the value of n is characteristic of thc gas whereas K de-

pends on thc nature of thé adsorbent.

Hysteresis

It willbcobservedthat in the caseof NSOand S02 the pressure correspond-

ing to a definite quantity of gas adsorbed is greater when the point is ap-

proached from a lower pressure than it is when approached from a higher

pressure. This phenomenonof hystérésis has been previously observed by

McCavac*amil'atrick,J. Am.Chem.Soc,42,946(1920).

Patrick,ProtonandOwens:.) l'bys.Chern.,29,411 1igtS).

BanghamandBurt Proc.Koy.Soc, 10SA,481(iga4)-
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a numberof investigators. ïhe explanationfrequentlygiven in the case

of the adsorptionofgasesis that it isdueto lesscondensiblegaseswhichare

turned out by the morestronglyadsorbcdgas, but apparentlyno attempt

bas beenmadeuntil recentlyto analysethe gas in contact with the solid

adsorbentto seeif it containsanygasotherthan that usedas the adsorbate.

In consideringhystérésisit is importantthat particularattention be givento

the conditionsofthe preliminaryevacuationof the adsorbentand its history

(luringexperimentalwork.

Richardson1has shownthat in the adsorptionofcarbondioxidebyacti-

vated cocoanutcharcoalhysteresisoccurs,but that the effectdisappears
at températuresabovess°C.

McGavackand Patrick,in theirworkon adsorptionof sulphurdioxide

hy silicagel, haveshownthat afterordinaryevacuationof the gel the ad-

sorptionisothcrmsshowedhysteresis,whereasif thegelwasallowedto stand

in contactwithsulphurdioxideovernight,then evacuated,and the process

rpppatedfour times,theprocessofadsorptionwasreversible.

Gregg2statesthat in the adsorptionof SOj,CO!(N2Oandothergasesby
chnrcoalhystérésiswasdue to thepresenceof non-condensiblegasesin the

systetn. Whenthegasto beadsorbedwasliquificdandthen distilledinhigh

vacuum,and whenthe charcoalwasthoroughlyevacuatedthe sorptionand

droorptioncurvescouldbe madeto agree.However,a carefulexamination

of their tabulatedresultsshowsthat hysteresiswaspresent in the caseof

nitrous oxideand sulphurdioxideat 40-35°Cevenwhen the gaseswere

carefullypurifiedas above.
It appearedfromthe experimentalhistory of the charcoalused in the

author'swork,andthe incidenceofhystérésis,that the phenomenondidnot

1.1.Am.Chcm.Soc.,42,946(1920).
2.).('liem.Soc.,1927,1494.
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dependmerelyonthe presenceof "foreign"gasesin theadsorbent. TableV

mayindicatethis moreclearly.

TABLEV

Critical Temperature of

Adsorbate Temperature Hysteresis Kxperiment

COt 3i.2°C None 2$°C

NsO 3S-o Slight

SOt iss -4 Large

Theorderinwhichthegaseswereusedwas SOS)SOS,N»O.

The historyof the charcoalshowsthat it was"washedout" oncewith

SO»and then the first adsorptioncurveand the desorptioncurve werede-

termincd. The secondadsorptioncurvewas then obtained. Only three

pointsweredeterminedon this; they lievery nearlyon the first adsorption

curveand showno indicationof any tendency to approachclosorto the

desorptioncurve,as wouldbe the caseif less condensiblegases werebeing

removed.

The charcoalwasthen accidentallyexposedto a pressureof 10 cms.of

air fora fewseconds.Theamountofairadsorbedat 10cms.pressurewould

probablybe of the orderof 0.7-0.8ces.per gramof charcoal. The weight

of charcoalbeingo.65gramthis wouldgive about0.5 ces.of gas adsorbed.

Thiswouldapplyin the caseof freshcharcoalexposedto air. In the present

casesulphurdioxidewaspresentto a pressureof severalmillimetres,andthe

quantityof air adsorbedwouldprobablybe lessthan the above estimate.

Thecharcoalwasthenevacuatedat 3<x>°Cfor 1 hoursandthen the carbon

dioxideexperimentsweredone. At theconclusionof the desorptionexperi-

mentsthe charcoalwasagainevacuatedat 3oo°Cfor 1$ hours and then

the experimentswith nitrousoxidewerecarried out.

In orderto test whetherthe hysteresiswas dueto the libérationfromthe

charcoalof lessreadilycondensiblegasesowingto the adsorptionof sulphur

dioxidea freshportionofthesamesampleof charcoalwastaken and exposed

to sulphurdioxidein the apparatus'shownin Fig.3.

Thecharcoalwasevacuatedwhilecoldto i X io~sm.m.and then heated

to 2oo'Cand evacuatedduringonehour at this temperature. The final

pressureat roomtempératurewas 2 X x<r*m.m. The températureused

waslowerthan that previouslyusedand the evacuationmight thus be ex-

pected to be lesscomplote.
It wasthenexposedto a pressureof4 cms. ofpuredry sulphur dioxide.

Afterstandingin contactwith the charcoalat roomtemperature for 1/2

houra sampleofthe gaswhichthen hada pressureof 0.7cms. waspumped

offinto theburetteB. Thewholeofthisapparatusup to Ts had alsobeen

previouslyevacuatedto 9 X io~»m.m. The absorbingvesselC wasfilled

withan aqueoussolutionof iodineinpotassiumiodide.

>I.o\v:J. Soc.Chem.Ind.,41,I (I9«)-



SORPTION OF BULPHUR DIOXIDE BY ACTIVATED CARBON 1397

Bv misinethe merouryin B the gaswaspumpedvia the three-waytapsBy raisingthe merouryin B the gaswaspumpedvia thé three-waytaps

Tt and Ta intoC. Absorptionof the gaswaspractioallycomplete,only a

minutetrace of gasbeingunabsorbed.

Theliquidin C wasoriginallyinequilibriumwiththe oxygenandnitrogen

andcarbondioxidein the air.

Asswningthat theoxygenandnitrogenadsorbedby the ebareoalwhen j
incontactwithair areadsorbedin thosameproportionsas they existin air,

and that the traceswhichmightbe lefton the charcoalafter heatingand

evacuation,and whiehmightsubsequentlybe displacedby sulphurdioxide

duringadsorptionof the latter wouldalsobe in the Bameratio, adjustment
of the levelof the mercuryin Bensuredthat thisconditionheldat the con-

elusionofthe adsorptionof thesulphurdioxidein the absorbingliquid.
Theresult showedthat in all probabilityif any less condensiblegas or

gasesweretumed out fromthe charcoalby the adsorbedsulphurdioxide

ncithcroxygenor nitrogenwereconoemed. L

Owingto the highsolubilityof carbondioxidein water the possibility

remaincdthat carbondioxideoccurredin the sulphurdioxideafterexposure

to the charcoal,but wasdissolvedin theabsorbingliquid. j

There was no opportunityto makea thoroughinvestigationon this

questionof hysteresis.

Summary '•=

Theadsorptionofcarbondioxide,nitrousoxide,and sulphurdioxideby s

(iermanactivatedgas-maskcharcoalat 2S°Chas been determinedfrom o

to 40m.m.pressureforthe firsttwogases,andfromo to 22 m.m.pressure

forthe last.
Theadsorptionprocessis reversibleinthecaseofcarbondioxide.

In thecasesofnitrousoxideand sulphurdioxidehysteresisoccurs.

ThelogV,logp/P curvesforcarbondioxideandnitrousoxidecoincide.

Thelog V, logpor/Pcurvesfor the firsttwogasesare parallelstraight

lines,that forsulphurdioxidebeingstraightforpartof the rangeconsidered

andparallelto the othertwo.

Theadsorptionofnitrousoxideandcarbondioxidemay be represented

by Patrick'sequationV = K(p/P)l/n.
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THE ADSORPTIOXOKMKRCURYVAPOURBYACTIVATED

CHARCOAL

BY D. 0. 8HIELS

Introduction

Apparentlylittle workhas been donc on the adsorption of mercury

vapourbyactivatedcharcoal,althoughit is of thefirst importanceto know

whethercharcoaldoesadsorbmercuryvapouror not, as it is usual inexperi-

mentson the adsorptionof gasesor vapoursto measurethe pressureby

meansof mercurymanometers,and to use McLeodgaugescontainingmer-

curyforthemeasurementof thepressureduringevacuationof the charcoals

previousto adsorption.

Apparentlyit hasusuallybeenassumedthat at ordinaryroomtempera-

ture theadsorptionwouldbeveryslightowingto the verylow (o.ooim.in.)

vapourpressureofmercuryat this temperature.

RecentlyZelinskyandRakusin1havecarriedoutexperimentswhichappear

to showdefiniteadsorptionofmercuryvapourby activatedbirchwoodchar-

coal.

Anincreaseofweightequivalentto 5.63%of thé weightof the charcoal

was obtainedby exposingit to mercuryvapour at ordinarytempérature.

Anincreaseequivalentta 4.65%of theweightof the charcoalstill remained

afterexposureto an atmospherefrcefrommercuryvapour.

Theirmethodwastoexposethe charcoalin a dishto the vapourofmer-

curyat roomtempérature,the dishcontainingthe charcoaland a dishcon-

tainingmercurybeingkeptina desiccatorwithoutanydryingagent.

As considerableexperimentalworkin adsorptionof gases and vapours

had shownno evidenceof the adsorptionof mercuryby activated charcoal

exceptin the slightesttraces,and as the methodadopted by the above

authorsis opento the objectionthat blankexperimentswerenot doneand

the carbonmaynot havebeenin equilibriumwiththe watervapourin the

atmosphere,it wasdecidedto carryout experimentsin a vacuum. While

this workwasinprogress(August1927)a paperby Coolidge'appeared,in

whichhe showedthat theadsorptionofmercuryvapourby activatedchar-

coalwasveryslightat roomtempérature(0.3mgr.pergram of charcoalat

20°C).
ExperimentalDétails

Thecharcoalwasa Germangas-maskcharcoalwhichhad beenextracted

withconcentratedhydrochloricacid,andthen washedacid free. It had an

ashcontentof lessthan0.1%.

Ber.,S»,2072(1926).
>J.Am.Chem.Soc,49,1949(1927)-).
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It wascontainedina glassvesselChavinga goodvacuumtap, and could

\k attachedby meansofa groundjoint to a bulbcontainingmeroury,phos-

phoniMpentoxidedryingtubes, McLeodgaugeand mercuryvapourpumps.
Thecharcoalwasevacuatedto 6.7X îo"4m.m.whilecoldand then the

températurewasraisedto 4oo*C. The evacuationwas continuedfor r$
lioursat this températureand thenthecharcoalwasallowedto cooloff with =

tlic pumpsrunning.
Thefinalpressureat îoo'C was6.7X io~*m.m.Thecontainerwas then j

.«luitoff,detachedandweighed. The lubricantwascarefullycleanedfrom

thesideann of the containerwhichhadbeeninsertedinto the groundjoint, i

and the externalsurfaceof the wholovesselelcanedwithalcohol,ether, and

thenwipedwitha dampcleaneloth.

(VI•

Weighingwasdoncagainsta glasscounter-poiseofsameexternatvolume

andnearlysamesurfacearea. It receivedexactly the same treatment in

cleaningwiththe exceptionof washingoffthe grease.

Weighingswerecorrectto 0.00003grams.
C wasthenre-attachedto theapparatus,and the part betweenToand Tj

evacuatedto 3 X io"6m.m.

Thispartoftheapparatuswasthenshutofffront the pumpsand the tap

Tcopened,and the charcoalleft in contactwith the mercuryvapour for

13hours. It wasthendetachedand weighed.
Asimilarprocesswascarriedoutwitha furtherintervalof 43hours.

Table1showsthe resultsobtained:–

TABLEI

Weightofcharcoal,evacuated= 0.9508grms.

Time IncteaseinWeight

ohours 0.00000grms.

13
y 0.00011

56 0.00020

TheaboveresultaconfirmthoscofCoolidgesofar as the orderofmagnitude

isconcemed,but are onlyabout 1/230of thoseobtained by Zelinskyand

Hakusinwhoseexperimentswerecarriedout in sucha way that air had ac-

cessto thecharcoal.It wouldthereforehavecontainedabout 1 ofadsorbed
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air,partlynitrogenand partlyoxygen. It was thoughtthat possiblyintheir

casetherehadoccurredan oxidationofthe adsorbedmereuryvapourbythe

previouslyadsorbedoxygen.
Theextremelylowvapourpressureofthe resultingmereurieoxidemight

accountfor the retentionof an increaseequal to 4% of the weightof the

charcoalwhenit wasexposedto an atmosphèrefreefrommercury. 1

In orderto test this hypothesisin sueha wayas to eliminateany uncer-

taintydueto watervapourthe followingmethod wasadopted. ?

Afterattachingthe containerC containingthe same lot of charcoalto

thegroundjointthe tap Tiwasopenedthroughto the PSOStube andtheair

whichhadbeenatatmosphericpressurebetweenTBandTj allowedtoexpand
t

intothe largervolume. The resultingpressurewasabout 8 m.m. Thisair

wasallowedto standfor 21hours in contactwith PjOs. T. wasthen opened

andthecharcoalexposedto this lowpressureofdry air for 1 hours. It was

thenevaeuatcdin the coldto 3 X 106m.m.and then removedand weighed.

It mighthavebeenmoresuitableforthe purposeproposedto havethe
charcoalexposedto a constantpressureofdry air nearatmosphericthrough-

out,but theapparatuswasnotadaptedforsucha method. Thiswouldhavo

givena greaterquantityof adsorbedoxygenon the charcoal.

ThecontainerC wasthenre-attachedto the apparatus,thepart between

T. andTt evacuatedto 1.6 X io~*m.m., and then T. wasopened;after

standing18Jhoursat roomtempératureit was removedandweighed.

Thesameprocesswasgonethroughagainwitha 46Jhoursinterval.

Time IncreoseinWeight

o hours 0.0000

18$ 0.0000s
65 0.00020
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The aboveresultsareplottedin Fig. 2. Admittedlythe resultsarc hardly
iiumerousenoughto establishany oxidativeinfluence,but they do show

tbat anyadsorptionofmercuryvapourby evacuatedcharcoalisvery small.

Thereappearsto beaprobabilitythat there issomeslighteffectofoxidation.

It wasdecidedto repeatthe experimentsofZelinskyand Rakusinwith

the additionofblankexperiments.

Samplesof the sainekindof charcoalwerecontainedin weighingbottles

havingsamevolumein orderto minimisethe effecton their relativeweights
ofanychangesin températureorpressureoftheaircontainedtherein.

The charcoalhadstoodfor about g monthsin a glassstopperedbottle

after beingdriedat no°C.
The weighingbottlescontainingthe charcoalwereweighedagainst a

oountfrpoiseofsamevolumeto withini ce. andnearlysameweight. l
Onewasplacedwiththeeounterpoisein a cleanemptydesiccator,the lid

<>fthé weighingbottlebeingplacedbesideit, that of the counterpoisebeing

grensedandplacedinpositionthusensuringthat the air containedin it was

constantinweight.
Theotherwasplacedina similardesiccatorin whiehwasa shallowdish =

containingpuremercurywhichhad been driedby running through filter =

paper. ThelidsofbothdesiccatorswerelubricatedwithRamsaygrease.
Previousto weighingthe lidsof the desiccatorswereremoved,the lids

placedin theweighingbottleswhichwerethenremoved,and the desiccator

lidsreplaced,the wholeoperationbeingcarriedoutasquicklyaspossible.
TableII showsthe increasein weightof the two weighingbottles and

contentsovera periodofsomedays.

Table II

No 2 No. 3
Wt. Charcoal = 1.0459grtns. 1.0092grms.

Exposedto mercuryvapour Not exposedto mercury

vapour

lncreasepergram Increasopergram
Date of charcoal ofchârcoal

26thAugt. o.oooo 0.0000
27th 0.00488 0.00342
2Qth 0.00523 0.00560
3oth 0.00649 0.00633
32st 0.00209 0.00211
ist Sept. 0.00217 0.00215
2nd 0.00301 0.00308

Total: 0.02387 0.02269 J

l'bis gives an increaseper gram of 0.00118gm. (=0.12%) more in the s

case of the charcoalexposedto mercury vapour than in the case of that not 1

.soexposed. i
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Theaboveexperimentis opento thc objectionthat the charcoalsmight
be adsorbingvapoursfromthé lubricant. A similarexperimentwasthere-

foreearriedout usingdesiccatorswhoselids werenot lubricated. Twofresh

samplesof the samekindof charcoalwcreused.

Table III

Wt. charcoal= 1.00345 1.00210

Date JnereascinWeight IncreaseinWeight

Sept. 3rd o.oooo o.oooo

i4th 0.20650 0.21356

Mercurythen placedin desiccatorwith No. 2

Septuth
to Octr. 13U1 0.00925 0.01513 31

f

Theexcessof increaseofweightofthecharcoalXo.3overthat of thecharcoal °

No. a was0.00706gms.for 11dayinterval. 1

AfterexposingNo.2to mercuryvapourtheexcessofthe increaseofNo.3

over that of No. 2 was0.00588gms. v
The différencemayhave been due to the fact that No. 2 wasadsorbing

mercuryvapouror to the fact that both charcoalswerecomingmorenearly
to equilibriumwiththe watervapourin the air. Bothcausesmightoperate

mmultaneously.It is not possibleto distinguishbetweenthem. It hasbeen

shown,however,that thémethodofZelinskyandRakusinisnot reliable.

Summary

The adsorptionof mercuryvapourby activatedcharcoalhasbeendeter-

minedat roomtempérature(i2-i4°C)in a vacuum.

Theweightadsorbedis of the orderof 0.2mgr.pergramof charcoal. ll

Experimentsweredoneto test the adsorptionofmercuryvapourbyaeti-

vated charcoalin presenceofair. No definiteindicationof suchadsorption à

wasfound. >:

CliemistryDepartment,
l'nicemtyofMelbourne, k
Feb.M,1929.
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PHOTO-VOLTAICCELLSWITH MLVEU-8ILVKRBHOMIDE

ELECTRODES. PARTII*

BY S. E. SHEPPABD, W. VAN8ELOW, AND V. C. HALL

In Part I1ofthisseries,the typesofphoto-cellausedweredescribed,and

thcgêneraior typicalphoto-potentialcurverelatingp. d. to timeofexposure.

Thiswasfoundto consistofan initialveryrapidnegativizationpassingover

intopositivization.
Evidencewasgiventhat thé positivizationof the illuminatedelectrode

withrespectto thedarkenedelectrodeis dueto brominereleasedfrombromide

ionsattacking the silver. The action of bromineacceptorsin delayingor

.suspendingthe positivizationconfirmathis. On the otherhand, the initial

negativizationwasascribedto the simultaneousreleaseof electrons,some

of whichescapedcombinationwithsilverions,but reachedthe silverélec-

trode, thus increasingthe clectron pressurein the metal. To test this

hypothesis,it wasnecessaryto analysemorepreciselythe responseof the

cellwithinthe firstsecondofexposureto light.
Apotentiometerandgalvanometersystemby virtue ofits slowoperation

is inadequatefor the studyof this negativephenomenonbecauseby the

suddendeflectionof the galvanometerat the bcginningof the illumination

periodit merelyindicatesthat theredoesexista negativeeffect. Thevacuum-

tubevoltmeter1wasconstructedto studythechangesofthe photo-potentials

duringthe firstminuteofillumination. Throughuseof the apparatusit was

soonevident that evena morerapid meansof measurementthan the low-

periodmicroammetérmust be used in pursuingthe investigationof this

negativizationprocessof the photovoltaiccell.

Recordsof the changesin the photo-potentialdifférencesbetweenthe

twoelectrodestakingplaceduringthe firstsecondof the illuminationperiod

wcremadeby meansofa GeneralElectricoscillographusedin conjunetion
witha low-frequencyamplifier. This systemwas employedin obtaining
data herein presented.

Apparatusand MethodofProcédure

The photo-voltaiccell'consistedof twosilver-silver bromideélectrodes

immcrscdin an clectrolyto. The cell wasa large doubleU-tubehavinga

quartzwindowfor illuminationofthe electrode. The methodof preparation
oftheelectrodeshas beendescribedin détailin Parti. In shortthe electrode

wasa silverdisk 10mm. in diameterandapproximatelya mm.thick. A

layerof silverbromide0.0004mm. thick wasfonned clectrochemicallyon

this silverdisk. Thenatureof the photo-cellclectrolytewillbe described

CommunicationNo.363fromthéKodakResearchLaboratories.
1l'artI, publishedJ.Phys.Chem.,33,331(1929).
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in turnfor the variousexperiments.Oneof the électrodesin the photo-cell
waskept in darknesswhilethe otherone wasexposedto the radiationsof

the quartzmercuryvaporarc,whiehpassedthrougha watercellwithquartz
windows.The layerof waterwas10mm. in thickness. In additionthere

wasa tomm.layerof the photo-cellelectrolytethroughwhichtheradiations

had to traverseto reach the électrode.A a-i/» per cent copperchloride*

solutionwasusedas a filterfor infra-red,havinga transmissionof about

onepercentat i.nnju- Thissolutionwasusedinsomeexperimentsto ascer-

tain the influenceofthe shorterinfra-redradiationsuponthe negativization

process. Inasmuchas whateverinfra-redradiationsreachingtheelectrode

in absenceof the copperchlorideinfra-redfilterhadapparentlynoinfluence

uponthenégativeeffcet,this copperchloridesolutionwasnot used. Thearc

was2ocm.distant fromthe electrodeand operatedwitha fallofpotential
of i sovoltsacrossits terrninals.The two electrodesof the photo-cellwere {

connectedto the input terminaisof a four-stage,lowfrequencyamplifier e
leadingto a GeneralElectricoscillograph.

Amplifier-OscillographSystem

The circuitof a conventionalfour-stageresistancecoupledamplifieris u

shownschematicallyin Fig. i. ~I

Fia.i

The photo-voltaiccell whoserésistanceis approximatelyone-thousand
ohmsisconnectedacrossthe gridandthe negativefilamentof the firsttube.

Inasmuchas there existsa nearlyzerodiffereneeofpotential betweenthe

electrodesbeforeillumination,thereis no troubledueto changinggridbias
onthefirsttubeandthe lowinputresistancetends to stabilizetheamplifier.
Thevariouspartsofthe amplifierareclearlydesignatedinFig. i.

Inasmuchas the amplifierwasvery sensitiveto externalelcctro-static

disturbances,it wasshieldedbytwocases,oneofcopperand theotheriron.

Cobkntz:Bull.Bur.Standards,1,657(191<).

r

(
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The leadsfromthe photo-cellto the amplifierwere rather longand were

eoatedwitha leadcovering. This leadcoveringand the amplifiershields

weregrounded. At timeswhena high-resistantphoto-cellelectrolytewas

employeda 6o-cyclepick-upwasevidentin the oseillogramin spite of the

shielding.
Thisamplifierwasused in connectionwith a GeneralElectricoscillo-

graph. An S. V., high-sensitivityvibratorof the oscillogrephwas con-

nectedacrossthe output terminaisof the amplifier.Anordinarylow-sensi-

tivityvibratorof theoscillographwasconnectedto a 6o-cydecurrent and

thusemployedasatimer.

Thecalibrationof the amplifier-oscillographby a potentiometeris shown

in Fig. 2. The conditionsof the amplifiercircuitwereas follows:–Four-

AMPLIFIERINPUTCIRCUIT

stageamplification,withthrceCecoJ-71tubesin the output. "C voltage

on powerstagewas40.3;and "B" voltagewas180on alltubes. Fieldcur-

rentin theoseillographwas0.35ampère.
Theswitch(S)wasclosedsuddenlyandleftclosed,thusapplyinga po-

tentialchargeonthegridofthefirsttube. Thistravelsthroughthe amplifier
asa surgesimilarto that causedby the illuminationof thephoto-cell. The

curvethus obtainedis that of the decayof charge throughthe amplifier

and maybo expressedas effectivemillivoltsdifférenceof potential at the

input. Thedifferencebetweenthis curveandthat obtainedexperimentaUy

by useofthe photo-cellgivesa measureofthe amountofvoltagecausedby
thephoto-cellat any time. Thé dropinvoltagein the photo-cellwhenil-

luminatedis not usuallysosteepas in thecasewith the potentiometer;and

furtherbecausethe potentialrisesto zerofaster than the calibrationcurve
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for the Bamemillivoltsinput,the illurninatedélectrodedoes not romainat

themaximumnegativepotentialanygreatlengthoftime.

Both the lowand the high-sensitivityvibratorsof the oseillographwere

calibrated. The low-sensitivityvibratorwas calibratedwith its defleetions

awayfromthe titnerwhichis the6o-cyclecurveat the bottomof theoscillo-
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grain whilethe high-sensitivityvibrator'scalibrationwas conductedwith
its détectionstowardsthe timer. The latter vibratorwasusedalmosten-

tirelyforphoto-potentialnieaaurement».Aftertheoscillogramsweremadeof
asériesofvoltagesettingsofthepotcntiometer,the connectionswerechanged
over to the vacuumtube voltineter1and the actual millivoltsdetermined
fromthe calibrationdata forthe vacuumtubevoltmeter. Fig.3 showsthe
actualcurveobtainedwith the low-sensitivityvibrator for an input of 33
millivolts.The 6o-cycletimewaveis shownat the bottomof the oseillo-

gram. Fig. 4 showsthe calibrationcurvesof the low and high-sensitivity
vibratorsusedin connectionwiththe 4-stageamplifier.

Experimental

Investigationsof variousphasesof the photo-voltaicphenomenonhave
bi>onstartedusingtheamplifier-oseillograph.Amongthesearethefollowing:
Svensson-Becquereleffect,ageofelectrode,halogcnacceptors,electrolytes,
amiintemitteneyof illumination.

AbsenceofSvensson-BecquerelEffect

The Svensson-Becquereleffectis the appearanceof a photo-potential
whenthe électrodesof a photo-ccllare kept in darknessbut the electrolyte,
is illuminatcd.3'1Theimportantfeatureto bearin mind,of theexperiments
conductedby Lifschitzand Hooghaudtand by Svensson,is that when the

platinumelectrode,a non-reversible,polarizingelectrode,is usedthe Svens.

son-Becquereleffectis observed;but if a reversible,unpolarizableelectrode
isused,nosucheffectisobservcd.

Therearosethe questionin connectionwiththis workwhenpotassium
hminidosolutionswereusedforthephoto-cellelectrolytewhetherornot any
photopotentialswerebeingcreatedby the illuminationof the electrolyte.

A fewexperimentswereconductedusingelectrodeshavinga layer of
silvcrbromide0.0004nitn.in thicknessimmersedinelectrolytesofthephoto-
ccll. Thefollowingelectrolyteswereused:1 –, 0.1–,0.00001– and0.000001
normalpotassiumbromidesoultionseachhavingbeensaturatedwithrespect
tusilvcrbromide.Theelectrolyteswerekeptindarknessbut theelectrolyte
wasilluminatedusingthe emissionspectrumof the quartz mercuryvapor
arc. (Jscillogromsof theseexperimentsshowedthat there wasnoSvensson-

linqucrelcffeclinftuencingtheresultsof thistypeof pholo-voltaiccell.

AgeofElectrodes

The questionaroseas to whatinfluenceuponthe photo-potentialsthe

âgeof the electrodeshad. Agemaybe interpretedhereas beingthe timc

elapsingbetweenthe electrochemicalformationof the silverbromidelayer
undthe useof the elcctrodesin thephoto-potcntialmeasurements.Several

experimentswere conductedin order to detemiinethe magnitudeof the
différencesifany. Theresultsindicatethat thereare somesmalldifférences.

Svensson:Arkiv.Kemi.,7,19(1919);Diss.l'psala,Swcden. i
1LifschitïandHoogliaudt:Z.pliysik.Cbcm.,128,87(1927).

I
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Foreachdifferentagethe resuttsofa numberofexperimentswereaveraged.

The thicknessof the silverbromidelayer onthe electrodeswas0.0004Mtn.

The completeémissionspectrumof the quartz mercuryvaporarcwasem-

ployed. Thephoto-cellelectrolytein these experimentsin "aging"wasin

all casesa tenthnormalpotassiumbromidesaturatedwith respectto silver

bromide.

Table1 givesa summaryof the experimentalresults of twenty-thrce

experiments.

TABLElI

i. n. III.

Maximum DitfeMoee Timo reomre<tto

of Potential (Initial reach thMMaximum

XegativeDrop) Differenceof Potential
Ageof

Curve Eleetrodes Vo'ta Seconds

i 2 minutes 0.0113 o.o?

30 minutes -o!39 '~55

3 4 hours .0161 .o6ï

4 24hours .01'5 .06

5 ydays -o~o .064

6 Sdays -o"6 aoays f

ColumnII showsthe maximumdiffcrenceof potcntM or the drop in

potentialas thc oneelectrodeia illuminatedand the other onekept dark.

Thisvalueincreasesfromthé a-minuteto at least the 4-houragingperiod.
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It it<posxibiethat duringthat time someof the brouinewhichwasforme<t
(iuringthe etectrochctnicafformationof timsilverbromideis beingrcmoved
bythemediuminwhichtheélectrodesarestandingduringthe "aging" time,
or by diffuniontu the 6itveretectrode. It willbe reca!!ed'that it has been
showntitat brotnincproducesa positivephoto-potcntia!and if there shoutd
hcMobromincpresentthénegativephoto-potcntialianot somuchcurtaiied.
However,it willbenoticedat the i-day âge the negntivephoto-potentiat
isnotsogreatasuttite~-hourâge. It MpoKsiMethat thercthesilverbromidc
is inthe processofchfHtgingits crystallinestructure. At the ageof sevenor

ficht days the negativephoto-potentialbas increased. The impurities,as

hydrobromicacidand bromine,may havebeen fairlywellwashedout of
tbcetectrodeandanycrystallinetransformationcompletedbythistime.

In allcasesthetimerequiredfor this negativephoto-potentia!to reachits
maximumvalueis approximatelythe same,i.e., about 0.06second, as is
shownin Fig.s.

Fig. 5 includessixpotentialdifferenec–timecurveswhichare each par-
tiidtytabulatedin TableI. Each curverepresentsan averageof several
oscillograms.Fig.6 isa typicaloseillogram.

HalogenAcceptance

If there is presentin the photo-cçlle!ectrolyte,a substanceabsorbing
brominerapidly(t.e.,ahalogenacceptor),thisinitialnegativephoto-potential
is more pronouncedand prolonged. Acetonesemicarbasoneis such an
accepter.

Fig. 7 showstwocurves,comparingthe averagesof scvera!osciUograms
of the potentialdifférence–timecurvcswhenacétone semicarbazoneis
present(2) in a 0.1Mconcentrationin the photo-ce!!electrolytcof o.oooot
normalpotassiumbromidesolutionsaturatcdwithrespectto silverbromide,
withthe curve(t) whennoacetonesemicarbazoneispresent.

The timenecessaryforthé negativephoto-potentia!to reacha maximum
va!ucis greaterwiththehalogenaeceptorthan withoutthe acceptor. The
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negativeeffectis atso morepronounced. The curvesshowthat whenthe

bromineis withheldby thehalogenacceptorfrom the silverbackingof the

electrode,the negativephoto-potentialeffectis protonged.

Photo-cell Electrolytes

In another group of experiments the photo-cell etectrolyte was changcd,

keepingthe other controllablefactors of the system constant. Thé silver
bromideon the electrode was0.0004 mtn. thic):. One etectrodewas exposed
to the complete émission spectrum of the arc while the other electrode was

kept in darkness.

The three electrolytes used, silver sulfate, silver nitrate, and potassium

bromide, were each saturated with respect to silver bromide.

The averaged results of eighteen expcriments arc tabulated in Table Il.

TABLEIITABLEII

I. IL !H.
:MaximumDifference Timerequiredto
of PotentM (Initial reachth)s Maximum

Photo-ceUEteetrolyte NégativeDrop) DiNefeneeof Potential

(SatUMtedwith AgBr) (Volts) (Seconds)

o.iN–KBr o.ot~ô 0.06

o. N AgNO) .0265 ,11I

Ag!SO< .0:47 p -os

(water saturated)

The maximumnegativephoto-potentialsfor the electrolytesof silver

nitrateand silversulfateareconsiderablygreater than thoseforpotassium
bromide.
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In anothersériesof experimentsthe followingelectrolyteswereused:

0.02normalsolutionsofpotassiumbromide,silvernitrate,silversulfate,and

sitveracetateeachsaturatedwithrespectto silverbromide.

TABLE III
Maximum

Etectrode Difference
ttlutntMted of Time required

Photo-ecU by Potential to reach this

Electrolyte Radiation (Initial Maximum

(Saturated of Negative Dmereaceof

with AgBr) MercuryArc Drop) Potential

(Volts) (Seconds)

0.02 N KBr Complete 0.0091 o.or6

Spectrum

3650!~ .0025 .o66

.02 N – AgNO; Complete .o:6s .022

Spectrum

~ôsm~t .0140 -i66

.02 N Agi80< Complete .0218 .022

Spectrum

36stn~ -ota2 .T29

.02 N AgOOCCH, Complete .0278 .013

Speetrum

36sm<t .0149 .H3

Fig.8containsfourcurveswhiehare typicalreproductionsofosoiHogmms.

Whcnradiationsof the completeémissionspectrumof thé mercuryarc

are uscd,the maximumnegativephoto-enectis attainedmore rapidlythan
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whennitcrcdradiationis emptoyed. Comparecurvest with3 and2 with4
of Fig.8. It willalsobe observedthat thé négativeefïectfor thccontptcte
speetrumis not muchmorethan twicethat for thé jo~m~tlinealone. TMs

wouldindicatethat thé 365~~ line is as élective as ail thé rcmainingab-
surbedradiationstogether. This tuay not necessarilyhold,espcciaUyfor
thc reasonthat thc individualciïpctsmaynot be additivebothwithrcsppct
to intensityanditpced.Kodata areavailableat présenteoneemingantaKo-
nistic radiationsfor this particutar systcni. Further investigationsusing
monochromaticradiationsand a still moresensitiveindicatoror rccordcr
arc nowinprogress.

The resuttsfor the three silversaltsare pretty tnuchthé saine. AHof

thPtHarcRrfatcrthan Llmtfor potassiumbromide. Aecordingto W.Frank-

cnburgcr~whcnsilverbrotnidcis immerscdundcra solutionofsilvernitrate,
its ~pcctratsensitivityis increasedto beyondôzon~tandpossiblyinto the

infra-rcd. On the otherhand, if the silverbronudcis undcra solutionof

potassiumbromidc(acidified),the spectralsensitivityrégionis betwcen435
and4:ontjt<.Theadsorptionof ionsontheoutersurfaceofthesilverbronide

is responsibleforits changingsensitivity.*

In the present casethe spectral data arc insufficientto establishthc

charactcrof the scnsitizingeffectof silverionsfor thénegativephoto-effect.
But the fact that a gréâtincreasewasshownwithsilversalts,as cotnparcd
withpotassiumbromideat 36sm~,indicatesthat a largepart of theireiïect

hereis dueto halogenacceptance. Whetherany extensionofspectralsen-

sitmty is shownwillbebroughtout in !aterworkonwave-jcngthfactors.

Intermittency

Thestudyof intermittencyofilluminationis possiblewiththisapparatus.
Thesilvcrbromidelayerin the electrodewas0.0004mm.in thickness. The

photo-cellelectrolytewaso.oa normalsilvernitrate saturatedwith silver

bromide. The completeémissionspectrumof the mercuryarc wasused to

ittuminatethe electrode. Intermittent exposurcswerecausedby a sector
wheel. Fig. 9 showsthree curves for different frequenciesof exposures.
Curvet representscontinuousillumination,For curvesand 3 theportions
betweenE and D arepcriodsof illuminationwhileforportionsbctwccnD

and E bothélectrodeswerein darkness.

Two conclusionsappear possiblefrom these observations.First, the

intermittentexposureresults,as indeedall the data withthe oscillograph,
demonstratethe inertialesscharacterof the negativizationphase. This is

quiteof the orderobtaincdin the photo-conductancceffectin crystals,and

strongtysupportsthe theoryput forwardin the firstpaper,that thénegative
effectisdue to eleetronsset free by the process

Br+hf-~Br+0.

Z.physik.Chem.,105,3a6(<9M).
(/. recentpaperofStemef:Z.physik.Chem.,!2S,27$(1927).

t
.i
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Thcsecondconclusionappcarsto be that thetotal negativeeffect,expressed

as thé arcaunderthe curvebelowtho zeroaxis,Msomewhatlowerfor an

interruptedexposureof lowfrequencyof interruptionthan fora continuous

exposure,but approsaliesthe latter againas the frcquencyof interruption

becomesgreater.

In viewof the fact that <<t'oprocesscsof verydifferentvelocity,M'.t.,ncga-

t!vizationbyelectrons,andpositivizationbyhalogenatomsormolecules,arc

occurring,a moreintensivestudyof thisphaseis requiredbeforequantitative

conclusionscan be drawn.

Sumunary

AsystemcomprisinganampHncr~sciUoKraphisdescribedwherebyphoto-

graphierecordsof photo-potentialchangesin the first secondofillumination

canbe obtaincd.Photo-vottaicccttsconsistingofsilver--silverbromideelec-

.1!
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trodesin variouselectrolyteshave beenstudiedwith this arrangement,and

the followingfactorsstudied:- ageof electrode,Svensson-Becquereteffect,

halogenacceptors,electrolytes,and intermittentexposureto light. The

observationsonthe responsesin theËrstsecondof exposuresupportthé
hypothesisproposedin the first papcr. A morequantitativestudyof the

initialresponseis planned.

~MAt~,N.Y.,
y<trMa)T;M,M.?9.



THEACTIVATION0F HALOGEN8AND CARBONMONOXIDE*

BYNEWTONC.JONES

TheActivationof Halogens

If a mixtureofhydrogenand chlorinebe exposedto sunlightat ordinary

temperatures,hydrochloricacidgas is formed;'combinationalso takesplace

whena pièceof woodcharcoalis intmduced.' However,if the mixturebc

cooledto -12" and then exposedto bright sunlightit willstand forhours

withouta sign of combination.1e Visiblelight causesthe combinationof

hydrogcnand bromineat 1960whilethe reactionis extremelyslowin the

darkat the sametemperature.4 There is nothing in the literatureas to

whethercharcoalwilldo the same thingor not. It is shownlater in this

paperthat charcoaldoescausehydrogenand bromineto combine. Bancroft

andMorton'in the CorncUtaboratoryhâveshownthat hydrogenandiodine

donotcombineany morein the lightfroma So-amperearc than theydoin

thcdark,evenup to températuresat whichhydrogenbeginsto dissociateto

an appreciableextent thermaUy(350''). This must mcan that molecular

hydrogenwillnot reactwithmonatomiciodinein thé concentrationspresent

on exposureto the light usedbut that molecularhydrogenwill.reactwith

monatomicbromineand with monatomicchlorine. This is true on the

assumptionthat visiblelight does not activate the hydrogenappreciably.
'l'hevalidityof thisassumptionis supportedby thefact that sunlightbasno

appreciableenecton thecombinationofhydrogenandoxygento formeither

water' or hydrogenperoxide,white we know that monatomiohydrogen

reactswithoxygento fonnhydrogenperoxide.'

Charcoalevidentlyactivateshalogensbut not hydrogenor oxygento any

appreciableextent. It is inert to a mixtureof hydrogenandoxygenevenat

too" althoughthe gasesare stronglyadsorbed;whenmixturesof air and

hydrogenare passedovercoalat 100",no hydrogenis bumed,whilecarbon

monoxideand carbondioxideare formedby the oxidationof the coal On

theothcrhand,hydrogenand chlorinecombinewhena pieceof charcoalis

TMaworkispartoftheprogrammenowbeingcarriedoutat CorneHUniversity
underagranttoProfessorBaneroftfromtheHeckscherFoundationforthe Advancement
ofMeseareheotabMBhedbyAugustHcekacheratCornellUniveMity.

McUor:"ModemtnorgamcChetntetry"eM('9M)-
'MeMor:"tnorganicandTheoreticalChemistry,"2, tS9('9:2).

Amato:GaM.,14,57(1884);J. Chem.Soc.,46,~37()884).
<KastteandBeatty:Am.Chem.J-,20,159('898).
Proc.Kat.Acad.Sci.,15,538(<929).

<~M~or:"ModemïnorgaMcChemistry,"toz(to:t).
Traubc:Ber.,t5,2434(1882).

'Tav)or:Trans.Am.Eleetrochem.Soc.,36,t49<'9'9)
TidcaweMandWhecter:J.Chem.Soc.,115,895( <9'9)-
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introducedinto a mixtureof the two gases.1 Mebens'madewhathecalled

chlorosuliurieacid (SOiC!:)at roomtempératureby passinga mixtureof

sulfurdioxideand ehlorineover ignitedwoodcharcoalbut couldnot make

the bromosulfuricacid. Probably at temperatureshighenoughto make

sulfurdioxideand brominecombine,the compoundis not stable. This case

is comparableto the inabilityof Berthelotto makecarbonylbromidefrom

carbon monoxideand bromine photochemieally;light decomposesthé

bmmide.'

Damoiseau~usedbloodcharcoalfor halogenatingaliphaticcompounds.
He couldniake anythingfrom dichloroethaneto hexachloroethanefrom

ethylchlorideand chlorine,and couldgetany of the brominatedderivatives

ofethylbromideandethyleneup to hexabromoethanc.

Sincehalogensare activatedby charcoal,it shouldbe possibleto make

hydrobromicacid rapidlyat a temperaturelowerthan that employedfor tho

photochcmictdcombinationby simplypassinga mixtureof the two gafies
overcharcoal.A catalystis invariablybetter thansunlight,asphotochemicat
reactionsarenot veryefficient.

The CatalyticFormationofHydfobromicAcid

Hydrogenwasbubbledthroughbrominecontainedin a vessciimmersed

in an iccbath and tins mixtureof hydro~n and brominewasthen ledover

ignitedwoodcharcoalat various temperatures. T he('muentgases were

bubbledthrough normalpotassiumiodidesolutioncontainedin two test

tubes in scrif.s. Thé bromine!eft in the gaseousmixturereactswith the

iodideto liberateiodineand th(;hydrobromicacid isabsorbcddirectlyin the

solutionas such. The lodinewastitrated with thiosulfateandthe residuat

solutionwasthen titrnteclwithalkali todeterminethe acidityducto hydro-
bromicacid. Thèsevalueswereca)cu)atettover to bromineandwerecom-

paredwiththé tossin weightof the brominecontainer. Théresultschecked

withinx~.

Thcfollowingtablegivesthc resultsforthrec températures:

TempératureC'C.) '.fofthebromineconvcrtcdtohydrobromicacid

f)0"-t00° t3.2~

r50°-3° 49.

)<)o'20f"
°

99 3'eé

A blank run madeat :oo" with no charcoalcatalystgavenohydrobromic
acidat ail.

Fromthis it is évidentthat charcoalactivates thé bromineto such an

extentthat it will react withntoiecutarhydrogen,the reactionproceeding

rapidlyandto an appreciableextentevenat ioo".

Mettor:"~todemInofj{anicChemiBtry,"102(t~M).
'Ccmpt.rend.,76,t~ ('873);83,t45('876).
Dyson:Chpm.Reviews,4, ta6(tnzy).
'Compt.rend.,83,60(tSyô);J.Chem.Soc.,30,617(t876).

t
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TheActivationof CarbonMonoxide

It is wellknownthat eharcoalcatatyzesthé formationof phosgenefrom
carbonmonoxideand chlorine,and that this reactionalso proceedsphoto-

chemicaUy.'Moreover,it has beenshownthat if the temperatureis kept
downhydrogendoesnot interfère* Whena mixtureof carbonmonoxide

and chlorinecontainingas high as s% of hydrogenwaa passedover the

highlyactivatedcharcoalusedbythe Britisharmy in respiratorsas muchas

20kilogramsof phosgeneweremadeat î4"-5o"withoutdiminishedactivity
of thé catalyst. Hydrogenand chlorinedid not beginto combineuntil thé

temperatureroseto 70". Sincechlorineisactivatedbycharcoallnbothcases
andhydrogenscarcclyat all, it mustbe that eithercarbonmonoxidois also

activated,or carbonmonoxideis a better reducingagent than hydrogen,
or both.

If carbonmonoxideis activated,carbonmonoxideand hydrogenshould
hehavelikebromineandhydrogen,and wewouldhavea methodformaking

fonnatdchydeor methanolwithout introducingthe possibilityof making
tncthane,as catalystswhichactivatehydrogendo

CO(activated)+ H, (moteoular)= HCHO,

CO(activated)+ 2H2(molecular)= CH,OH,

but not CO+ 6H (activated) = CH~+ H:0.

"Formatdehydecannotbesynthesizedfroma mixtureofcarbonmonoxide
nndhydrogenby the actionof sunlight,even in the presenceof catalysts,
althoughit is formcdto someextent whenthe mixture is cxposedto the

ultravioletrays frotna quartz mercury!amp. Thismeansthat molecular

hydrogen(hydrogenisnot activatedby visiblelight)doesnot reaetwiththe

carbonmonoxidcbut that activated monatomichydrogendoes. Carbon
monoxideis notneccssarityactivatedby lightof any kindand thereforethe

posslbilityof activatedcarbonmonoxidereactingwithmolecularhydrogen
isnot ruledout.

In orderto test out this idea,someexperimentswercmadeonmixtures
of carbon,monoxideand hydrogenover various catalysts whichmight
activatetheformergas.

Experimentson CarbonMonoxideand Hydrogen

Carbonmonoxidewaspreparedby dropping8s% formicacid into8s~
phosphoricacidat ~o", accordingto the methoddescribedby Thompson.*
Thegaswasledintoa t :-titergasometer,usingwateras the containingliquid.

'l'atentô:CM)!8, ~3 (t8y8);Jo!mDttvy:Phit.Trant.,!44(t8tz);Dyson:Chem.
Heviews,4, )09()<)!7).

Atkinmn,HeycockandPope:J.Chem.Soc.,H7,t~tO(<9to).
In themethanolaynthesis,usingmetaloxidesascatalysts,it isnecessarytorununder

pressureinordertopreventthéformationofmethane.
4EllisandWeth:"TheChemicalActionof l'ltraviolctMays,"t!3 (t9t5);secaleo

BerthelotandGaudechon:Compt.rend.,tSO,t6<)oH9<o).
Ind. Kne.Chem.,21,389(t999).'
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Hydrogenwasrun directlyfroma cylinderinto the gasomcterwith thc

carbonmonoxide. An approximatelyi t mixtureof the two gaseswere

made. Thismixturewasusedin allthe runsexceptwhereothcrwisespecified.

Preliminaryrunsweremadewithoutdryingthogases. The resultswere

negative,however,so later runs weremade with the gasesdried by two

calciumchloride,onesoda-limeand one phosphoruspentoxidetubes in thé

ordernamed. AUthe tubes wereaboutone inchindiameterand nine inches

long. j
The charcoalusedas catalyst wasNuchar No.3–15 to 20 mesh–vcry

kindlyfumishedus by the IndustrialChemicalSalesCo., NewYork City.

It wasreactivatedbeforeuseby pumpingout for hourat 400*.

The catalysttubewasabout 2omm.in diameterand onefootlong. The

latter halfof the tube was filledwiththe charcoal,whichwasheld in place [

withglasswoolplugs. The firsthalfof the tube washeatedas wellas thé

part containingthe catalyst in order to preheatthe incominggases to the

desiredtempérature.
The rate of Rowof the gasesthroughthe catalystwasabout 2-3liters c

perhour. Theeinuentgaseswerebubbledthroughwaterandthenceout the

hood;near the endofa run, whenallair had beenremovedfromthe catalyst

tube, 200ce.of thegaswerecollectedfor analysisforCO, H2and CH<. [

Qualitativetests weremadeon the watcr throughwhichthe gaseshad )

bubbledfor formaldehydeand for methanol;the gas wasanalyzedby ab- )

sorbingout thé carbon monoxidewith ammoniacalcuprouschlorideand

determiningthe hydrogenand methanein the residueby combustionwith

oxygen.
The resultsobtainedfollow:me resu~s ootameu tuuow:

Approx.CO:H,raOo <(°C.) HCHO CH,OH CH<. GMusedwet
m themixture °'' dry

i is~ nono none 0.26% dry

i tç~ none none 03~% dry

t t 350" none nonc 0.35% dry

11 l 4!o" none none 0.64% dry

t t 460" none nonc i .34% dry

i 5000 none none 1.60% dry

Theaboveresultsseemto indicatethat carbonmonoxideis not activated

bycharcoal,eventhoughthé adsorptionis verygreat. Weget no formaldc-

hyde or methanolbut only methaneand this not until the temperature

risesto a pointwherehydrogenisactivatedthennally.
It maybe that oneof the productsof thereactionis sostronglyadsorbed

as to poisonthe catalyst. With this in mindthe gas velocitywas stepped

upto the highestpossiblerate obtainablewiththeapparatus. Xo variation

in the results was noticed.

Onerun at ~6'*on a z carbonmonoxide-oxygenmixturefailed to yield

anycarbondioxidewitheithera lowor a highgasvelocity(100to 500ce.per

minute).
`
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Carbonmonoxidemaybcactivatedby hopcalitcsincethiscatalystpref-

crentiaUybums earbonmonoxidefroma dry earbon monoxide-hydrogen-air

mixtureat o" evenwhenthe carbonmonoxidecontent isas lowas 0.2%in

themixture.' Thiswas testcdout by runninga dry 1:1mixtureofcarbon

monoxideand hydrogenat !oo"and 156"through a hopcaUtekindlyfur-

nishedus by Dr. Sebastianof the AmericanAgriculturalChemicalCom-

pany. Inorder to avoidoxidationofeithercarbonmonoxideorhydrogenby

air left in the catalyst tube, and consequentpoisoningof the catalyst by

moisture,the tube was evacuatcdcold, then brought up to the desired

temperaturewiththé pumpstillon, and finallythe carbonmonoxide-hydro-

genmixturewaspassedthrough. Neither formaldehydenormethanolwas

formedfromthree litersofgasand less than 1%of methanewasproduced.
At ts6",somereductionof the catalystoccurred. In thelightof theseex-

perimentsis it probablethat carbonmonoxideis not activatedenoughby

hopcaliteto causereactionwithhydrogen.

Thefailureof eithercharcoalor hopcaliteto activatecarbonmonoxide

appreciablyleavesus onlywith the assumptionthat carbonmonoxideis a

betterreducingagent thanhydrogen. This viewhas considerablesupport.

The foUowingtable of the temperaturesat whichvariousoxidesare

reducedbyearbonmonoxideandbyhydrogencomesfromdatain Meltor

A&O, Ag~) H~O H)!~) CuO HgO PbO, Pb~)< PbO
(yet&w) (red)

CH o" o" o" o° 75" 90" i'o" 'Se" '6o"

H~ o" o" 50" 8o" 125" us" 150° !70" 'oo"

Further, carbonmonoxidewill readily reduce potassiumchromateto

chromicoxideand potassiumcarbonate,and neutral, acid,oralkalinesolu-

tionsof permanganates.*Hydrogendoes not rcduce solutionsof ferrie

chlorideand of ferrieyanide,concentratednitricacid, chromicacid oraqua

rpt;iabut will graduattyreducepermanganatein neutral,acidor alkaline

solutionsat ordinarytemperaturcs/

Furtherstill, carbonmonoxideand chlorineunite at !4"over charcoal;

hydrogendoes not react froma carbon monoxide-hydrogenmixtureuntil

thetempératurerisesto 70" Moistcarbonmonoxideandair yieldearbon

dioxideat 90" or loweroverhopcalite;hydrogendoesnot react from a

hydrogen-carbonmonoxide-airmixture containingas lowas 0.5% carbon

monoxideuntil !ao°-5°.'

Wemay concludethereforethat carbon monoxideis a botter reducing

agentthan hydrogenby a marginof about 30"to 50°.

Lamb,BrayandFrazer:!nd.Eng.Chem.,Î2,e!3(<t)2o). 1
~teUo)-:"!notKMticandTheoreticalChemistry,"1,3:8-~0(!9M);5,94~-943('9~4).
McUor:"Inot~mioandTheoMticatChemifttry,"S, 94~(t9~4). f

<MeUo)-:"InotKMticandTheorettcatChemietty,"1, 3:8(t9M).
AtkiMon,HeycockandPope:J.Chem.Soc.,HV,t4!o(!9~o).
Lamb,SeauoneandEdt~)-:J.Am.Chem.Soc.,44,~38 (1922).
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Apparcntlyanotherviewis heldfor the caseof hopcalitc.' "Catalysts

whichactivelypromotethe oxidationof carbonmonoxideat o"C.do not

causehydrogenand oxygento combinebelow70~. Thismay be due to

the anticatalyticeffectof the water formod,sinceit bas beenshownthat

speciallydried'hopcalite'at o"C.commencesto burnhydrogen,but that the

reactionsoonstops." Watermaybe a poisonincverycasewherehydrogen

reactswithoxygenovera catalyst,but probablydoesnot wherehydrogen

reducesaa oxide. The presenceof water vaporapparentlydoesnot affect

the catalyticcombustionof hydrogenover copperoxide.'$ At any rate

carbonmonoxideis a better rcducingagent thanhydrogenforsubstancesin

aqueoussolution. Thccaseofhopcalitemustbea specialone.

Afurtherfact is atsoapparentfrom a considerationof the data on char-

Maiandonhopealitegivenabove. It bas beenshownthat neithercatalyst

appreciablyactivatescithercarbonmonoxidcor hydrogenat the tempera-

turesemployed.Weknowthat charcoal activatescMonncconsiderably.

Therefore,hopcaHtemust activateoxygcnconsiderably.

In orderto checkthis assumption,someexperimentsweremadeon the

oxidationof benzenevaporbyatmosphericoxygen. Beilsteinsaysnothing

regardingthe oxidationof benzèneby oxygcnin the absenceof a catalyst.

However,benzènecanbcboiledin the presenceof air withoutanysignof

dccompositiontakingplace.If benzeneis droppedinto air at temperatures

above 4')o°explosiontakesplace;there is no reactionat lowertempera-

tures.' Ourexperimentswerccarriedout by bubblingair throughbenzene

at about to" and passingthéresultant benzcnc-airmixturethrougha tube

packedwithhopcalitemaintainedat a definitetempérature.The first nm

wasmadcwiththe catalystat ~o". As soonaf thc mixturereachedthe

eatalystthe températureroserapidly to a maximumof 430",the hopcalite

reaehcda red heat, and the benzenewas burnedto carbondioxideand

watcr. A similarnm madeat 78° burnedbenzenecompletelyto carbon

dioxideandwater.Thecatalystin ttlis caseaisobecameredhotandsintered

down. Thcreis thereforenodoubtbut that hopcaliteactivatesoxygento a

considérableextent.

Thc inabilityofeitherhopcalitcor charcoalto activatecarbonmonoxide

Icd to a searchfor a catalystthat wouldcauseactivation. It is wellknown

that ironandnickelformcarbonylswith carbonmonoxidcand that thèse

compoundsdissociaterevprsiblyon hcating.~If wecmploya température

at whichthecarbonylis,say,so?edissociated,carbonmonoxidcwillbecon-

tinuouslytakenupandgivenoffbythe ironornickel,andwchaveconditions

idealforthe activationofcarbonmonoxide.At the instantat whieha molé-

culeof the carbonyldissociâtesto thé metalandcarbonmonoxidethe latter

mustbeat toastmomentarilyactivatedandinapositionto takeuphydrogen.

Gttcn:"IndustrialCatatysM,"to (t9:8).
PeMeandTaylor:J. Phyo.Chem.,24,:4t (t9ao).

'"IntemationatCriticalT.btM,"2, t74(t9a7):Jent!!sch:Z.Vw.daut.Ing.,M,us"

( 1'»4)'
4Mdtor:"!nergm:eandTheorettMtChemistry,"5,953,95*("?4)'
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A 3:1mixtureof hydrogenand carbonmonoxidewaspasscdovcr ftcc!

wooland overpowderedironreducedby hydrogen,at tgo"and at !oo".

Attheformertemperature,ironcarbonyl(Fc(CO)t)is about50%dissociated.
Nufonnatdehydeor methanolwas produced. This inactivityof iron may
b<'dueto thodifficultywithwhichiron takes upcarbon monoxide.'At the

temperaturesemployedhydrogeni8 net activatedby iron.

Onthé otherhandnickeltakes up carbonmonoxidereadilybclow!oo°.

Accordinfdyrunsweremadewitha 3:: hydrogen-carbonmonoxidemixture
overpowderednickelcatalystfumishedby the duPont Co. at 78"(nickel

carbonyt).t% dissociated'),110"(about n% dissociation),!8o"and 230°.
Xoformaldehydeor methanolwasproducedin any caseeventhoughat the

two lowertempératuresnickelcarbonyl wasfonned. At the two higher

tonpcraturcs,méthanewasfonned, checkingwith the workof Sabatier,'
andshowingthat the catalystworks.

Henceit must bc conctudedthat molecularhydrogendoesnot react

withactivated earbonmonoxidein the concentrationspresent. Carbon

monoxidemustdeactivateitselffaster than it willreact withhydrogen.
Onthe otherhand,it is relativelyeasy to causeeither chlorineor oxygcn

to react with carbonmonoxide.This is in accordwith the fact that it is

casierto decomposeformaldehydethermallyto carbonmonoxideandhydro-
j{pnthan it is phosgcneto earbonmonoxideand cMormc/ Theobviousdif-

férenceis that hydrogenis essentiallyetectropositivowhilechlorineand

oxygenare essentiallyelectronegative.Carbonmonoxidemustthenbemore

electropositivein characterthaneteetronegative,and electronegativehydro-
genshouldreactmostcasitywithcarbonmonoxide.

Sodiumand potassiumhydridcsat the temperatureat whichreaction
occursgivosodiumformateand carbon;with carbondioxidetheygiveonly
sodiumformate.' Calciumhydrideon the other hand givesmethaneand

hydrogenwithbothoarbonmonoxideandearbondioxide.'
Calciumcarbidcis alsoformedwhencarbonmonoxideis used. Nickel

over250"givescarbonandcarbondioxidealongwith the methaneand water
whena hydrogen-carbonmonoxidemixture is passed over.' Fromthis it

appearsthat sodium,potassiumand calciumat the temperaturesat which
reactionoccurscatalyzethesplitting of carbonmonoxideinto carbonand

earbondioxidemorercaduythan the negativehydrogencan reaetwith the

earbonmonoxide.The reactionscitcd aboveareall thoseof earbondioxide,
andnotofcarbonmonoxideevenwhenthe latter is the reagentused.

MeMor:"Inof~anieandTheeretica!Chemistty,"S, 958(<9a4).
Mittaech:Z.physik.Chem.,40,i (t~oz).
SeeSabatter.Neid:"Cata!yMinOr~MoChemMtry,"t44(t~.
Hurd:"PyrotysieofCarbonCompounds,"~6, 569(t9:9).
Gmetin-Meyer:"HfmdbuchderMtorganMehenChemie,"2t, t~ (t9:s).
MayerandAttmayer:Ber.,4t,3074(t9o8).

Sabtttier-Reid:"CatalyNBinOrgMucChemiatty,"t44(t9~a).
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The Mechanismof the HydrogenationofCarbonMonoxide

Dependingupon experimentalconditionsit is possibleto obtain four

kinds of reactionproducts from the hydrogenationof carbonmonoxide,

namely, methanol,a mixture of higher homologuesof methano!called

synthol, methane,and higherhomologuesof méthane.' An almost100%

yieldof methanolis obtainedby passinga t mixtureofcarbonmonoxide

and hydrogenover suitable catalysts, usuallymixturesof zincoxidowith

promotersas copperoxideand chromicanhydrideat 30o"-35o"and under

200atmospherespressurer "Froma considerationof thé volumesentering

in the reactions(betwcencarbonmonoxideand hydrogento giveformalde-

hydcor methanolor methane)it isapparent that the formationof methanol

goeswith the largestvolumedecrease-viz., fromthree to one, andhence

woutdbe most favored by increasedpressure. Syntholbas beenmade

by passingwatergas (approximatelyï:t carbonmonoxideand hydrogen)

freed from sulfurcompoundsover iron and potassiumcarbonateat 4<'o"*

soo° under ~o atmospheres pressure.~ This synthol containsaliphatic

acidsup to <“,aldehydes,ketones,atcoholsup to Cg,with smallamounts

of hydrocsrboM.The conditionsformakingsyntholhavebeensummarized

(i) For synthol formationthe contact materialmust be a hydrogen-

carryingmetalplus an alkali iron is the best metal (better than cobattor

nickel)and rubidiumhydroxideor carbonateis the bestalkali.

(2) The metalshould be in chipsand not powdered.

(3) Just enough-no more-alkali shouldbeusedto convertthe iron to

ferrite.

(4) For a givenamountofcontactmassthereisanoptimumgasvelocity;

the optimumtempératureforiron is 4:0°, fornickelhigher.

(5) Itelativeamounts ofoilyand wateryproductsvaryfor the samema-

tcrial and expérimentalconditions;watery productsvary most, especially

as to alcoholand ketone content.

(6) Iron willretam fullactivity for a weekbut is graduallyreducedto

powder. Powderedironfavorscarbonprecipitationfromthe carbonmonox-

ide but this is hindercdby the alkali.

(7) Pressurevariationsfrom70to 150atmospheresdonotaffecttheyield.

(8) The richer in hydrogenthe gas is the higher the yield of watery

productsbut theoit boitslowerand containslesshydrocarbons.

(9) Yicldsfor a singlepassageover the catalystare low;by circulation

27% of the heating value in the gas can be recoveredin oit and alcohol

formed.

FtMherandTfopsch:Ber.,S9,83:(<996).
Lc~tSandFrohlich:ïnd.Eng.Chem.,20,285iBrownandGalloway:960;FroMeh,

Fcnstfe,TaylMrmdSouthwiek:t3:7(t~S).
LewisandftoMit-h:Ind.Enf;.Chem.,20,~s (~8).

<FischerandTropsch:Brennsto<Chen).,4,976(t9t3);Chem.A)m.,18,<tS9('9~4)-
FischerandTropsch:Brennstoff-Chom.,5, zot,at? (!9'4);Chem.Abt,ta, 3705

('9~.
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(to) Mixturesof carbondioxideand hydrogencan beusedbut they re-

quirea longertimethan carbonmonoxideand hydrogen. Methanewith
carbonmonoxideorcarbondioxidewillnotyieldsynthol.

Yieldsof too%methaneare obtainedby passinga 3 mixtureofhydro-
genandcarbonmonoxideovernickelat ï3o"-ïso" underatmosphericpres-
sure,the reactionbeingCO + gH: = CH4+ H:0.' If a sulfur-freewater

gasis passedoverfmeiydividedmetalsof the eighth grouppromotedwith

variousmetallieoxidesor carbonat 270°underatmospheriopressure,higher
homologuesof méthanefrom ethane up to solid paraffinsare produced,
the oxygenappcaringnot as organicoxygencompoundsas in tho high-
prpssuresynthesisbut almostwhollyas carbondioxideandwater.~ Thé

processcanbecontrolledto givealmostany range of hydrocarbonsdesired.

Practicallyno unsaturatedhydrocarbonsare formed. At highertempera-
turcs,suchasareusedinthehigh-pressuresynthesis,onlymethaneisformed.3

FischerandTropschhavepresenteda theoryfor the formationoforganic

compoundseontainingoxygenas are producedin the makingof synthol.4
Theirmeohanismof the processwillbereviewcdhere.

It must be assumedthat in contact with a hydrogen-carryingmetal,
carbonmonoxideand hydrogenadd to fonnformaldehyde.In the presence
of basesor saltsof thèsebaseswith weakacidsthere are twopossibilities:
2HC 0 = 00: + CH<'or thé reductioncontinuesto methaneandwater.
Thewaterthen reactswith carbon monoxideto give carbondioxideand

hydrogen.Bothmechanismsteadto thesameSnalstate.
If the above-mentionedbasesor saltsare present weeanimaginethat

the primarityformedformaldehydereacts in other ways. Roeten'bas
shownthat at ordinarypressuresat 400*,twomois of formaldehydein the

presenceof sodiumcarbonategive onemol of methanolandonemol of
carbonmonoxide,Paraformaldehydcin a hydrogen streamoverpumice

impregnatedwith potassiumcarbonate at 400" under 100atmospheres
pressuregivesa considérablequantity of methanol.

Wecanconsider,in thesynthcsisofbutyl alcohol,forinstance,that the

formaldehydecan,under the givenconditions,condensewithsimultaneous
reductionto higherforms. In other words,we can say that it wasmade
froma furthersynthesisfrom methanol.

In the samewayas carbonmonoxideuniteswith waterto giveformic

acid,wecanimaginemethylalcoholandcarbonmonoxidegivingacetieacid.
Ccnther'madesodiumpropionatefromsodiumethylate at !oo°;Ljubawins
madebutyricacidfromethyl acetate by heating in a closedtube in the

Sabatie~ReM:"CatatymsinOffumioChemistty,"t44(t9M).
Fisehe)'andTropsch:Brennetoff-Chem.,7,97(t9a6);Chem.Aba.,M,:o6s(t9~6).
FMeherandTropseb:Ber.,S$,993(<9:6).

<Ber.,59,830,8ja,9~3(t926);Brennstotf-Chem.,7,97,999(t9~6).
BoueandSmith:J.Chem.Soc.,87,9to(t9os).

CnpubtMhedworkfromtheKaiser-Withchn-tMtitutfar KoMeMomchunf;.
'Ann.,20!9o(t88o).
J.Chem.Soc.,40,~49(t88t).
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présenceof Urne. It is notcworthythat carbonmonoxideand atcohotsgivc

not thc acidsbut alkylformates. Thèseare changedto the acidsin contact

with the alkalinecatalyst.
If we assumethat methanolgives acetic acid eitherdirectlyor front

tnethytfonnate; it is easy to sechow,through titcpwitiereductionof acetie

acid,acetaldehydeandethyt atcoholareformedincontactwiththe hydrogen-

carryingcatalyst. Likcwisc,acetone cornes frontcatatyticdécomposition
of aceticacid in contact with the basic matcrialof the catalyst; further,

isopropylalcoholcanconiethroughreductionofacétone.

Hya mechanbmas that outtinedabove, higheracids,alcolrols,ketones

andaklehydei!canbe formed,the Umitof condensation(evidentlysevenor

eigbtcarbonsin a chain)beinglimitedbythé pressureandtempérature.
Anotberpossiblemechanismis thé condensationofalcoholateswithalco-

holsunderprcssurpwhenheatedfor a long timeto xoo"-2so'

C,.H~+)OKa+ C.H:.+tOH= C.+nH~+tOH + NaOH.

Mcthylalcoholat 4oo°-430"i&the presenceof thealkali-ironcatalyst,how-

Gver,gavesuchafar-rcachingdécompositionto carbonmonoxideand hydrogen
that one must assumethat higherboilingproductscomefromthe evolved

gascswith the aid of the contactmaterial. It mustbc assumed,however,

that the questionablereaction(that ofGuerbetabove)that at lowpressures

goesonly in the absenceof water may go in the presenceof waterunder

highpressures.
StiUanotherpossiblemechanismis the dehydrationofmethanolto aCH,

groupwhichwouldpolymerizcto olefineswhiehmighthydrateto a higher
alcohol. However,one mustassumethen that thealdehydesandacidscorne

froma dehydrogenationor oxidationof the alcohol,whereasconditionsare

such(highhydrogenpressure)as to add hydrogenandnot removeit. One

wouldalso cxpect the free CH2groupaformedfromdehydrationof the

methanolto combineto givchexyleneand olefines.ActuaUythesewcrenot

foundin the reactionproducts.
For the low-pressure(ordinary pressure) synthesisof hydrocarbons

fromcarbonmonoxide,Fischerand Tropsch~hâvebeenforcedto postu!atc
anothermechanism. Thé reactionstake placeovera hydrogen-activating

catalystas iron plusan oxide,zincoxideor ohromicoxide,whiehevidentty
act as promoters.

"A following-upof the reactionin a quantitativemannerclearedupits

mechanism. Weobservedthat at first carbonfromthe carbonmonoxide

was taken up by the catalyst with carbide formation. This carbidewas

thendecomposedby the hydrogenin the gas mixtureinsucha waythat the

mctat was regencratedand the carbon was accordinglycarricd away as

hydrocarbon. To all appearancesit ia a questionnotof a normal,carbon-

poorcarbidewhichis stableat high temperaturesbut ofa carbon-richcar-

Guerbet:Ann.CMm.Phyo.,(7)27,67(t9<M);But!(3)27,sSt(t902).
Ber.,S9,830(t<x6).
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bidewhosesphèreofexistenceliesat a relativelylowertempérature.Thore

alsoresultedthe faot that the carbon wasdissolvedout of the carbidesby

hydrogennot in the form ofmethanebut in the form of hlgherhomologues
of the same. The corrcctnessof our conclusionthat underthe conditions

foundby us the synthesisofhydrooarbonsdoesnot go bywayofformalde-

hyde or methylalcoholwasespeciallysupportedby ourdeterminingthat,

in contrastto our observationson high-pressurecatalysis,onlyhydrooarbons
arc ever fonnedand never organiecompoundscontainingoxygen."

The theoryis continuedin thé next paperby FischerandTropsch.' "If

we workedunder ordinarypressure with our catalysts at as higha tem-

pératureas wasnecessarywithour high-pressurecatalysisweobtainedin

placeofhomologuesof méthaneexclusivelymethaneitself."

"Wemustassumethat the primary processof the formationof carbon-

rich carbideis probablythat at least one atom of carbonis heldby each

atomofdivalentmetal. Throughthe actionof thé hydrogenthecarbonwas

carriedoverintoa methytenogroup, that then polymerizedaccordingto the

conditionsand wasthcn rapidlyhydrogenatedat a saturatedhydrocarbon.
Withoutthis hydrogenationonlysaturated hydrocarbonsthat havea cyclic
charactercanbeformedby thepolymerizationofthe methylenegroup.Small

quantitiesofunsaturatedhydrocarbonscanbealsodeprivedofhydrogenation.
Thereappearedto us anotheressentialfact regardingthe process,namely,
that thé polymerizationof the mcthytcnegroup takes placefaster than

the hydrogenatingactionof thé hydrogenon them does. If the latter were

the faster,then the méthylènegroups wouldbe carried overinto methane.

The hydrogenatingaction in the processmustnot be toostrong,but onthé

other handthe catalyticallyactive metal musthave the abilityto fonn a

carbon-richcarbide. Thesearepropertiesthat from ourearlierobservations

are foundtogetherespeciallyin cobalt."

To summarize,the high-pressuresynthesispasses throughthe formalde-

hyde and methanol stages and yields aliphatic compoundscontaining

oxygenbut vcry little hydrocarbons;the low-pressuresynthesisdoesnot

passthrougheitherformaldehydeor methanolbut proceedsdirectlytohydro-

carbons,the oxygenappearingas carbondioxidcand water.

On thé other hand, formaldehydehydrogenatesreadilyover nickelto

methanol,'but wcfind that methanolhydrogenatestp methaneovernickel

at 23o",a températureat whicha mixtureofcarbon monoxideand hydrogen

gocscompletelyto methane. Howcvcr,if the experimentis run withsuch

poorcontactwith the catalyst that only ro% methane is formedfromthe

theoreticalmixtureof carbonmonoxideand hydrogen,thena hydrogenation
of methanolgivesas muchcarbonmonoxideas méthane. It appearsthere-

forethat the formationof methanefrommethanoltakesplacein twostages,

first, a dehydrogenationto carbon monoxideand second,a hydrogenation

1Ber.,SC,839()9~6).
Sabatief-tteid:"CatatyaisinOrganicChemiatty,"!59(t9M).
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of this to tnethane and water. Thia is in accordwith the theory of Fischer

and Tropseh that low-pressure synthcsis doesnot go through thé forma!dc-

hyde or methanol stage.

Fischer's theory cxptains why we were unableto get any intermediate

products from the hydrogénation of carbon monoxide. In addition, our

workconstitutes further support of this theoryinthat it was found impossible

to make formatdehyde and methanol at ordinarypressuresby using catalysts

most likely to succeed from a theoretical standpoint.

Summary

t. Charcoal activâtes chlorine and bromine but does not activate

cither carbon-monoxide, hydrogen, or oxygento any appreciable extent.

Hydrobromic acid has been made rapidly by pa~nf; a current of hydrogen

eontaininK brominp over charcoal. The conversionof bromine to hydro-

bromic acid M) 3. at too", 49. at S< 99.3%at zoo".

2. In thé phosfiienpsynthesis ovcr charcoal,chlorineis activated but the

carbon monoxideis not, sinec neither formaldehydenor mcthano! could bf

synthcsizcd from carbon monoxide and hydrogenover charcoal, nor could

carbon dioxidebe made from carbon monoxideand oxygenover charcoal.

3. Hopeatitc will not activate cither carbonmonoxideor hydrogen but

does activate oxygen. Xo reaction between carbonmonoxideand hydrogen

could be obsen'ed but carbon monoxide, hydrogenand benzene are easily

burned with air over hopcalite.

4. Hopcaiite activâtes oxygen to such an extent that benzène vapor

is completely bumed to carbon dioxide and water at 78", whereas benzène

does not normally burn in air until the températureisas high as 490".

Kvidence has b~n brought forward to show that carbon monoxide

is a bctter reducingagent than hydrogen by amarginof about 30"to 50".

6. Xcither iron nor nickelwillactivate carbonmonoxideto apoint whcre

a rcactiun hetwccn carbon monoxide and motecutarhydrogen can be made

to take place.

7. (.'arbon monoxide must be essentially elect.ropositivein character

since it reacts much more readily with oxygenand chlorinethan it doeswith

hydrogen, even when all three of the latter gascs are activated. Carbon

monoxide couMnot bc made to react at all withmolecular hydrogen; it will

not react with etcctroncgativf' hydro~cn at a temperature lowerthan at least

500°,since calciumhydride at this temperature givesthe samc reaction pro-

duced by carbon dioxide; it rcacts only with activatedmonatomiohydrogen.

8. Thé thcory of Fischer and Tropsch as to the meohanism of the

hydrogénation of carbon monoxide at high pressuresand their theory as to

the mechanismat ordinary pressures have beenoutlined. The latter theory

explains why wc werc unable to get either formatdchydeor methanol sincc

the hydrocarbons arc fonncd by a direct hydrogenationof carbon as carbide.

o. Our workconstitutcs support of Fischcr'stheory in that it wasfound

impossible to makc formaldehyde or methanolat ordinary pressures even

when catalysts tlieoretically most like to aucceedwcre tried.
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STUDIESONGLASS

IV. SomeViscosityData onLiquidGlucoseandGlucoso-GlycerolSolutions

BY GEORGE 8. PARKS AND WALLACEA. QHKEY

Upto a fewyearsagoa glasswasgenerallyregardedas a liquidof great

viscosity. Recentstudies,however,havedemonstratedthat in a numberof

properties,suchasspecinobeat,coefficientofthermalexpansionanddielectrio

constant,the glassystate more eloselyresemMesthe crystathnethan thé

liquidstate out of whichit has been formedby cooling. Therefore,it is

perhapspreferableto regarda glassas an amorphoussolid ratherthan as

an undercooledliquid. Nevertheîess,the viscosityof a gtass-fonningliquid

is of theoreticalinterest and in somecases,thoseof commercialinorganic

glassesforinstance,mayalsoproveofgreatpracticatimportance.

In thepresentinvestigation,whichisessentiallyanoutgrowthofprevious

studies'on organicglasses,wehave measuredthé viscosityof liquidglucose

over a températurerangeof almost 8o". In this connectionwehave also

studiedthe viscosityof a seriesof glucose-glycerolsolutions,all of which

liquids,whenproperlycooled,form clear,reasonablystableorganicglasses.

MethodandApparatus

Thé methodemployedwas by no meansnewin principle,its essential

featureshavingbeen usedin the past by numerousworkers.' The liquid

whichwas to bc studied was placedin a stationary,cylindricalcontainer

and a secondcylinder,smaller and co-axia!with this, was next intro-

ducedto acertaindepthofimmersion.Theinnercylinderwasthencausedto

rotate under the influenceof a given torqueand the rate of rotation was

measured. Fromthe dimensionsof the apparatustheviscosityof the liquid

couldthen be calculated. tt.
Twodifferentinstruments,baseduponthis method,wereused in the

courseof the measurements. For viscositiesin excessof 10"poiseswe con.

structed our own viscometer. The outer cylinder,containingthe liquid,

consistedof a stout Pyrextest-tube (~ cm.internatdiameter)whichwas

tightly clampedto an ironstand andwasthusheldstationary. Alongsteel

or glassrod(about0.7cm.in diameter)servedas the inner,rotatingcylinder.

Thisrodrotatedina bearingwhichheldit inacentral,verticalpositionin the

test-tubeandmaintainedaconstantdepthofimmersion(about7.5cm.)in thé

liquidunderinvestigation.Abovethebearingthe rodwasbentoutwardat a

rightanglefora distanceof 15cm.,anda brasswcight,operatingupon thé

~FarttsandHuffman:J. Phya.Chem.,31,t~ (t997);Far!M,Hu<îmmandCottoif:
32,t366(t928);Cattoirat)dFM-ks:33,879('9~). c «-

'Couette:Ann.Chim.Ph~ (6)2t,.433('~o).S~!e.FrM.Camb.Phil.Soc.,M,7

(t9M).SeeaboHatsehek:"TheViscosityofUquttb,"50('9~).
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freeend thru a puUey,thereby provideda. suitablemomentof force for

rotatingthe innercylinderof the viscometer. Aneedlepointer,attached to

this leverarmand movingalonga millimeterscale,servedto determinethe

amountof rotation,thecorrespondingtime,whenbrief,beingmeasuredby a

stop-watchand, whcnlonger,by a goodordinarytimepiece.The test-tube

and contentswereplacedin a Dewarjar, wh;chservedasasrnaMadjustable

thermostat. For measurementsbetowo'C.thé bathliquidwasethylalcohol

cooledwith carbondioxidesnowor liquidair, and the températureswere

measuredwitha copper-constantanthermoooupte,aoeurateto withino.3"C.

Aboveo"C.water wasthe bath liquidin the Dewarjar and temperatures

weredeterminedto o.i"witha mercurythermometer.

Forsuchan apparatus,if the viscouseffectsdueto the liquidbetween

the co-axialcylindricalsurfacesbcgivensoleconsideration,the viscositycan

be calculatcdby the formula,

C(R<R~) ~)
2 CA)AR!Rtt

(1),

whereC is the torqueor momentof force*producingrotationof thé movable

rod,Nis its resultingangularvelocity,Aand Btare,respectively,its lateral

areaandr&dius,andRt isthe insideradiusof the Pyrextube. Froma theo-

reticalstandpointtheviscouseffectonthe lowerendofthemovingrodshould

havebeentaken intoconsiderationalso, However,thisquantitycouldnot

be exactlycalculated;and we thereforenegtectedit, sinceowingto the i

dimensionsofourapparatusit wasundoubtedlyverysmall. Experimentatty

wewerefullyjustifiodin sucha procedure,becausethésubstitutionofa rod

of doublethe diameterand the useofvariousdepthsofimmersion,etc. gave

fairlyconcordantresultsas calculatedbyequation

Forviscositiessmallerthan !o' poisesweemployeda Stormerviscometer

whichwe modifiedslightlybecausoit bas beenoriginallydesignedfor use

withlessviscousliquids. In this instrumentthe brassinncr .cyunderwas

9.46cm.in diameterand was immersedto a depthof :.tt cm. The outer

cylinderwasa brasscup4.85cm.in diameter,whiehcontainedabout 60ce.

oftheliquidunderinvestigation.In thiscasethe inner,co-axialcylinderwas

alsotheonewhichrotatedbut the rateof rotationwasalwayssmaUenough

to avoidappreciablecentrifugaleffects. For temperaturecontrolthe brass

cupandcontentswereimmersedin a paraffinbathwhichcouldbe heatcdby

a smaUgasbumcr. Theentireviscometeroutfitwasthenplacedin a small

closet,providedwitha glasswindow. This closetservedas an adjustable

air thermostat,the températureofwhichcouldbevariedoverthe rangefrom

40"to ï 70"C.Thetemperaturesof theliquidunderinvestigationweredeter-

minedimmediatelyafter eaeh viscositymeasurementby a mereury ther-

AcertainsmalltorquewaafoundnecMmryto oveMomethefriction'°~X
andpulleysofthéapparatuswhennohqmdwaspresentinthePyrextube. Hence,when

a liquidwasbeingstudied,this~uewM~yaMbtrMtedfmmth.tot.t~rqueemptoyed;
CthenrepreMntsthenettorquerequiredtoovercometheMeoNtyoftheliquid.
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mometer. The times for ten rotationswere measuredby a stop-watch.
WiththisStonnerviscometerthe viscositieswerecalculatedbythééquation,

“
c(R~-R.')

(,)2
2 M (A + B) ~R~

(2),

whereA,as before,is thé lateralarcaof the innercylinderand B represents

approximatelythe correctionfor the endeffect.

Theviscosityresultsobtainedbythe useof thesetwoinstruments,while

not of extrêmeprécision,wereundoubtedlyas accurnteas the reproduci-

bilityof the glucosesampleswarranted.

Preparationofthe Liquida

Asin the earlierstudios,the samplesof liquidglucosewerepreparedby

heatingcrystallinca-glucose(PfanstiehlChemicalCompany)in a flaskim-

tnersedina parafnnbath. Theglucoseerystalsmeltedat about1460Cand

werethenmaintainedunderavacuumat a somewhathighertemperaturefor

a shorttinie,usuallyabout fiveminutes,in orderto eliminatebubblesofair

or watervapor. Whenthe liquidhad becomefairlyclear, air wasadmitted

and thesamplewasaUowedto cool;it wasusuallystraw-colored.Consid-

erablylongerperiodsofheatingat 16~"oraboveledto noticeabledecomposi-

tionanda productwhichwasdark brownin color.

Theglycerolemployedinsomeoftheearlyworkwasa C. P. "Pfanstiehl"

product,whichhad a densitycorrespondingto a watercontentofabout3%.

Hereafterin this paperit willbe referredto as "97% gtycerot." In our

finalworksomeof thismaterialwassubjectedto distillationundera pressure

of 5to 10mm. Rejeetingthefirstandlastquarters,weemployedthe middie

portionin the presentresearch. It hada specifiegravity correspondingto

99.9%glycerolon the basisof the recentdata of Bosartand Snoddy.' The

varioustwo-componentliquidscontainingglyceroland glucosewereprepared

by mixingthe properamountsof the twocomponentsandthenheatinguntil

completesolutionhadtakenplace. Theresultingliquidswereeithercolorless

or a lightstraw-cotor.

ExperimentalResults

Veryearly in the courseofthe presentinvestigationthequestionaroseas

to whctherweweredealingwithtrucviscosityor with plasticityas the tem-

pératuresapproachedthc regionof the glassystate. Witha caseof true

viscositythe velocitygradient,dv/dx, betweena unit planesurfacemoving

parallelto a stationaryplaneis directlyproportionalto the shearingforce,

F, as shownin the followingéquation:

dv/dx = 4'F (3),

where is the fluidity,the reciprocalof the viscosity.On the otherhand,

the correspondingequation'for a plasticmaterialis

dv/dx =. ~t(F f) (4),

BosartandSnoddy:Ind.Eng.Chern-,M,509(19~7).
Bingham:J. Phys.Chem.,M,003 (1925).
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where~tif<the "mobility"and ia the "yieM-v~ue." ForvMcometPMsuch

asours,if velocitiesofshearbeplottedas ordinatesagainstthecot'respondmg

sht'at'ingforcesas abscissas,theresuttingcurveis a straightlinepKssingthru

thcot'igininanycaseof truc viscosity,whileina caseofplasticitythe straight

lineshouldeut thé X.ttxisat mmcdistanceto the riglitofthe origin. Thus

the distinctionbetweenthe twophenomenacan be readilymade.

To answerthis questionthe rate of rotation of thé rod in our nrst vis-

cometerwasdetennincdfor a seriesofdifferenttorquesin the caseof liquid

glucoseat 44"C.andalso in thecaseofa solutionconsistingof 82%}glucose j

ftO.t 1

Velocityofviacometerpointer,V,plottedagainstW,
theweightusedforproducingrotation.

and 18%glycerolat the respectivetemperatures,20*,!6",!2', go,4",o°,and

4"C. The data thus obtainedfor the glucose-glycerolsolutionat a.o"are

givenin Table1andare representedgraphicaUyin Fig. Theyarc typical
of the other data as well. !n all cases the results indicatedthat we were

dealingwithtrue viscosityandnot withplasticity.

rtacos!< Datafor JM~ndGh<e<Me.–Usingtho firstviscometer,whichby
its dimensionswasspeciallyadaptedfor the measurcmentofvery high vis-

eosities,wenext determinedthe viscosity-temperaturecurvebetweenabout

60°and 3o"C.for fivedifferentsamplesof liquidglucose.Theessentialdata

are givenin TableII and are representedgraphicaUyin Fig. AUthese

fivecurvcsare verysimilarincharacter,altho they do notcoincide. Thus

the temperaturesat whichtheviscosityis !o" poisesare,respectively,36.)",

33. 34.9' 34.6",and 3t.4"C. Evidcnttynotwo samplesofthe liquidglu-
coscwereexactlyatike. Thissituationrnaybe due in part to two different



1432 GEORGE 8. PARK8 AND WALLACE A. GHKEY

TABLE1

Viscosity Test made at t2.o"C. upon a Two-ComponentLiquid

containing 82% (by weight)Glucoseand t8% Glycerol

VeMtyrofvtscometer Weightusedto

pointerincm. i~r sec. produeerotation, Ratio:

V
m gnMM v/w

V w

0.0051 20 o.ooo:

0.014l so 0.000282

0.0282 100 o.oooaS:

0.0582 200 0.00020!

o.ngs 400 0.000289

0.1667 600 0.000278

O.:yy 1000 0.0002~7

Ro.ax

YiscosityeurvesforfiveditfcrentsampiMofliquidglucoseasthé
hardeningtemtMtttureMapproached

factorsviz., ( i )différencesin the characterofthe ghtcosein thevarioussam-

ples,asevidencedby différentdcgtecsofmutarotation,and (:) the présence

ofvaryingamountsofimpuritiesincurredin thepreparationoftheliquids.

Pohnmetricmeasurementsweremadeonaqueoussolutionsoftheglucose

used in preparing thé samples. Thé resultsindicatedthat the crystaMinc

materialwas &bout95%<'and 5% ~-glucose.Onthe otherhand,six dif-

<

t
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forent samplesof liquidglucosegavespeoifiorotationsvaryingfrom +42"
to +49"; andtheirrotary powersshowedpfftcttcaHyno changewithtempera-
ture as the sampleswerecooledovera range of ico~C.and the glassystate

wasattained. SimHsrJythé various liquida in the g!ucoso-9?%glycerol

systemahowedBpeciBcrotationsrangingfrom +48"to +s8". Asthe specinc
rotationsof aqueoussolutionsof purea and pure j8-g!ucosewerefoundby
Hudson and Yanovskylto be +1:3.4" and +t9", respectively,we are

TABLEII

ViscosityData for Five Samples of Liquid Glucose below6o'C

TeTtp. Viscosîty, in poMes
IV"C. 1 11 III IV V

28.0 – – – I.!3(!0")

29.0
– i.3y(to") – – –

30.0 6.83 (to'") – – 3.57 ('o'")

3:.o 1.30(10") t.79 3.90(10"') 3.69 (to") 8.0810')

340 3.63(10"') ï.o8 1.95 1.4: 3.01

36.0 1.0$ 3.16 (lo") S.30(!0') 7.41 (to*) 1.~1

38.0 4.'o(io') 9.78 (to') 2.44 2.05 4.70 108)

40.0 2.~ 3.84 t.12 9.20 (fo') 2.06

44.0 3.63('o') 7-i7 ('c~) 2.09(10') ï.6s 4.5~ ('o')

48.0 7.so(fo') 1.68 3.~6 (to~) 2.83~) 9.7o(ïo')

52,0 1.66 – 8.35(10'') 7.84(10') 2.62

56.0 – – 2.24 2.63 6.2 (io*)

justifiedin concludingthat ourseveralliquidseontaincdvaryingproportions
of the a and forms, with the latter predominatingin all instances. Dif-

ferencesin the temperatureand in the duration of heatingincidentto the

preparationof thé various samplesmay have produced,thereforc,these

appreciabledNerenccsin the relativequantitiesofthe twoformaand tikewisc

somewhatdifferentviscositycurves.
Earlierobservationson theeffectofheatingliquidglucoseforconsiderable

periodsatt6s''C.orabovehadindicatedto usthatmoreorlesschemicalchange
tookplace. Therewasa noticeabledarkeningof thécojorof the sample,and

waterappearedtobeformedandevolvedas vapor. Accordingly,in the pres-
ent investigationwemeasured the viscosities,as thé liquidwascooledto

a glass,of a gtucosesamplewhichhad been preparedin the usualwayand

then redetenninedthe viscositiesafter heating the liquidat i63"-ïyo"C.for

twenty minutes This heating procedurewas repeatedtwice. The four

viscosity-temperaturecurves thus obtained weresinular;but in each ease,
after reheating,the curve wasshiftedabout 4"alongthe temperatureaxisin

the directionof the origin. A similarshift towardlowertempératures,this

timeofabout8"inmagnitude,wasobservedwhen ofwaterwasdissotvcd

in another liquidglucosesample. It wasfound that boththèseexperiments

HudsonandYanovatty:J. Am.Chem.Soc.,39,to~s(!9'7)..
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werereproducible.Thusit may wellbethat theprolongedheatingat 165"

decomposedthesugarandproducedwaterat a fasterratethan it wasevolved;

the observedshift in the viscositycurveseau thenbc accountedfor by an

increaseof0.5%in the watercontint of tholiquidglucosefor eachtwenty.

minuteheatingperiod. While the tinteof heatingin preparingthé nve

différentsamplesof Fig. 2 wasneveroverfouror fiveminutes,it is quite

possiblethat part of thé observeddifférencesaredueto a smallamountof ¡

décomposition'insomecaseswitha resultingincn'ascinthewatercontent.
1

Xoncofthémeasuredviscositiesgoaboveto" poisesandnomeasurcments

on pureliquidglucoseweretnadcbelowï8"C. However,extrapolationscan

easilybecarriedbeyondthesevalues,sincethe curveobtainedbyplottingthe

togarithmsofthe viscositiesagainstthecorrespondingtempératuresis rcguiar

and, overa short températureinterval,docsnot deviategreatly from a

straightline. Usingthe data of sampleIII as fairlyreprésentativeof liquid
·

glucose,we havefoundby this meansa viscosityvalueof 10" poisesat

as'C. This is the middlepoint in the temperatureinterval, :o°-30"C.,

withinwhicha sharp 200%increasein thecoefficientof thermalexpansion

takes placeand the valuesfor the refractiveindex'and dielectricconstant' i

beginto changerapidly. Forpurposesofbrevityit maywetibe termedthe

hardeningpointof liquidglucoseor the softeningpointof the glass.While

its locationat 2s"C.anda viscosityof 10" poisesis admittedtyvery arbi-

trary, the fact that the temperatureof this viscosityvalue is reproducible

to within± 2"in the caseof fivesamples,coupledwiththe factthat theother

properticsjust mentionedshowmarkedchangesaroundthis point,justifies

in a sensethe adoptionof somesuchtemperatureasa crudedivisionmark

betweenthe liquidand glassystates. Tammannand Hesse~in a very in-

terestingpaperhaverecentlycorneto essentiallythe sameconclusionwith

respectto the hardeningpoint, and otherswhohavestudiedthe viscosities

ofgtass-formingliquidshaveroughlycheckedthisvalueof to" poises. Thus )

Sarnsoen"statesthat the sharpchangein thecoefficientof thermalexpansion t

ofscveratamorphoussubstancescornesat a viscosityof to'<. Likewisein thé

caseofa numberof silicateglassesEnglish"hasobtaineda viscosityvalueof

approximatelyio" for the "annealingtemperature,"whileStott' suggests

"that the changeoccurringin the constitutionofglassshouldhappenwhen

theviscosityisin theneighborhoodof!0'~ poises."In thisconncction,how- ,j

ever,it shouldbe notcdthat for bothpropyleneglycolandglucosethe sharp

FurtherevidenceofthedécompositionofMqMid(!tf'oMinthxwaywasobtainedby (
heatinga sampleweighing26.16<!«..forovermnetyminutes"S~
Themateriallosabout4%ofitsmitia~weightduringthep~ .Wh'h~trea~
mentoftheliquidinthistestwasundoubtedlymoresévèrethanthatincidentalto tho

pfepar.tionoftheothersamples,theresultagai.indM.testht:possibleexistenceof some

Sceompositionptoductaintheseverattiquidsemployedinthewtcosttydeterminations.

Parks,HtmmanandCattoir:J. Phys.Chem.,32,t!74('9~).
<CattoirandParka:J. Phys.Chem.,33,M:(to~o).
< TammannandHesse:Z.anorg.allgem.Chem.,tSO,!:? ('9~6).

SanMoen:Compt.rend.,t82,5*7(t9~6).
SoeietyofCtassTechnology:"TheConstitutionofG)MS,"7~(t9!7)-

SocietyofTechnology:"TheConstitutionofGtass,"75('9~7~-

t
t
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risein thé heatcapttcitycurveiscompletedat a températuresomewhatbclow
thé "softeningpoint,"as hcrodefined. Whilethissituationis rathersur-

prising,wcarcinciinedto regardit as rea!,attho it mightbeexplainedaway

by the statementthat the variouskindsof mcasurementswerenevermade

uponpreciselythe samesampleofmaterial.
With the modifiedStormcrviscometertneasurementswereniadeupon

a sampleof liquidglucoseover the temperaturerangefrom60"to t)o"C.
At about 1050the liquidbegan to showsigns of devitrificationand above

t––1––––––]––––––~––––––t––––––~––––––!––––––i––––––

TABLEIII

Viscosityfor LiquidGlucose above6o°C

Temp.'C. ~(poisett) Log,.)!o Temp.,OC. ~(poMes) loglon

60.0 s.89(!o') 5.770 86.o T.77(to') 3.248
6:.o 3.94 S-596 90-0 8.00 (to~) 903

64.0 z.tt 5.3~4 94.o 5.85 ~.767
66.0 t.03 s-o'3 98.0 3-~7 ï.S'S

70.0 3-84(io~) 4.5~4 102.0 2.45 ~.380

74.o !.67 4.223 106.o 2.09 2.320

78.0 y.4o(ïo') 3.875 110.0 2.45 2.389
82.0 3.15 3.498

tto" this tendencytowardcrystallizationbccamesopronouncedas to pre-
vent furthermeasurements.Theviscositydata aregiveninTableIII. In

Fig. 3 we have plotted thé logarithmsof the viscositésagainstthe cor-

respondingtempératuresand for purposesof completenesswe have also
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ineludedtho data for SampleIII obtainedwiththe first viscometer.The

twosetsofdata are ingoodagreementandthusgiveusanexperimentalcurve

fora liquidrangeofabout8o".

t'<Mo~ Data for Glucose-Glycerol~So!«<«m<.–Viscositymeasurements

in the range between10"and 10"poisesweremade uponvarious two-

componentliquids in the two Systems,glucose-glyceroland gtucose."97%

glycerol."Theessentialdata for thefirstsystemaregivenbrieflyinTableIV.

In Column1 are the variousviscosityvaluesin evennumbers,whilein thé

FN.4q
Thehigh-viMMityisokomsfortheMnMysyatem,glucose-glycerol.

succeedingcotumnsappearthe temperaturescorrespondingto thesevalues

for theseveraltiquidsof the system. In thécaseofeach liquidtheseresults

werederivedfroma graphin whiehlogwas plottedagainstthe tempéra-

turesof the measurements.The "hardeningpoint,"correspondingto a vis-

eosityof 10'*poises,wasobtainedbyextrapolation.
The isokoms(i.e.linesof constantviscosity)for this systemare repK-

sentedgraphicallyin Fig. 4, wheretempératuresare plottcdas ordinates

against the mol fractionsas abscissas.Theveryheavylinefor a valueof

10" poiscsmight be calledthe "hardeningline" or boundarybetweenthe
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liquidandgtassyregionN.It faUsfarbe!owthebrokenUneabcwhichreprésenta

approximatolythe positionof thé equilibriumlinesbetweenthe Mquidphase

and phasesof purecrystallinegluooseand pure crysta!Mneglycerol,respec-

tively. This last linehaanot beenrealizedexperimentallybut wassketched

into the figureafter the eutectic temperaturehad beencatoutatedfor this

systemby the methodof Washbumand Read,l

TABLEIV
ViscosityData for the Glucose-GlycerolSystem

Viecosity
in~oS~ MolFractionofGlueosein Solution

1.oo o.8o 0.60 0.40 0.20 o.oo

io' 58.4"C. 38.o"C. !4.o"C. -i6.o"C. -37."C. -52.'C.

!0~ 51.6" 33.0" 8.o Il -22" Il
-42"

'f
-58.

!0< 45.6" !7.6" 3.0
Il -a8. -47. -64."

Il

10. 40.0" 22.5" -2.0" -33."
$P

-53."
ff

-70.

lo" 3S.I"
Il

'7.5"
Il

-7.5"
»

-38."
Il

»
-59."

Il

»
-75."

»

»
lo" 3i.o" i3.o" -!2.o" -43."

Il
-63."

Il -8o."

ïo" 25. 6. -20. -50."
Il

-7: -87."
»

Essentiallysimilarresultswereobtainedin a studyofthe systemglucose-

"97% glycerol." Ascomparcdwith the first systemcontaininganhydrous

glycerol,the ontyenectof 3% water in thé glycerolwasto lowerthe tem-

pératurescorrespondingto the variousviscosityvalues,the effectbeing

greatest,of course,forthe sampleof 07%g!ycero!itself. In thisparticular

casethe "hardeningpoînt" wasloweredabout s".

Summary

The viscositiesofundercootedliquidglucosehavebeenmeasuredovera

temperaturerangeof almost 80°. Five differentsamplesof glucosegave

slightlydifferenteurvesas the "hardeningpoint" wasapproached,probably

owingto varyingproportionsof the a and formain thesesamplesas well

as to smallbut variableamountsof water. Froma study of the data the

hardeningpoint wasrather arbitrarilydefinedas the temperatureat which

an extrapolatedviscosityvalue of 10"* poiseswasfound. Forglucoseit

is about25"C.
The viscositiesand "hardeningpoints" for variousliquidsin the two

binary systems, glucose-glyceroland gtucose."Q7%gtycero! have been

detennined.

D<pe<<m<H<<'fCA«M<<<r~,
~<<ttt<<M-dt/ntcer~,CaKjorMfo.
~ph< ~M.

WMhbumandHead:Froc.Nat.Acad.Sci.t, Mt (t~tS).It thiscalculationthe

binaryeystemwaaaNumedtobeidealandtheheataoffusionofgtucoMandglyceroiwore
takenas7,800and4~70cet.permol,reapeettvety.Theeutecttctemperatureandmol
fractionofgtueosethmoblainedweret7.o"C.ando~t6,ireapeetivety.



THE LOWESTTEMPERATURESATWHICHOXIDESSHOW

REDUCTIONBYHYDROGEN*

BY J. L. ST. JOHN**

An extendcdresearchwascarriedout by Wright,Luffand Rennie'on
thereductionof a numberof oxidesbyhydrogenand other reducingagents.
Theyfoundthat duringreductiontherewasfirst an "incubation"period,
whichinereasedin lengthas the temperaturewas lowered,followedby an
"induction"periodduringwhichthe rateof reductioninereasedto a maxi-
mum. Thereafterthé rate decreasedas the reductionnearedcompletion,
M. W. Johnson~concludedthat thé highereither of the reactingbodiesis

previouslyheated the higheris the reductiontempérature. He believesthat
in reducinga compoundthere are twoforceswhichmust bc overcome,a
chemicalforce,whichis constantforanyonecompound,anda physicalforce
whichvaries with the complexityof the moleculeand is affectedby the

previousheat treatmcnt whichprofoundlymodifiesthe physicalnature of

the reacting bodies. Rogers3concMcsthat zinc oxidc in contact with

copperoxideiscompletelyreducedinsixhoursbyhydrogenat 3oo"C. Pease
andTaylor believethat adsorbedwaterispartlyresponsiblefor the incuba-
tionperiodpostulatedby Wright,Luff,andRennie.

This investigationwas undertakento detenninethe lowesttempérature
at whichoxidesshowan appreciablereductionwith hydrogen,measured

bytiteweightofwaterevolved. Thcreductiontube consistedofa glasstube
of mpdiumthicknefsabout45cm.in lengthand2 cm.insidcdiameter. This
wasbentncarthéconterto fonnanangleof145".Aboatcontainingtheoxide
wasplacedin the shorterUmbwhichwasheldin a horizontalposition. A

thcrmometpr,extendingthrough a stopperin thé longer !imbof the tube,
wasimbeddedin the oxidcso that thetempératurerecordedwasthat of thé
massitself. Etcctrotytichydrogenwaspassedthrougha solutionofpotassium
pyrof;at)ateand driedbypassingovercalciumchloride,throughsulfurieacid,
and nnaUyover phosphoruspentoxide.It was led into the réductiontube

throughthe stoppercarrying the thermometer.A gtaas-stopperedU-tube

containingphosphoruspentoxidewasconnectedto the exit end of the ré-
ductiontube to absorbthe waterformedby réduction. Retumofmoisturc
intothe U-tubcfromtheair waspreventedby a calciumchloridetube. The
oxidcwasweiRhedinto the boat froma desiccator.It wasplacedinthe re-
ductiontube,heatedto i to°Cwitha streamofdry hydrogenpassingover it,

ContributionfromtheChcmistryf~aboMtoryofPurdueUniversity.Theauthor
wifibestoexprc!hit:appréciationtoDr.J.H.RanMmfornieinterestandsuggestions.

Head,DivisionofChemistry,A~icuttun~KxpehmentStation,Pullman.Wash.
Wright,LufT,andRennie:J.Chem.Soc.,}3,540(t8y8);3S,475(tf~).
JohMon:Trans.Am.Inst.MiningEngineers,47,9<9(1913).
Kogers:J.m. Chem.Soc.,49,<43t()9~).
PeaseandTaytor:J. Am.Chem.Soc.,4!,atyo(t92t).
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allowedto cooland rcweighed.Thiswaarepeatedto a constantweight.On

the basisof the resultsof Péageand Taylor, this procedurewouMtend to

reducothe lengthof the "incubation"periodsuggestedbyWright, Luffand

Hennie. Thereductiontube containingthé boatwasagainheatedto to"C

andallowedtocoolwiththe hydrogenpassingthrough.TheU-tubewasthen

closedand weighed.Thisprocedurewasnecessaryto removethe last traces

of moisturefromthe oxideand to sweepout allmoisturefromthe reduction

tubeafter openingit to the air.

With the boatand U.tuboat a constantweightdryhydrogenwaspassed

throughthe systemand the boat washeated to somedefinitetempératurefor

onehour. Theboatwasthen allowedto coolin the streamof hydrogenand

whencoolbothboat and U-tubewereagain weighed.Reductionwouldbe

.shownby a tossin the weightof the boat withan equivalentgain in the

weightof thé U-tube.

UsingC. P. copperoxide,it wasfound that there wasan appreeiabte

~ductionat t4o"Cto !4t"C whilenoappreciablereductioncouldbe detected

at t30"C. At temperaturesabovethis there wasan increasingamountof

n'ductionperunit of timeas highertempératureswereuseduntil at t9o"C

there was a comparativelylarge amount of reductionin twenty minutes.

Afterreductionat 145"thésurfaceofthe oxidehada perceptiblecopper-like

appearance.
Workwithother oxidesshowedtempératuresat whichreductioncould

bcdetectedasfollows:zincoxide310",lead monoxide185",cadmiumoxide

280",arsenictrioxide185*.

After temperaturesof initialreductionhad beendeterminedfor coppcr

oxideand zincoxidea calculationof thé températureat which the otho-

oxidosshouldshowan appreciablereductionwasmadeon thé assumption
thutthcrc wasa relationbetweenthese temperaturesandthe heat of forma-

tionof the oxides. Takingthe heat of formationof coppcroxideas 37,160

(Lttndott-Bômstcin'sTabellen)and zincoxideas 85,000it is calculatedthat

for<'very281caloriesadditionalheat of formationthere is a rise of one

<t<'K)-<'ein the temperatureof initialreduction. Onthisbasiswewouldexpeet
fcadmonoxidcto reduceat !87"C,arsenictrioxideat t92''C,and cadmium

"xidfat 24o"C.The agreementof the températureof reductionfoundwith

thccatcuiatedtemperatureisverygoodin the caaeofthe!eadmonoxideand

thearsenictrioxide. In thc caseof the cadmiumoxidethe températuredc-

tenninedcxpcrimentaHyis somewhatabove that catcutatcd.This may bc

t'xphtincdonthebasisofM. W. Johnson'sworkbythcfactthat thé cadmium

oxideusedwasfreshlypreparedin the laboratoryand washeated to a tem-

pératureof approximately7oo°Cduringpreparationandthe températureof

initialréductionthereby raised.

Rogcra'temperatureof 3oo*'Cfor zinc oxideis closeto our température

of3<o°( for théinitialaction. Heexplainshisreductionat this température

byassuminga eatalytieactionof thc copperoxidemixedwithhis zincoxide.

Sincette exposedhis oxidcsto hydrogenfor sixhoursa fullerexplanation
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can be offeredin the light of our results and those of Wright,Luff and

Rennie. We foundthat ~inooxidewill reduceat these temperaturesand

Rogerssimply ran his experimenta sufficientlength of time to carry it

throughboth thé "incubation"and the "induction"period,whenceit con-

tinued to completionwith comparativeease. Rogersdoesnot mention

havingtried zincoxidealoneby this method.

Peaseand Taylor,usinganair-driedcopperoxide,reducedthe incubation

periodat i5o"Cto about half the normallength whichthey stato is one

to one and a halfhours. Byour methodof pre-dryingwereducedthe in-

cubationperiodto lessthan onehourat 140to t4'"C whereweobtainedap-

preciablereductionof the copperoxide.

Summary

Thetemperatureat whichseveralmetauicoxidesfirstshowan appreciable

reduction with hydrogenhas been determined. A relationbetween the

temperaturesof initialreductionand the heatsof formationof these oxides

basbeensuggested.

.S<a<eCoMeMqfH~Mnff<on,
~am<M,~<MA.
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ENZYMECATALYSTS

BY E. F. ABMBTRONG AND T. P. HILDITCH

It bas been the practiccin thèse reports,whilstindioatingthe general

progressin thc knowte<)gcof contact catalysis,to stresscertainaspectsof

thc subjectin particular. For many ofus,the ultimateaimof ourstrivings

toundcrstandthephenomenaofnature is togainsomeclearerunderstanding

of the factsof Hfcas portrayedby the chemicalactionsin the livingcell.

It bas longbeenappreciatedthat, in such,catatyticagentsplaya leading,if

notan-important,partand it isprotMsedthereforein this reportto takestock

ofourknowledgeof thécatalystsof the cell.

The parallelismbetweeninorganic catalystsand those involvedin

metaboticprocesseshasbeen the subjectof remarkfor rathermorethan a

century. Attimesit basbeenheld by somethat the twodivisionsofchemi-

cal actionhave little or nothing in commonbeyondcertainsuperficialre-

iicmManccs;othcrs havemaintained the oppositeview,and behevedthat

fermentationand inorganiocatalysis werevaryinginstancesof the same

tno<teof operationof chemicalactivity. Woare concernedat the moment

rather to examinein somelittle detail variousaspectsof eitherclassof phe.

nomenain order to donnewith someclaritypointsof resemblanceor of

<)issimi!arity.
Fromthe.pointofviewof thé chemist,vitalchangesare a seriesof bal-

ancedactions,generallyreversible,followingoneafter the other, whichare

onlyverycrudelyexpresscdby the chemicalequationindicatingthe initial

and finalproductsof the reaction. Few,otherthan thosewhoare really

weddedto this field,realisehowvery delicatethis balanceis and howelab-

oratcis themcchanismwhichiscontrolledapparentlybythosesubtleagents

forwhichthe generalname"enzymes"isused. Thèse,the catalyticagents

of protop!asm,déterminethe sequenceandthe magnitudeof the molecular

changeswhichdistinguishliving from deadmatter and whichinc!udethe

biologicalsynthesisofcompounds,complicatedor relativelysimple,from

carbondioxide,waterand nitrogen,andalsoactionsof decomposition,for

cxamp!c,hydrolysis,oxidation(combustion)or réduction.

Apart fromthe complexityof the changeswhichproceedin the living

t cell,the factthat the study of these actionsbasbeenprosecutedmostoften

fromthe pointof viewof physiologyor pathologybas involveda viewpoint

Hcnortof theCommittceonContactCatalysisoftheDivisionofChemiatryand
Chemica)'l'echnologyoftheNationalMMea~hCouncil.WrittenbyE. F.AnnattmtK
andT.P.HMtoh.Msiatedbytheothcrmembenofthec-ommittee:McsMB.H.A.Adkins,
'). W.BrownR. k Burk,C' G.Fink,J. C.W.FraMr,J. X.l'earco,K.E.Meid,H.S.
Taylor,andtv.D.Bancroft,Chainnan.
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distincttydifférentfromthat of thestudentofthemoreconventionateatalytic
actions.In consequenceit is nottooeasytodetect,intheextensiveliterature

onenzymeaction,informationwhichis pertinentto the generalquestionof

thebehaviorandfunctionof thé actualcatalyst. Ré-directionof research

onenzymeactionin the senseindicated,andin the Hghtof modernworkon

contactactionsat thé surfaceof inorganiccatalysts,is importantnot only
withréférenceto thedevetoptnentofbiochemistry,butalsoin itspossibiUties
asregardsmorefréquentutilisationofenzymesin the fieldofappliedorganic

chemistry.The recentadvancesin the biochemicalproductionof butyl

alcohol,acetone,glycerol,aldéhyde,and lactic acid can undoubtedlybe

supplementedbythoseof othercompounds;as is wellknown,thereis scope
for improvementand modernisationin thé bacterialproductionof butyric
andofcitricacids,bothof whieharein increasingdemand.

Ourexactknowledgeof the factorswhichaffectthe activityof enzyme

catalystsisbarely:s yearso!d. Sincethébroadcharacterof thèsereactions

andtheir generalsimplicitywasfirstestablished,manypapershave been

publishcd,to a largeextent withoutreferenceto and apparentlywithout

knowledgeof theearlierwork,whichhavedonemuchto obscurethe subject.
Withoutgoingintodetai!,it canbeconciselystatedthat théfactorscon-

trollingthe rate ofenzymeaction'are

i. Theamountof the catalyticagent.
Theconcentrationof the substrateuponwhichit acts.

3. Thepresenceofsubstanceswhichreducethé effectivesurfaceof the

catalyst.
4. The influenceof the productsof changeas depressanteof a similar

nature.

$. Theacidityorhydrogen-ionconcentrationof themediuminwhichthe

amphotericenzymesact.
6. Dehydratingagentsaffectingthe inhibitionand waterrelationsof

thecatalyst.

It bas beenshownthat the shapcof the time curveexpressingthe hy-

drotysisof cane-sugarby invertaseis ideallyHnear,'and that alterationsin

the rateofchangeleadingto tesssimpterelationships(frequentlyof a "log-
arithmic"character)areassociatedwithsubsidiaryeffeetsinvolvingchange
in theeffectiveactivityof the enzyme. Associationof oneormoreof the

productsof changewith the enzymeis a commonoccurrenceaffectingthe

rateofaction.

Thcamountofenzymeand substrateincombinationat anyonemoment

basbeendefinedas the activemass. Thisconceptionbasenableda simple

explanationof thé time/changecurvcsof enzymeactivityto begiven,in-

cludingboth the initial linearperiod,the subséquentlogarithmicperiodand

thefinalstagesin whichthe rate ofchangeisstill stower. It cannotbe too

stronglyemphasisedthat a!! morecomplicatedmathematicalequationsto

expressthevelocityconstantthroughoutan enzymechangeareunnecessary
andfallacious.
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Thegênera!featuresofthe rateofchangehaveledto theviewthat enzyme

actiontakesplaceentirelyat the surfacesof cottoidparticlessuBpcndedin

thesolutionof.thesubstrateandnotbetweensubstanceswhichareall intrue

solution.

Beforediscussingfurther thé progressofa typicalenzymeactionandthé

susceptibiUtyof the enzymiocatalyst to alterationin activityby reaeonof

the causesenumeratedabove,wemay passon to considerthe evidenceat

presentavailableas to the actualnature ofenzymes. Thestatementthat

thèseact in theformof colloidalparticlesrecallstheconverseattitudetaken

by Bredig,'whotermedthe dispersionsor solswhichhe preparedfromplati-

num and similarmetals "inorganicferments,"onaccountof their similar

behaviourto the "oatatase"groupof enzymesin eneotingchemicalactions

suchas the decompositionof hydrogenperoxide.Theresemblancesbetween

a metalliesolandan enzymeare,however,ofa somewhatsupemciatnature.

Apart from thé great complexityof chemicalstructureand the marked

specificityin actionwhichare the outstandingmarksof thenaturalenzymes,

the rate ofactionof Bredig'scolloidalplatinumisnot ofthe sameorderas

thoseof mostof the usual préparationsofenzymes,and fallsfar shortof

thoseoftherelativelyconcentratedenzymefractionspreparedbyWiUstStter

andhiscolleaguesduringtheir well-knownrecentinvestigations.

Sincethe most highly active fractions obtainedare stated by these

workersto havebeenstill far from100percent.enzyme,it followsthat the

mctatticsolscannotbecomparedinanyquantitativedegreewiththeenzymes.

Yet, froma qualitativepoint of view, thé two classesof catalysts,are

similarnot onlyin certainaspectsof chemicalbehaviourbutalsowithrefer-

enceto theirtempératurerelationships. Emsf showedthat colloidalplati-

numsolsarecloselyparallelto theenzymesin thisrespect,possessinga com-

parativelylowoptimum temperature of moreor less sustainedactivity,

whilstshowinggreater initial, but more fugitive,activityat temperatures

abovethe optimum;until a pointis reachedat whichthe catalytiepoweris

Mupprcssedcompletely.Thesephenomenaare to beconnectedin bothcases

withchangeseneetedby temperature in the colloidalsurfaces,whicharc

ultimately"coagulated"or alteredso that the powerof catalysingchemical

actionsdisappears.
Whilstwemay suppose,thereforc,that so farasphysicalconditiongoes

the enzymesare comparablemost closelyto metaHicsolsin the realmof

inorganiccatalysts,it is wellto bear in mindthat other analogiessubsist

betweenthemand the morecloselystudiedctassofsolidsurfacecatalysts,

notablythe metalsand metatticoxides.

In the firstplace,the simitarityin regardto temperatureeffectsisstill

présent,thé outstanding différencesbeing the generallywider rangeof

températureoverwhichthe activityof a solidcontactagentisexhibitedand

thc fact that thé workingrangeof temperatureofthe latter isusuallymuch

higherthanin the caseof the natural enzymes. Finety~lividednickel,for

instance,commencesto show catalytic powerbelowioo"C.,its optimum
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rangein hydrogénationis usuallyaboutj[4o-8o"C.,and aboveabout3$o"C.
itsactivity (intheabtipnee,ofcourse,ofspécial"supports")issoonsuppressed.

Further, the so-called"promoter"orstimu!antactionofmanysubstances

onsolidcontactagents,and moreespeciallythe behaviourofmixedcatalysts,
arematters whiehit is interestingto note'forcomparisonwiththebehaviour

ofenzymes. Iteadersof thesereportswillbe wellawarethat thé précise
mochanismof catalyst stimulantsand mixedcatalystsis as yet far from

pcrfpctiyunderstood. WiUstatter,in his FaradayMemonatLecture,refers

to the possibilitythat a mixtureoftwocomponents,whetherbydeformation

ufélectronorbitsor alterationof"amnityfields,"mayresuttina newcatalyst

having an "enzyme-likespecificityand potencycomparaMowith that of

homogeneouscompounds,"andproceedsto a possibleanalogybetweensuch

tn~edcatalystsandmanyenzymesystemswhichareknownto becomposed
ofmorethan oneenzymeandtoactditferenttyfromanyoneoftheindividual

enzymesprésent.

It is wellto remember,howevcr,in this connectionthat thereare two

weH-dfnnedclassesofmixedsolidcontactagents;inonecase,an addedcom-

ponentservesto increasethe activityor potencyof the originalcatalystfor

enectingoneand the same chemicalchange,whilstin anothercategorywe

finda mixtureof catalysts*whichmayinducea decompositionwhicheither

componentalone faits to bringabout (the action of "HopcaHtc"in the

oxidationofcarbonmonoxideat lowtemperaturesisa goodexampleof this

ctass). Thefirst-mentionedtype,inwhichthe specifieactivityofthéoriginal

catalystismerelyaccentuatedbythepresenceoftheaddedmaterial,is much

themorecommon,andthere isconsidérableevidence(forexample,the stimu-

latingaction of aluminaor magnesiaon nickelin hydrogénation)"for the

viewthat hère the causeof thc enhancedactivityliesin somethingakin to

more profound subdivision(i.e., greatereffectivesurface)of thé actual

catalyst particles.

Again, the enzymesare well-knownto be essentiallyspecincin their

action,a fact whichindicatessomecloseconnectionin molecularstructure

betweenthcm and the substrate on whichthey act. There is somelittle

dangerthat the stresslaid on the specificityof enzymesmay bcmisleading

if it is not carefullydefined. Enzymesdifferwidelyin the specifienatureof

their action. Someof the varietiesof lipase,for example,are capableof

hydrolysinga comparativelywiderangeofcompoundsbelongingto the class

ofesters, and in particulartheyappearto act moreor lessindiscriminatoty

onthe fats irrespectiveof the particularnatureof the fatty acidspresent.

Onthe other hand,mattasc,emulsinand mostof the proteoc!asticenzymps

arc far more specifie,since most frequentlythey are only able to effect

changein compoundsof very definitestereochcmicatconfiguration,and it is

in this respect that they are mostdincrentiatcdfromthesolidcontactagents.

't'roffssorFrnzeroftheJohnsHopkinsrntvetNty)-epoftathathehMaucceededin
purifymK''ortainoftheoxidecattttyfitetoM)cha degreethattheyarcqutteMactiveas,if
notmoreactivethan,themixture;"n -nndecatatyatshaownatHopcalite.
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Equally,it must be borneinmind that inorganic(non-enzymic)catalysts
arealsohighlyspecifieinthat thecourseoftheactiondependsonthécatalyst

employed;enzymessharethis property,but also,in manycases,possossthe

additionalpropertyof onlybcingactivewithrespectto certainmembersofa

givenctassofcompoundswhoseconfiguration,it maythereforeboassumed,

iscompatiblewith that of the enzyme.
In the caseof certainenzymes,substanceswhichhavesimilarstructure

to the substrateact to retard changethoughthey cannotbehydrolysedby
théenzyme--forexample,the hydrolysisof the sugarmaltoseand of a-glu-
cosidesbytheenzymemaitaseofyeast is retardedin presenceof glucoseor

ofo-giucosidcs.*This isin itsetffurther proofthat someformofcombination

nfa chemicalrather than a physicalnaturetakesplacebetweenenzymeand

fubstratcpriorto hydrolysis. Thiscorrespondswiththe addition-compound

theoryofcatalysiswhichhasfoundacceptanceinconnectionwiththeaction

ofnickelandothermetaUiccatalysts.
To avoidany confusionof thought as to the specificitywhichcharacter-

isessolidcontactagents, attention may be drawnto a fewvery obvious

cases. Probablythe mostusefulexampleis theoldoneof thevaryingresults

obtainedwhenalcoholvapouris exposedto the action, on the one hand.

ofnickel,copperor a similarmetal, and, on thé other, of oxidossuch as

aluminaor theoria.e The twogroups ofcatalystsexert specifieinfluences

rcspectivetyof dehydrogenationor dehydration. Furthermore,Sabatier's

c)assicatworkon the catalytic behaviourof a whole range of metaUic

oxidcs'"wiHberecalled,whcreinthe specificactionproducedvaries,according
to the particularoxide,over the range exclusivedohydration–mixedde-

hydrationand dehydrogcnation–exclusivedehydrogenation.
Anotherfamiliarinstanceis the varyingactionon a mixtureof carbon

monoxideandhydrogenof differentcatalyticcompounds:nickel,palladium,
or platinumcause the productionof methane"(withcarbondioxideunder

certainconditions),zincoxideormixedzinc-chromiumoxidcs"yieldmethyl
a!eohotalmostexclusively,andironin presenceofalkalineoxides"furnishesa

mixtureofhydrocarbons,atcohoband otherproducts.
It is possibleto pointto otheractionsofsolidcatalystswhich,although

notcomparablewith the stereochcmiealselectivityof the enzymes,are of a

stillmorespecifienature than thoscjust cited. Forexample,hydrogenation
ofnn isolatedethyleniclinkagein a normalaliphaticchain(asin oleicacid)
isaccompaniedby the productionof someof thegeometricatty-isomericform

oftheoriginalethylenicdcrivative,togetherwiththat of isomeriecompounds

containingthe cthcnoidor doublebond in positionsadjacentto that origi-

noMyoccupie(!<and it is reported that palladium(and, possibly,copper)

yioMshigherproportionsof the isomericformsthan doesnickelwhenem-

ployedas catalyst. The studiesof Adkins"'and hisco-workersonthe dif-

férenttypesof catatytic changeinducedby aluminapreparedin different

waysis anothcrinstanceof pronouncedselectivityin the actionof an inor-

ftaniccatalyst. Again,Wi!)statter"'has stated that hydrogenationofnaph-
<ha)cnein presenceof platinumyieldsexclusivelycis-decahydronaphthalene,



1~6 E.F.ARM6TRONQANDT.P.HtUMTCH

whilst withnickelthe chiefproductis the ~ona-eompound;and similar re-

sutts have beenreported in connectionwith the methy!oyctohexanoband

menthols producedin the hydrogenationof cresolsand thymol. Most

striking of aU, perhaps, is the phenomenonof sélectivehydrogenation,"
t

whereby,in somecases, oneof a numberof othyteniolinkagesis hydro-

gcnated preferentially,to the almostcompleteexclusionof the rest; or, in

other cases,hydrogenationof,for example,a diclefiniecompoundproceeds

in sucha waythat mono-olefinicderivativesare formedbeforeany notable

amountofsaturatedsubstanceappears,althougheitheroftheoriginaldouble

bonds may be and are attacked(leadingto a mixtureof mono-ethylenic

isomerides).Theworkof 8.Lebedev'"andhiscolleagueshasshowncspecially

wellthe conditionswhichdetermineselectiveactionofthiskindin somecases;

and stress bas beenlaidbytheseinvestigatorsuponthegreatinfluenceonthé

course takenbythe hydrogenationofthe presenceofsubstituentalkylgroups.

The examplesquoted ofvariationin the proportionof geometricaliso-

merides formedduring hydrogenationand of thé influenceof substituent

alkyl groups(i.e., branohed-chainconfiguration)on thé courseof selective

hydrogenationwill be admittedto approachsomewhattowards the still

more delicate stereochemicalrelationshipswhich are apparent between

someenzymiccatalystsandtheir substrates.

Consequently,whenWiM&tter,in bisFaradayMemorialLecturewhich

has alreadybeenmentioned,says"thereappearsto be a deepgulfbetween

the inorganiccatalystsandtheenzymes"(addingthe furtherstatement "In

reality thisgulfhas alreadybeenbridgedby accurately-definedorganiocom-

poundswhichact likeenzymes"),it wouldappearthat somethinglessthan

justice is donc to the analogiesalreadyexistingbetweenthe two classesof

entalyst. From a generalstandpoint,almostall the chemicaltransforma-

tionseffectedbyenzymesarecapableofbeingparalleled,ingreateror smaller

measure,by analogoustransformationswhichare realisedby oneor other of

thé inorganiccatalysts.
Wecan go somewhatfurtherthan this, however,if weconsiderthe few

cases of "accurately-definedorganiecompounds"whichhavebeen investi-

gatcd fromthe point of viewof eatalytioaction. In the first place, Will-

statter has demonstratedthat someof the naturalcomplexproductsof or

inten~enersin vegetableandanimalmetabolismposscsseatalyticproperties

somewhatsimilarto enzymes,althoughtheyarebynomeansenzymesin thé

usual senseof the term. Chlorophyll,accordingto Willstattcrand StoU.

may buildup carbohydratesfromcarbondioxideby rearmngementof thé

lutter (underthe influenceof radiation)in the formof thelabilechlorophyll-

carbon dioxidecomplex. Wi!!st&tterand PoHinger~havefoundthat oxy-

haemoglobinsfrom différentanimalspeciesbchavelike feebleperoxydase,

and vary in activity accordingto their source. Kubnand Brann" have es-

tablished further that, whenhaemoglobinis rcsotvedinto its components,

the resultanthaeminhas noperoxydasepropcrtics,but showsdistinct cata.

lase activity. This is almostdirectévidencethat the specifieaction of or-

ganic-compoundcatalyst8dependsonthe chemicalconstitutionof the latter.
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AnotherUneof argument may be baud on the well-knownsynthetie

agentsfor the hydrolysisof fats whichweredevelopedoriginallybyTwitch-

c! whocondensedbenzeneor naphthaienewith oteioacid by meansof

sutphuricacid and obtaineda produetcontainingoneormorefreesulphonic

acidgroupsunited to theoleicacidbymeansofthearomatienucleus.Many

variantsof the originalagent havebeenproposed,andlatterlysulphonated

pctroieumhydrocarbonsof certain typeshavebeensuggested.A!t thèse

contactagents have in commonthe presenceof a stronglyhydrophthcsu~

phonioacid groupunitedwith a hydrocarbonor fattyacid residueof tugh

molecularweight. Consequentlytheymay be suppcsedto exert marked

affinityboth for fats, fatty acids andwater,whilsttheactualhydrolysisis

conditionedby the presenceof the highlyactive suiphonicacid radical

presentin the complex.The TwitcheUagentis,in fact,probablythe nearest

syntheticapproachwhiehbas beenmadeto the productionof an artificial

compoundwith propertiesand structureresemblingin essentiatathoseof a

naturalenzyme. i.. t
Summingup all theseanalogiesandinferences,tt seemsthat thereis good

groundto corneto the followingconctusions:–

i. Thé enzymesexert hydrolyticaction in virtueof the presenceof

definitechemicalgroupingsadaptedto formintermediatecomplexeswiththé

substrateand waterorother interactant.

They owe their specifie powers(especiallythose connectedwith

stereo-isomcricconditions)in all probabilityto theirownasymmetriccon-

figurationas natural synthetic products.

3. Many generalanalogiescan be tracedbetweenthé recognizedbe-

haviourof inorganiccontact agents(especiallythoseoperatingon liquid

media)and that ofenzymes.

4. Froma physicalpoint ofview,theyaremostncarlysimilaringeneral

propertiesto the dispersedsol formsof inorganiccatalysts;but the existing

évidencegoes to showfairly conolusivelythat their superioractivity and

deticacyof action cannot be accountedfor simplyby différencesin the

degreeof dispersion.
AHthis of courseis only one sideof thepossiblenatureof an enzyme.

Wchavestill to considertheir formationin the celland the development

of theircatalytic powers,togetherwithother phenomenacharacteristicof

enzymes. Amongstthe latter, the inHuencesexertedby "co-enzymes"and

"anti~nzymes"are respectivelyanalogousto the inorganiccatalyst pro-

motersand poisons. Substancestoxieto eithergroupof catalystsprobably

act in a similar manner, the primarycausebcingm both casesselective

adsorptionof the toxiceompoundby the catalystwithresultingexclusion

ofmostor all of thc materialto beacteduponfromthecata!ytica!tyactive

ccntn's. With enzymes,however,it usuallyhappensthat someof the

productsof changeare themselvesproneto enter into associationor bc

stronglyadsorbedby the enzyme,and consequentlythe apparentactivity

of thélatter frequentlydecUnesas theproductsofchangeaccumulatein the

system. This state of affairabas rarelybeenencounteredsofar in the case
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of most actionsat thc surfaceofsolidcontactagents,but it haabeenmet

with in severalcommoninstancesof homogeneouscatalysis:for example,
in somecasesof chlorinationsof liquidorganiccompoundsin presenceof

"carriers,"and in thé Fricdet-Craftssynthesiswherein,asshownby Stce!c,"

the aluminiumchlorideformsmore or less definitecomplexeswith the

original hydroearbon,the organichaUde,and the hydrocarbonproduced
in the interaction.

The part played by "co-enzymes"is not quiteso eloselyparallelto the

ordinary caseof promoteractionin inorganiccatalysts. It is, indeed,by
no meansagreedas to whattheprecisefunctionofa "co-enzyme"is,but the

main distinctionbctwcenthistype ofsubstanceand a oatatystpromoteris

that, whilstthe latter isan aid to the developmentof morepotoncy,the

"co~nzymcs"arc indispensablefor the progressof manyenzymeactions.

The mechanismby whicheo-enzymesact is littleunderstoodat présent.Thé

presenceofa suitableelectrolytein appropriateconcentrationseemsto be the

chicf factorin some cases,but in others the mereprésenceof a simplesatt

is not sufncient;thus zymMeisnot restoredto activityby the simplepres-
ence of a phosphatesolution,althoughphosphatesare necessary. Thereis

reason to suppose,withHarden,"that the realco-cnzymeis in thiscasea

hexose-phosphorie-acidester. It is furtherpossiblethat, in somecases,the

"eo-enzyme"is a substancewhichactivatesor reteasestheenzymeitselffrom

u still morecomplexpréexistentcompoundin the cet!.

As is well-known,theactivityof enzymesis peculiarlysusceptibleto thc

acidityor hydrogcn-ionconcentrationof the médiumin whichtheyact. This

is one of the most prominentdistinctionsbetweenenzymesand inorganic

catalysts, but it may bc temarkcdthat, cven in this respect,analogiesare

not laekingbetweenthetwoclasses.Theactionofnickelasa hydrogenating

catalyst, forexample,basbecnshownto begreatlyinnucnccdby thegênera!
reactionof thécompoundhydrogenated;this is shownmostclearly,perhaps,
in the inereasedcase of hydrogénationof phenolsin presenceof a smatt,

optimumconcentrationofsodiumcarbonate,andagain,whilstit isgenerally

recogniscdthat nickelhydrogenatesacidiccompoundswith relativediffi-

culty, it isalsoprobablethatbasiccompoundsarelesssusceptiblethanneutral

compoundsto hydrogénationin presenceof nickel. At all events,there is

somereasonto believethatammoniaactsasa catalystpoisontowardsnickel,
and basic ring-systemssuchas pyridine,pyrrolor quinolinearenotoriously
difficult to hydrogenatebycomparisonwith benzeneor naphthatenc. An-

othcr exampleof aciditycontrollingrate of action is duo to tho recent

workof Conantand Brammann,"whohaveobservedvariationsofa million-

fotd in the rateof acetylationofnaphtholby aceticanhydrideas a resuttof

varying the acetic acidityoftheréactionmedium.

Thc exact bearing of the optimumhydrogen-ionconcentrationon the

activity of an enzymebasyet to be understood. Nearlyall enzymesare

very sensitiveto siightchangesin the acidityor alkalinityof the solution

and arc mostactive onlyata dennitehydrogcn-ionconcentration;thé most

effectivevalueof the lattervariesaccordingto the enzyme,the usualrange
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beingfrommédiaslightlymoreacidtomediaslightlymorealkalinethan pure

water. Enzymesare, as a rule,ofanamphotericnatureanddoubtlessthis

basconsiderablerelationto theiraetivityoveronlya limitedrangeofacidity

andtheir maximumactivity at a definitehydrogen-ionconcentration.As

colloidsthey are susceptibleto heatand theirstructure is impairedor de-

stroyedat moderatetemperatures.

ThéworkofWiUstatterandhisschoolonthe attemptedisolationof vari-

ousenzymesbas affordeddefiniteresultsofan importantcharaoter,but no

enzymebas so far been producedin a conditionapproachingpurity. The

workbas been notable for the degreeof utility manifestedin successive

processesof adsorptionandelutioncarriedoutwithcarefullyselectedagents.

It has been provedpracticablein thiswayto separateenzymesfrom co!-

!oidatsubstancesnot closelyrelatedtothem,thoughbeyondthis, exceptby

veryspécialprocedure,it bas notbeenfoundpossibleto go. Theramifica-

tionsof this researchdemandthat theoriginalpapers"shouldbestudiedby

thoseinterestedin the défaitsofthéprocedure.Here it mustsumeeto cite

théseparationof the enzymesofpancreasasan instance. If the mixtureis

treatedwith the stable gel formof aluminiumhydroxide("-y-atumina."),

lipasepresentisadsorbedand canberemovedby elutionofthealuminawith

a solutionof feeblyalkalinephosphate;amylaseand trypsinremain,and the

latteris setectivetyadsorbedby kaolin.

In the sameway,it bas beenshownthat invertasecanbe almostcom-

pletelyfreedfromcarbohydratcs,proteinsandphosphoruscompounds,with

anaccompanyingincreasein activityofthe orderofoverthreethousandfold.

Proteinsarc alsobelievedto fonnnoessentialpart ofthc !ipoc!asticenzymes

andtheperoxydases.
Anespeciallyinterestingcaseisthat ofthevcg~taMeperoxydases,which

inthehandsofWiMstatterandStoH"yictdeda concentratecontaininga good

dealofcarbohydrate(sugars)andadefiniteironcontentofabout0.5%. I'"u'

thcrpurificationby selectiveadsorptionledto a stillmoreactivepreparation

oftheenzyme,but the sugarconstituentsdisappearedin the processand the

ironcontentdiminishedto 0.06%. Thus,whilstit appearscertainthat the

carbohydratespresent werc mcrelyaccompanimentsto the enzymeitself,

it isalsodoubtfulhowfar the presenceofcombinediron isnecessary. The

interestingobservationwasmadethat,in thé higheststagesofconcentration

rpached,the activematerialassumcda reddish-browncolourreminiscentof

that of the porphyrins.
Kcitin~bas recently publisheda very important contributionon the

respiratoryprocessesof eellsof aerobicorganisms,vegetableand animal,

andbasgiven definiteproof that thematerialresponsiblefor at least one

portionof the complicatedrespiratorymechanismof the cell is a widely

distributcdrespiratorypigment,cytochrome,which is composedof three

haematincompounds(a', b' and c') and an unboundheamatincompound

similarto the protohaematinof haemoglobin.Thesehacmatincompounds

arc responsiblefor the thcnnostaMcperoxydaseaction,whichis shownby
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the oxidationof variousohromogens,such M benzidine,guaiacum,and

p-phenytenediamine,in presenceof hydrogenperoxide. Keilin'sworkseems

to beconclusiveevidenceat lastof thegeneralnatureofthé peroxydasootass

of "enzymes,"and indicatesthat "peroxydases"are identicalwithcertain

types of the complexorganiccompoundsknownas haematins-these"en-

zymes"at leastmay nowbectaunedto be complexcarbon-oompoundcata-

tysts. Whetherthe hydrolytieandotherclassesofenzymeswillincourseof

time be provedto be equallydefiniteentities remainsto be seen. Quite

possiblya differencemay be revealedin that, whilsta specifiehaematin

(peroxydase)may becapableofpromotingoxidationprocesseswithreference

to a comparativelywidevarietyof compounds,a processsuchas hydrolysis
ofa particularcompoundmaydcmandthé presencenot merelyofa suitable

hydrotyticmechanismbut ofsueha mechanismsoarrangedin conjunotion
with the restof a complexmolecularsystemas to satisfyconngurationator

other intramotecutarrequirements.
Not the leastinterestingpartof recentbiologicalworkis thedifferentia-

tion madebetweencertainfeatureswhichare shownto be charaeteristicof

theenzymeitselfandotherverycharaeteristicfeaturesofenzymeactionwhich

areequallyshownto bcdueto thé influenceofothercompoundspresentwith

thé enzyme. Thus thé lipaseof the human pancreasis most active in an

alkalinemedium,whilstthat of humangastriojuiceis mostactiveunder

feeblyacidicconditions(pH 5-6); whenthe latter is submittedto the ad-

sorbentactionofkaolin,however,somecompound(orcompounds)is removed

andthe reactionof the enzymeis transferredto an optimumon thé atkaUne

sideat pH 8." The optimumhydrogen-ionconcentrationfor a givenen-

zymewouldthusseemto be dépendent,not on theultimateenzymeatone,
but on the accompanyingcomponentsof the complexmixtureor system
on whichthe term natural enzymeis at presentconferred.

Onthe otherhand, the specificityof any enzymebas aofar beenfound

to remainunchangcdthroughoutany concentrationprocesswhichhas been

appliedand inspite ofexceedinglygreatincreasesin the relativeactivityof

the purifiedenzymeand the originalmaterial. Thisholdsforexamptesof

selectivestofochemicatactionin the casesof invertase,maltase,etc. andof

certainanimallipaseswhichhydrolysethed-and l-formsofcertainoptieaUy-
activeestersat unequalrates~' and it maythereforebe inferred,fromthe

presentexperimentalevidence,that thesélectivechemicalandconfigurational
actionofenzymesis ancssentialpropertyofthecatalystitself.

Anotherdcvclopmcntbas suggestedthat someenzymes(e.g.,trypsin)

onlyexhibittheir fullactivitywhenrcteasedor stimulatedbya specifietype
of complexaMociatcdwiththcm(e.g.,the kinases). Kinaseswereformerly

supposedby BayHssand Starting"to be themselvesenzymeswhichin the

first place convertedan inactivecomplex"trypsinogen"into the enzyme

trypsin;accordingto Wi)!statter,"trypsinogenisitselfanenzymeof relatively
feebleactivitywhich,whenassoeiatedwithan activatoror "co-enzyme"of

the kinasegroupdevelopsmuchgreaterpotcncy. Thisexplanationis based
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n~mmtinn«~martmantawheMbv.emntovinf:easeinoreoiott&tedin M<won adsorptionoxperimentswhereby,employingeaseinpreoipitatedin M<w

asadsorbent,the kinasesoanberemoved,leavingall the trypsinin solution.

It isperhapspermissibleto attemptto sumup the evidencepresentedby

thedatadiscussedin theprecedingpagesinthe formof a hypotheticalsug-

gestionofwhatmaybe theessentialpartsofa naturalenzymeperse:–

r. The physicalformof thé enzymeis that of a dispersedcolloïdalsol,

thécolloidmoleculeprobablybeingofgreatcomplexity.
2. As regardsthé chemicalnatureof the enzymemoleculeitself, it is

evidentthat neither protoin, carbohydrate,organicphosphorusnor iron

compounds,etc., is necessarilyan integralcomponent. Yet it must be

concludedthat thé wholeof the molecularcomplexis untike!yto be involved

in théenzymiochangeseffectedin the appropriatesubstratos,and thus we

are reducedto a somewhatvaguepictureof a largemoleculeof undenned

compositionwhieh however,containscertaingroupingsof highlyspectSc

characterand, usually,configuration,whichareableto enterintoassociation

withspecifiesubstrates.

3. At thé sametime,however,the wholemoleculeis peculiarlyliableto

formassociatedcomplexeswith otherlargemolecularspecies,and it should

befurtherobservedthat the presumedreactivegroupingsmust be, if not

actuallyinvolved in these associations,considerablyinfluencedthereby.

For,notonlythc rateofaction,butalsotheoptimumcharacterof thereaction

medium,is largelyaffectedby theseapparentlyextraneouscomplications:

onlythospecifienatureof the chemicalchangeeffectedbythe enzymeitaelf

appearsto persistunalteredwhateverthévaryingenvironment,so to speak,

ofthélatter may be.

4. Thequestionofenzymestimulationor "co-enzyme"activityappears

to be closelyconnectedwith the combinationswith other colloidalmole-

culesto whiehenzymesappear to beprone. Someinstancesof the "release"

ofanenzymein thecellin the activestateseemto beexplicableon the theory

ofinterventionor stimulationby associationwitha co-enzyme;in othersthis

possibilitydoesnot seementirelyelear.

S. ït appearson the wholethat the catalyticpropertiesof an enzyme

are at present best interpretedbyregardingit as an instanceof a catalyst

which,for praeticalpurposes,is ina labileordynamiccondition. Wedonot

meanby this that the essentialcatalyst,the enzymeper se, is continually

madeand destroyedor re-made. It is suggested,on the contrary,that the

enzymeitselfmay wellbesynthesiscdonceforal! in the cell, but that, by

its capacityfor associationor interactionwith othevproductsof the cell

(whcthcrenzymestimulantsor retarders,orcomparativelyinert), its activity

ispeculiarlyliableto a variety ofdelicately-adjustedconditionsand is very

largelycontrolledby its environmentat any giventime.

Thépropertiesrevealedby the foregoingsurvoyof the presentevidence

are typical of provisionin nature of meanswhercbya closecontrolover

chemicalreactionsis exercised.Theverygreatactivityof enzymesas com-
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pared,for example,with Minera!acidshardlyrequiresemphasis.Theenor-

mousactivityof someof WiUstatter'spartiallyconcentratedenzymesmakcs

possiblesomeideaof that ofa pureenzyme,freedor "released"ffomany
ofthe accompanyingcomptexesofsimilarchemicalcharacterbut catalytically
inert. The closecombinationofenzymeand relatedsubstratcina largecol.

toidatcomplexmustset up conditionswherea minimumamountof energy
is requiredto bringabout change.

In !ifethe enzymeis not normallyin a free state–it isonty liberatedas

required. Eitherthe waterequilibriumof the cell is such that no simple
watermoleculesarcavailabletocompletethe hydrolytiecircuitsothat before

actionbeginsdilutionmust takeplace. This can beefîectcdby the entry
into the cellofa stimulantor hormonesuch as is controlledbythe nervous

system. Alternatively,the enzymeitselfis not in the freestatc and must

first be tiberatedfroma complexcolloidby anotherenzyme. Athird possi-

bility is the needof a co-enzyme,as for examplethe cozymascof cell-free

alcohoûcfermentation.
Thus far we have mainlyfocussedour attentionon the natureof the

enzymiccatalystand, to someextent, the generalmechanismof ita action, t

It romains to direct the notice,particularlyof organiechemists,to the

chemicalchangesinvolvedin the courseof synthesisanddecompositionsin <

the livingcell. Thelacunaeinourchemicalknowledgehereare colossal.In-

vestigationsinto suchmattersare admittedtymostdifficult;but the possi-
bilitiesarc extraordinarityinviting,and worksuchas that of Neuberg"and

others on thc alcoholiefermentationof glucoseand fructoseindicatesthat

thcprobtcmssetarenot by anymeanscomptctc!yinsoluble.

PractieaUythe only actionsof enzymechemistrywhichhavebeenin-

tensivelystudiedarc casesofsimplehydrolysisor (conversety)withdrawal

of the clémentsof water. Thechemicalchangeswherebychainsof carbon

atomsare assembtedor disruptedin nature havenot yct beenstudiedfrom

the standpointof organiechemistry,if we exceptthe instancesof possible t

stageswherebycarbohydratesare built up from a formaldehydecomplex,
and the work,just mentioned,on the degradationofhexosesinto alcohol,

carbondioxide,etc., by fermentation(togetherwithrecentrelatedworkby

Langwellandothers~whichelucidatesto someextentthepossibletransitions <

whichtakc placewhen celluloseor sugarsare submittedto thé actionof ]

certainbacteria).
The mannerin whichsugars,and perhapsother materials,are builtup

into fatty acids,and the latterassemMedinto glycerides(neutralfats) of

specifieconstitution;the evolutionof the numeroustypesof protein-matter;
thc disruptionor further transformationof the threcmainclassesofnatural

organiccompounds-carbohydrates,fats, proteins; the productionof ter-

pêne (or isoprene)derivatives-all thèse await interpretationin termsof

organicchemistry. AUthat is availableat present in manycasesis a facile

"papcr" explanationwhcreinmethyl(orother alkyl)groups,hydroxylradi-

cals,etc.,are loppedoffat will,unsaturatedcentresaresimilarlytransposcd,
eliminatedor introduced,and,ingeneral,a schemeof thingsis envisagedby

1

[
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the biochemistwhioh,if it wcrc t-ea!isabtein the laboratoryor the faetory,

wouldopenup joyousvistasto the technicalsyntheticorganicchemist.

Dennitoinformationis badlyneededonthissideofenzymechemistry.As

alreadystated, the workis most difficult;the moreso, sinceintermediate

stagesof thé chemicalchangesin progresswilldoubtlessofteninvolvethe

productionoforganiccompoundstnunusuaUytabHeorunfamitiarforms.Thus

thé pyruvicacid, methylglyoxal,acetaldehydeand even formaldehydeof

thé laboratoryare undoubtedlynot identieal,asregardphysicalandchemical

properties,with the correspondingcompoundswhicharc transitorilypro-

ducedduringthe tow-cnorgytransformationsproceedingin a comparatively

diluteaqueousmediuminthe livingcell.

Doubtlessthis is getting rather rcmotefrom thé direct problemsof

contactcatalysis,yet it bas a verydefinitebearingon the possibilityof ex.

tending the use of enzymesin iridustrialprocesses.Two generalmethods

are disccmiMein the latter connection.

The olderone,whichisobviouslycapableofmuchwiderextension,is to

sf'!ecta cultureofan organismwhiehproducesenzymescapableof inducing

definite,and sometimesunusual,chemicalactions,leadingto theproduction

of useful material. This procedure,long appliedto thé manufactureof

vinegar,lactic, butyrio and to someextentcitricacids, is receivingfresh

attentionin thé latter caseand bas of coursemade striking contributions

to industrialchemistryin latter years in the lipaseproccssforhydrolysis

of fats~ and, especially,in the modemmethodof manufactureof butyl

alcoholandacétone. It is,in effect,theproductionofnew,or ratherhitherto

unnoticed,enzymesby the cultivationof spécialvarietiesofmicroflora,and,

consequentty,faitsmorewithin the provinceof the bacteriotogistthan the

chemist.

The alternativemethodis to acquiresufficientknowledgeofthechemical

coursetaken by an enzymeprocessand to cndeavourto modifyits progress

bycarryingit out inthe presenceofaddedchemicals.Twofamiliarinstances

willexemplifythis methodof attack:–-

i. Thépresenceofsulphiteor ofa mitdalkaliduringyeastfennentation

uf glucoseor fructosecauses the acctaldchyde(or acetaldehydecomplex)

tt-ansitorityproducedto be rcspectivetyfixedas bisulphitecompoundor

"dismuted"into alcoholand accticacid (orpolymerized);conscquentlythe

eh'mentsofhydrogenwhiehwouldhavetransfomtcdacetaldehydeintoalco-

ho)are utilisedotherwise,and glycerolresults-a proccsswhiehhas been,

andvcryprobablywillagainbc, usedonthe largescalefor the manufacture

ofglycérine."
2. The ohemicalcourseof the butyl alcohot-acctonefermentationbas

bcenstudiedandgroundsforbelievingthat butyrieacidand aceticacidwcre

intcrmcdiaryproductswereobtaincd. It hasfurthcrbeenshownthat, within

iitnits,butylalcohol,acétoneand someothcralcoholsor ketonescanbcbio-
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chemically produced by adding to a fermentingmash (undergoing the Granulo-

bacter fermentation) butyric, acetie or other appropriée acid, of course in such

quantities that the acidity of the mash does not excced a presoribed litnit at

any given time."

Evidently there are possibilities of considerable progress along thèse

lines, and such progress will be the more rapid as the chemical course of

enzyme actions receives increasing attention from organic chcmists.

We do not go so far as to suggest that in all cases an enzyme process will

readily compete with the more usual forms. The great advantage of low heat

consumption in the aetual process may be offset sometimes by thé difficulty

of maintaining an appropriate organism in existence, or by the dilution at

which a particular proccss must necessarily be carried out, leading to excessive

fuel charges in recovery of the products. Severat instances in the past few

years nevertheless givc encouragement to the view that enzyme chemistry

is only at thé commencement of its technical utilisation.

The aspect of catalysis selected for this report has led to a somewhat

more general and diffuse treatment than that given by our predecessors. We

make no apology for this, however, but rather claim that wc have endeav-

oured to give as careful a statement as the facts warrant of a somewhat

elusive subject, cxpressed in the simplest possible language. If we have inter-

ested any workers on catalysis in the importance and potentialities of enzyme

chemistry, considered primarily from thé point of view of catalytic action,

and if this report attracts fresh investigators to this field of contact catalysis,

we sha!t have attained our end.
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asJ. MeiMy,W. J. Hickint~ottom.F. R. Hentey and A. C. Thaysen: Biochem. J., 14,

M8, (t9~0).



lA'MIXESCEXCHDURINGELECTROLY8I8*

Dy NEWTON HARVEY

In a recentpaperDunbrd'has referredto the luminescenceto be ob-

servedat the anodeof an aluminiumelectroderectiner~and has observed

a similarluminescencewitheightother metattioanodesand a numberof

electrolytesolutions,'andalsoa luminescencewiththe Grignardcompounds

in anhydrousetherat anodeor cathodewithsooto t5oovolts. Thereare

other knowucasesof luminescenceduringc)ectrotysis,nameiy, the light

observedby Bancroftawhenhalidesare electrolysedat Hgand otheranodes,

supposedto be due to combinationof halogenand Hg to formtho solid a

halide,and a luminescenceat a metaHiccathodewhensolutionsof oxylu-

ciferinand luciferasearesubjectedto potentiakof about 1.5 volts.' In this

casethé nascenthydrogenappearingat the cathodereducesthe oxyluciferin

to luciferinin a tayernexttheelectrodeandtheluciferinthen reoxidizesina S

contiguouslayercontainingoxygenand luciferase.Luciferinand luciferase

arc thé luminescentsubstancesof luminousanimais,light appearingwhen t

luciferinoxidizesto oxyluciferinin presenceof luciferase.It is suggested

that thc wordgalvano-tuminescencemightbeused in referringto lumines-

cenceswhichappearduringelectrolysiswithagalvaniccurrent.

Someunpublishedexperimentsof minecarriedout at the NelaRcsearch

Laboratoryin ~9!4indicatcan efficiencyfor this galvano-luminescenceof

luciferinof i to 5 X !o' an orderof magnitudecomparableto that given

by Duffordand toosmallto haveany practicalinterest. Sucha lumines-

cencecanbe usedasa test foractivehydrogen.It appearswithPt or Pd

surfacesin contactwithhydrogenor whenZn,Mn, At, and Cd metalsare t

placedin a watcrsolutionofoxyluciferinandluciferase.
t

1haverecentlyobservedquitea brightluminescencethat canbeusedas

a test foractiveoxygen,formedon anodesduringthe passageof anelectric h

currentand alsoproducedfromthe decompositionof ozoneor HiOt. This <

involvesthe useof a chemiluminescentcompound,aminophthatichydrazid,
h

reccntlydescribedbyAtbrecht.'Whendissolvedin alkalinesolution(n/to

XaOH),this compoundgivesa brilliant luminescenceon oxidationwith t

hypochlorites,ferricyanides,permanganates,persulphates,Ct, Br and I,

ContributionfromthePhysMojpeatI~bomtory,PrincetonCnivcrsity.
Du<ïord:J. Upt.8oc.America,Rev.S.1.,t8,t7 (t?~).
Lemon:Science,4?,tyo(igi8).
DuCord,KightingateandGoddum:J. Am.Chem.Soc.,4$,t8s8U9:7).

<Hancroft:J.Phye.Chem-,t8,762«9t4).
6 Harvey:J. Ccn.Physiol.,S,~75('9~: Bull.Xat.Res.Counci),Xo.59(1927).
AtbMcht:Z.physitt.Chem.,t36,3<t(19:8).Thématerin)ttsedin thèse<a(j)en)ncnts

WMkindlysupptiedbyDr.Albrccht,towhon)1expressmysincerett'anka.
j
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and H<0t,espeeianyif therearepresentalsosubstancesdecomposingHt0<,

inctudingperoxidasesand blood. Suchan alkalinesolutionof aminophtha-

tichydrazidwillbe referredto as hydrazidsolution.

Luminescencedoes not appearif pureoxygenis bubbledthroughthe

solutionbut a brilliantluminescencesurroundseachbubbleof ozonewhich

? passedthroughtho alkalinehydrazid.
Onoshouldthereforeexpeetto findluminescenceat an anodeduring

electrolysisofhydrazid,freeofhalogens,andthis isfullyborneout by expert.

ment. Withgoodstirringofthe solutiona brightlightappcarsat 2.8volts

and .0005ampereswhichwilllastforsometime. If thesotutionisnot stirred

a brightflashthat dimsquicklyappearsat :.8 voltsanda goodsteadylumin-

escenceat 0.5volts,undoubtedlydueto oxidationofhydraiddbythe filmof

activeoxygen.I planmakingsomee<Hciencystudicsat a laterdate.

Perhaps thé most interestingluminescenceis that whichappears if

freshlyeutmetalssuchas Al,Zn,Cd,and8n are placedin the solutionof

hydrazidin n/m NaOH. Nolight wasobservedwithFe, Ni, Pb, Cu. Ag,

Cr, Mn,Bi,As,Hg,Au,orPt. It isespeciallybrightif themetalsare lifted

out of the hydrazidsolutionto the air and alsoespeciallybright if amal-

gamatedAiis used,whena continuousstreamofH, is tiberatedand a pre-

cipitateof A!(OH)<forma. The questionat oncearisesas to the causeof

luminescence,at thesemetalliesurfaces.It isknownthat hydrogenis formed

fromwaterby thesemetals. Onemightconsiderthat theenergycamefrom:

ft) recombinationof hydrogenatomsto molecules;(:) adsorptionof hy-

drazidon metalor on AI(OH)tsurfaces;(3) reactionofhydrazidwithNa

atuminate,zincate,or stannate; (4) formationof HO or HtO: from H:

anddissoived0;.
That the firstpossibilityis not the case is shownby the fact that no

tuminescenccappearsat mostcathodes(note exceptionto bc described

tater) wherehydrogenis activelyfreedby etectrotysis,andalsoby the fact

that hydrogenin contactwithplatinizedasbestos,or palladinizedPd in Na

hypophosphitesolutions(whichliberatesH,), or Mgdissolvingin NH<salts

(whicha!soliberatesH~)showsnoluminescencewhcnhydrazidisatsopresent.

Thesecondpossibilityis ruledoutbythe fact that At(OH):,precipitated
frotnAICt,orNH4alum,mixedwithhydrazidsolutiongivesnoluminescence,'

and the thirdpossibilityisalsoruiedoutbythe fact that AI,Zn,Cd,andSn

boiledwithn/io NaOH,the supcmatantliquiddecantedand mixedwith

hydrazidgivesnoluminescence.Thezincates,etc, shouldbe formedundcr

thèseconditions.

Hcgardingthe fourth possibility,it is wellknownsincethe observation

of Traube' (cf.Burdick*and Smith<)that Ht0<is formedat moistZnsur-

Aflashofhunineseencewilloccurwhcnhydraziddissotvedinalkaliismadeaeidand
alsowhenthisacidsolutionilagainmadeaUcaMne,Mthatraremustbetakontosuspend
théA!(OH)tinalkalinesolution.

'Tmuhe:Ber.,2<i,<47t(t8o3).
Burdick:J.Am.Chem.Soc.,49,1179(t9t6).

<Smith:J.Chem.Soc.,89,48!(tao6).
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faces in contactwith air. Dunstan, Jowett and Goutding'obtainodthe

titanicacidtest forH,0, whenZn, Hg,Cu, Pb,Bi, 8n, and Ag (trace)are

treated withslightlyacidwatercontainingoxygen,but noRewith Fe,and

Barnesand Shearcr~ob~rvedpotcntialsat Aland Zn surfacesconnected

withH~O,formation,butnotwithCu,Pt, or Fesurfaces. Thcrcistherefore

considerableevidencethat undercertainconditionsH)0: is formedat metal

surfacesinpresenceof dissolvedoxygenand 1believethe hydrazidtumines-

cenceat thesesurfacesisdueto its oxidationbyH~.

HtO, shouldalsobc formedat cathodesduringetectrolysisand should

be mostapparentwiththoscmetatspossessingthé greatesthydrogenover-

voltage (sincethosemetalshave the least catalyticeffectin causingre-

combinationofHatoms,activein H~Otformation), t

Mercurybasa highhydrogenovervoltageandshouldshowluminescence

whencoveredwitha layerofaeratedhydrazidin n/io NaOHand madea t

cathode. Suchis thecase.Theanodeis a point,a finePt wire,so that the

bright luminescenceoccurringat the anodewillnot interferewith observa-

tion of the weakluminescencedue to Hi0<,that actuallyappearsoverthe

cathodeHgsurfaceundertheseconditions. Whenthe current is reversed b

and Hg madean anodewe can of courseobtain the bright tuminescencp

conneotedwithnascentoxygen.

Otherobservationsshowthat luminescenceof hydrazidoccursunder

conditionswhenweshouldexpectactiveoxygento appear.

Thus,a pièceofphosphorusplacedin a layerof hydrazidsolutionsoas

to be halfcoveredshowsthe bluishluminescenceof oxidizinghydraziddue

to ozoneformationat theP surface,inadditionto thé greenishluminescence

of thé P itsetfundergoingoxidation.

H:0t haa beenobscrvedin oxyhydrogenand oxy-COnames' and it is

interestingto finda beautifulblue luminescenceat the surfaceof hydrazid

solutionswhenan oxy-gasor air-gasnameis directedon the surface. No <

suchluminescenceisobservedat the surfaceofwaterorn/ ioNaOHsolution.

Finallyit shouldbe askcdwhyit is not possibleto observeoxidationof

hydrazidand luminescenceat ptatinizedasbestossurfacesin contactwith 0

air or pureoxygen. Asa matter of fact no luminescenceappears when

hydrazidispouredon Pt asbestos~(severalsamplesweretried)and pure0<

is bubbledthroughthe solution. It ispossiblethat the Pt surfaceisquiekly

poisonedbythehydrazidbut thereis littlevaluein speculationin thé absence

of experimentaldata.

DutMtMt,JowettandGoulding:J. Chem.Soc.,81,t548('9°5).
BamesandShearer:J. Phys.Chem.,12,tss,468(tooS).
Tmube:Ber.,26,t47t(t893).

<Sometimesa faintflashofluminescenceappearswhenhydratidsolutionMpouredon

cotton,asbestosHher,andotherfinelydividedaubstancea.

n
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Luminescenceof aminophthalichydrazidin dilute alkalioecursat any
anodeduring thepassftgeof ourrcntandat a cathodeof Hg,at moistalkaline

AI,Za, Cd, and Sn metalsurfaces,and whenoxy-gaaflamesarc playedon

thc surface of thé alkalinesohttion. This tumineNcenceis due to active

oxygen. Luminescenceof hydrasidalso oocursin contact with oxidizing

phosphorusand is connectedwith ozone formationand decomposition.
Thishydrazid is suggestedas a test for activeoxygen. A mixtureof oxy-
lucifcrinand tuciferasemaybe usedasa test foractivehydrogen.It is sug-

gestedthat thé term gatvano-tumineseencebe usedfor luminescencesasso-

ciatedwith thé passageof electriecurrentthroughliquids.

SMmmtuy



KFFECT0F SOMKFACTORSONTHERINGMETHODFOR

DETERMININGSURFACETENSION*

BY A. H. NtETZ AND R, H. LAMBERT

In connectionwithworkcarriedout byoneofus' on orientationat solid

surfacesit becamenecessaryto adopt a convenientand rapidmethodfor

df'tcmliningsurfacetension. Further, workby Sheppardand Lambert~

on noccutationand deflocculationof silverhalidesgave risedirectlyto an

interest in the ringmethod. Certain phasesof the methodwcretherefore

investigated,in partieulartho dependenceof the ring methodon contact

angle,or degrecof wettingof thc ring bythe liquidto bcmeasured. The

ctycetof certainphysicalfactorssuchas the sizeof wire,dimensionsof the

ring,f<c.,werebrieflyreviewed.Thispresentpaperis,however,in nosense

a comprehensivestudyof the method,thé effectsof ring sizehavingbeen

givenmore exacttreatmentby MaeDougaH,"Harkim/ JoMin,"and others. l,

Aconvenientapparatusfor the practicaluseof the ringmethodhasbeen

describedbydu NoQy*andis manufacturedby the CentralScientificCom-

pany. This isthe instrumentusedby us. Themodifiedtcchnicof Ktopsteg'

wasemploycdthroughout,as this seemswithoutdoubt correct. According

to this,the liquidis loweredby a finemicrometerscrcwandthearmholding

the ringis alwayskeptat thezeroof torsionof thetensiometerwire. Vanous

tensiometerwiresweroused,and the wiresgivingthé mostconvenicntread.

ingswith thehighestaccuracywerechosen. Sucha wirewillgiverelatively

highreadings,e.g.,from1500to 170°,whenthc ringleavesthesurfaceof the

liquid. Obvioustyit isnotconvenienttochangewiresalwaysto obtainsuch

highreadings. Eachwirewascalibratedindynesper degreeby meansof a

smallpan andweightssubstitutedforthcring. Inmostcasesinthe following, r

howcver,thevalueusedis thatofthepuUonthc ringindegrees.designatedasP.

Theequationoftenappliedto the tensiometeris

10'T- h
:t [

whereT is surfacetension,F is the forcein dynesrcquiredto pull out thc

ring(F = kP), and l istheaverageperimeterofthc ring. It has,ofcourse,

CommunicationXo.~79fromtheKodakReoean-hUboratoncf).readattheRegional

Meetincof thoAmericanChemicalSociety,atSyracuse,~t.Y.,Octobert9,t9~o.
A.H. Niets:J. Phys.Chem.,32,255.~o <'9~S).

'CotMdSymposiumMonopaph,4,a8t-30t(<9:6).
'Science.62,:9t (t9~!).
<Science,M,333('9~6).
i-!pience,64,93(t9t6).
J.Gcn.!'hyao).,t. 5t)(igig).
i~fience.60,3*9(t9~).

<
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becn found that this relation is app)icab)cover only a narrow range of wire

and ring sizes, and dues not inctude the effect of contact angle which is

pi-esent. For thé metals copper, silver, and platinum, the latter is ncgligible.

The pull, 7~,in degn'pson the dial of thé tensiometer, and therefore thé

force, F, arc straight-line funetions of the size of wtre, D, constituting the

ring, for rings of the samcdiameter. Sonieof many 8uch curvesobtainedare

shown in Fig. i. The sizeof wire, D, is given in inches for thé diatnctcr,sinec

wire is usually measured in this manner.

For wire of the samesize, P is alsoa straight-line function of the diameterN.e.
of thé ring, as shown in thé lowercurveof

Fig. 2. MacDougaU"bas pointcdout that

forany sort of accuracyin ahsolutevalues,

the ring should bc larger than !.s cm. in

diameter. Fig. 2also inctudesresuttswith
1

disksof varying diameter. Disks, how-

ever, present complex problems in them- {

selves, so that they seem to oner little in

the application to surface tension

measurement. Spheres were also tried

though not furthcr investigated, and the

relation for pull and size is shown in

Fig. 3. This is evidently approximately

a straight line, while with disks the func-

tion is exponentiat.

The factor to which most attention

was paid, however, was the effectofcon-

tact angle. Our curiosity was aroused

in this direction by a table (Table I)

pubtished by Ferguson' in which the ring

method is definitely classed as being in-

dépendent of contact angle. This is

approximately true, as stated, when it is used under certain conditions,but

it can be shown that the statement is by no means generally true.

Xumerous sets of curveslike Fig. i wereobtained and fromthese observa-

tiens, and interpolations made from them, the data summanzed in Fig. 4

werc asscmbtcd. It is evident at oncefrom this set of curves that thc higher

the wetting power of the liquid (in this case water) for thc matcnat of the

ring, the more rapid the change in pull, P, with change of wire size. Con-

versely, when the degreeof wetting is )ow,as in the lower curve (C= izo")

therf is practicatty nochange in pull with wire size.

If now we confineountctves to one wire size, something further can be

learned about the effect of contact angle. For this purpose a wire size,D of

0.064 in. was chosen. This will givc data corresponding to a cross-sectionof

'J~OC.Ct<.
'Tmos. FaradaySoc.,17,370(<9Zt).).
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FM.5

E~ect of Contact An~e on Putt of the Tensiometer Ring.
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the curvet)in Fig. 4 takenat D = 0.064. Actualobservationsmadeunder

theseconditionsare shownin Mg. s, wherefor a givenwiresize(0.064in.)

the pullP isplottedagainstthéangle8 indepcndentlydetermined. Thering

wasdippedinto a ontattquantityof the moltensolid,the coatingbeingas

thinas possible. Thésotidsusedcovereda widerangeoforganicsubstances

PETERWtMtNOF'UNCTIONf-MMCURVE

!<o.66

suchas hydrocarbons,alcohols,aldéhydes,ketones,acids, etc. Thereare,

ofcourse,severalsourcesoferrorandfactorscausingdiscrepanciesinvolved

in thisprocedure.
In the first placethereisa variationin the actualringsize,D, rcsulting

fromvariationin the thieknessof the coating. Furthcr,it wasshownin a

previouspaper'" that conditionsduringcrystallizationmay have a large

cffecton surfaceorientation,so nodoubttherearcvariationsin the surface

fromthis cause. In spiteof the veryerratic andscatteredappearanccof

thèseobservationsthey showan almostcertaineorretationon mathematical

treatment. A Bravais-Pearsoncorrelationcoefficientwas calculatedfor

some75 pairs of observations,this coefficientbeingso highas to indicate

J. Phys.Chem.,32,e68(t~8).
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a practicallycertainrelationbetweenput! and contactangle. Forallob-

servationsthis coenicientwas 3.7~,and whenthe mosterraticresultswere

excluded,9.78.
Havingdeterminedthat there isa definiterelationbetweenP andC,we

next attemptedtosetup thé formof the function. It wasassuntedthatthé

term (i + cos9)mightenter in the expressionand accordingly!og was

plottedagainstlog(t + cosC). Thisproveda straightlineas showninFig.

6. SubstitutingPforkP this givesriseto the expression

F = 2)T(t+cos~°

EFFECTOF0 ONPULLOFTEN5tOMETER
F~-AT (t~CO&.O)~ a

Fto.77

whereis thcperimetcrofthe ring,andthé othcrsymbolshavethemeanings

previouslygiven. Thefactordeniersas Pis in dynesand Tindynesperem. <

Byfurthertrcatmentofobscrveddatan is foundto berelatedas follows

D
n*=k–Ki

1

and for the caseunderexamination,whereD = 0.064

D
n = !j.! -r = O.y.

That thisexpressionforthe relationbetweenF and C,F<=:!T(t +cos9)",

holdsonlywhenDis relativelylargeisevidentat oncefromFig. 7,which

t

<
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t'ppresentsa famuy of curvesealeulatedfromthe equatton. When is

f<otuewhatlessthan 0.030,it becomesnegative,and fornegativevaluesof «

the curvestum upwardbeyondabout C = !os". ThisM,of course,absurd,
as it is inconeeivablethat the pullshouldincreasewithlowerwettingpower.

FromFig.7 it is alsoclearthat at somesizeof wrc in the neighborhood
uf = 0.020thé pullwillbe independentofthé contactangle. Thismaybc

truc and maybc the reasonwhyit bas beenthoughtthat P and Care not

related. Furthcr,at aboutthé angleof paraffin,105to no", Fig.y showsa

pointwherethe pullisapptoximatelyindepcndentof thewiresize.Thelatter

wasnot borneout bytheexperimentaldataforparaffin(secFig.i)andwould

be extremelydi~cutt to prove or disproveexperimentaUyowingto the

physicaldifficultiesinvolvedincoatingorganicsubstancesevenlyto a dennitc

thioknessandto uncontrolledfactorsalfectingthénatureofthesolidsurface.

Wedidnot sueceed,in thé limitedtimegivento theproblem,in develop-

inga relationshipwhichwouldholdovera widerrange. Theequationgiven
didfit thedata, however,verynicelyfor thesizeofwireused,andthe curve

putthroughthe observationsofFig. s isthé resultof teast-squarecakutations

basedontheequation. FromFig. i it is evidentthat sincewehâvestraight

linesofthetype shown,wemustalsohavetherelation

F = mD + b.

Accordingty,if weareright,thisshouldbecompatiblewithF =ïiT(!+cos~)",
wheren <=i~.iD/l = 0.227,whichwasfoundto be thecase.

Summary

The ring methodfor surfacetensionmeasurcmentwasinvestigated

asto theeffectofdimensionsoftheringandasto the effectofcontactangle.
2. It was definitelyprovedthat there isa relationbctweenthé pullon

the ringandthe angleof contactbetweenthe materiatof the ringand the

liquid.
3. Théfonnofthefunctionshowingthisrelationshipwasfoundto be

F xtT (i + cos

thoughthisdid not holdoverthe cntircrangeofwiresizes.

4. The classificationof the ring methodas bcingfree fromthe effect

of contactangle is definitelyin error, beingprobablypartly causedby an

accidentâtchoiceofringsand materialswhichshowcdlittleifanycffect.

~<~M(e)- y.,
AprilM~a.



THE APPLICATION0F DIFFERENTIALPOTENTIOMETRIC

TITRATIONTOTHE ESTIMATIONOF WEAKACIDSIN

DILUTE SOLUTION*
––––

<, BY BKVENLY L. CLARKE AND LELAND A. WOOTKN

Introduction

In connectionwithworkon the aceticacidcontentof woodswhicharose

froman investigationof the corrosionof teadcablesheath in ereosotedwood

ducts' it becamenecessaryto estitnatewithprecisionaciditiesof waterex-

tracts of woodswhiehwereof the orderof scveratten-thousandthsnormal

in aceticand formicacids. The frequentpresenceof woodpigments(which

werein somccasesnatural indicators)and the high dcgrceofdilutionren-

dercd inapplicablemethodsof titration involvingindicators. For thc same

reasons,and alsobecauseof the precisiondesired,a numberofetectrometric

methodswereciiminatodaftcr trial. The dinerentia)clectrometricmethod

in the fonn developedby Macinnes~showedthe greatestpromise. In order

to adapt the differentialmethodto the requircmentsof our specialproblem
of the estimationof weakacidsin very lowconcentrations,certainmodifi-

cations in the methodand a new formof apparatus were developed.A

somewhatsimilarelectrodehas recentlybeensuggcstedby ErichMOHer.'

The apparatusis iihjstitttedin Fig. i. Theprocedurefor makinga titra-

tion is as follows:Gas is passedthroughthe capillarytube C until the air

in the sotutionhasbeendisplacedandthepotentialdifferencebetweenthe
etectrodesC and D, on elosingA and suckingup solutionintoC by com-

prcssingand dilatingB, has reacheda smallconstantvalueE. (zeroin the

idealcase). Withthegaseut offandC filledwithsolution,a smaUincrement

~B of the basesolutionis addedfromthe burette to the solutionaboutD,
the diffusionof whichinto C is minimizedby the finecapillaryat the base.

of C. Thé concentrationcell thus set up showsan eiectromotiveforceE.

As AB is madesmaUerE-E./AB (or AE/A8) approachesdE/dB and a

plot of ~E/AB againstB approximatesthe differentialof the usuatE/B

curve. The end-pointis estimated fromsuchdata by methodsto be de-

scribed in the tbeoreticalsection.

Theoîetica!

So far as is knownto us, the completetheoryof titration by the differ-

entialmethodhasnot beenworkcdout. Wepresenta theoryapplicableto

the solutionswithwhichweare working.

ContnbutionfromBeUTéléphoneLaboMtoriea.
HumsandFrced:J. Am.Inst.El.Eng.,47,576(t~8).
Macinnes:Z.phyM):.Chem.,Cohen-Festband,at? (t~y).
MitUer:Z.physik.Chem.,135,toa(<9a8).
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7~

<f'

f/
F)0.

f
The potentialmeasuredduringa /( ariseThc diH'erenccsof potcnt!atmeasuredduringa dinercntMtitration anN: (.

fromhydrionconcentrationcellsof eontinuallyvaryinghydrionratios;and
arccxpressiblcby the Nernstequation,

H+]I&E. 0.059~ (.)

wherethe subscriptst andz, hereas in the sequel,referto electrodesCand

Drcspcctivc!y. (Cf.Fig.i).
C'onsidera point duringa titration at whichthe solutionabout each

etectrodeis of the samecomposition.If wcsochoosethé volumeofthe solu-
tion to bc titratcd that the volumeof reagentrequiredforncutralizationis

negligiblein comparison,then the total volumemay be assumcdconstant
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Further, sincethesalt of the weakacidand the strongbaseis comptete!y

l,
ionized,the concentrationof cationpresent in the solution,i.e.,[B+Je,M

strictlyproportionalto theamountofalkalireagentwhichbasbeenadded.

Let an incrementof alkalisolutionbe addedto the solutionaboutD

such that thissolutionis giventhe compositiontB+).+ [B~j.,causinga

differenceofpotentialAEto boset upbetweenD andC. It isdesired,then,

to plot against[B+].Theparticularvalueof [B+]tobeusedliesbetween
o[H''j

tB+]<,and ([B~. + A{B~.),and for practicalpurposesit is ourprocedure
to take themiddlepoint,or to assumethat [B+]= tB+].+ 1/2 A{B+]..This

iséquivalentto assumingthat E and{B+]are linearlyrelatedbetweentB+)°
and ([B+].+ A[B+].)or that, betweentheselimits,

d'E
d[B~

°'

The validityofthisassumptiondépends,of course,onthéuseofsmallvalues

of A{B+);neartheend-point,wherethe rate of increaseof E with{B~ap- i

proachesinfinity,the error introducedvanished.

In the theoryof the titrationofaweakacidwithastrongbasethefollow-

ing approximationequation'has beendeveloped:

[B+]

fH+1= KtS) [B~ “

{B+] [B~t

J

[S)

whereK. is the dissociationconstantof the weakacidand [8) the concen-

tration ofacidpresentin thesolutionbeforethe titration.

For simplicityinnotationlet a quantityF, the fractionoftheacidneu-

traitzed, bedefinedby

F=~. (3)
[S]

The générâtequation(:) thenbccomcs,

[H~=K.iyI.
(4)

F

For the solutionsurroundingélectrodeC,

[H+]~ K.

r )B+] ~B+t

~Ej~r'
a

lB+1 1/2OCB+1

[S]
Since{8}isconstant,fromequation(3)

.F-
·

[SI-
Therefore,

[H+]l==Ka
F + 1/2 ~F

i (6)
F-~

Ctark:"TheDeterminationofHydrogenlona,"« (t<~8).
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and for the bulkof thosolution,that aboutelectrodeD,

[H+19=`

[B+]+!tB+]

[B~] + :tB?r[I3+ji- x/a e[B*]

t F i/~AF

F+~AF

Substitutingequations(6)and (7)inequation(t) wehave:

n (t
F + i/: AF)(F + 1/2 AF) (8)

AR= E E..
o..s9tog~_p_

whichdescribesthecourseofthedifferentialcurveuptothe equivalencepoint.
Asalkaliis addedto the rightofthe equivalencepoint (i.e.,whenF > i)

thc curveis an approximationto tho diffcrentialof the dilutioncurveof a

strongbase,prcvidedthat weneglecthydrolysis.In a later sectionweshall

showthé justificationforneglectinghydrolysis.
Fora strongbase,

!OH-]=!B~-IS]=(F-t)t8].

~=(F-~)t8!-
(9)

Asin the derivationoftheacidcurve,

~-(F-r/~F-~S!'
and

k"

(F+r/~F-i){SJ

Substitutingéquations(to) and (u) in equation(t) weobtainthe equation
forthe differentialcurveon the alkalinesideof theend-point:

Af F + t/~F i «
AE=..o59!ogp_

(:2)

In Fig.2,a theoreticaltitrationcurveis plottedfromequations(8)and(t:),),
andexperirnentalpointsareshownforcomparison.

It is manifestthat thovalueof ~F, i.e.,the sireof the inerementofbase

addedto produceAE,affectstheshapeof the titrationcurve,andit willbe

hctpfutto showthiseffectgraphically.Thecurvcsin Fig.3, differingonly
inthevaluesof AF,indicatethat theend-pointis sharperas AFis decreased.
At the sametimethe actualvalueinmillivoltsofdEat meaauraMedistance
fromthe end-pointalsodecreasea;so that a lowerlimit to AF is set by the

accuracywithwhichAEcanbcmeasured.WefindexperhnentaMythat this
limitforthe titrationofo.ooiN HAcis at about AF= o.ot.
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Estimationof~*K<<-po!'tt<

Rearrangingequation(8), weobtain

f~ = [B+j' !/4 A[B~

t~=–––––––––(–+-7)' d3)

[B~AtB+!

(ta)

r)
whcrc? = bg"' (AE/59),with&Ein miUivotts.Equation(tg) allowsone

to computea valuefor [8} (whichis theend-point)fromone measurement

of AUforagiven[B+]onthe acidside. Thécorrespondingfonnulafromthe

equationforthe alkalinecurvewouldbelessaecuratebecauseofdisturbances

onthealkalinesidecausedby quinhydrone.
Twoothermethodsare suggestedfor estimating the end-point. Let

equation(8) be rewritten:

01:=
([S! [B~+ '/? A[B+!)({B~+ 1/2 A{B~ (i4)AE==o.os9

tog([s) 1/2A[B~)(tB+} i~ d~])
(14)

Now,thefunetionrepresentedby equation(14)becomesinfiniteat some

pointcloseto butslightlyto thé)eftoftheequivalencepoint. It is evident,

further,that thé valueof {B+jto whichthe functionis asymptotiodiffers

fromthe trueend-point[S]byanamountdependentuponthe magnitudeof

~B+j. To formulatethe true equivalencepoint [Sj in tenns of tB+]for

theasymptote(whichisestimatedby extrapolationfromexperimentaldata)

andof A[B+](whichis known),weequatethe righthandmemberof (14)to

infinity,obtaininR:
[S}=[B~+i/:AtB+]. · ('S)

It isdcsirablcthat asmanypointsaspossiblebetakensincetheaccuracy

of [8]inequation(t:) islargelyconditionedbythe accuracywithwhich[B+]

fortheasymptotecanberead fromthe plot.
It isto bcnotcdherethat thereis nearlyahvaysonepoint-that ctoscst

to the end-point–ineverytitrationwhichdoesnot fall smoothlyon either

therightorthe left-handcurve. Thisisto be explainedasfoHows:If weare

so closeto the end-pointthat the incrementA{B~is more than sufficient

toeffectcompleteneutralizationthenthevalueof AEobtainedwillbethesum

oftwoAE's,onedeterminedbyequation(8)and theotherbyequation(12).

ThemeasuredAEwillnot, therefore,beperfectlyexpresscdbyeitherequa-

tion. Anexampleis showninFig. 2 (pointA). Thisanomalouspointis,

of course,to be disregardedwhendrawingsmooth curves throughthc

experimentalpoints.
The third methodis iitustmtedin Fig. 4. Smoothcurvcsare drawn

throughthe plottedexperimentalpoints(the circles). Assumingthat the

twocurvesare symmetrical,thetruc equivalencepoint lies,then,half-way

betweenAand D. Thismethodhas an inherenterrordue to the departure

fromsymmetricalityof the curves,and to the uncertaintyof the graphical

extrapotation.A)ao,certain Mtomaties,probably referableto the quin-

hydrone,are exhibitedon thealkalinesidewhichrenderextrapolationex-

ceedinglydangerous.
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Experimental

Withthe purposeof discoveringthe concentrationrangethroughwhich

thisniethodis useful,titrationsof variousconcentrationsofaceticacidwith

bariumhydroxideweremade.Wefindthat, whereas0.0004Naceticacidcan

be titrated with rcasonaMeaccumey,weakersolutionsarc not susceptiMe
ofpréciseanalysis. This, wcconsider,is owingto the limitationsinherent

in themethodand in the typeof solutionsunderconsideration.Aseriesof

1titrationsof0.0004N HAcwasthen madein orderto determinetherepro-

ducibilityof the end-pointat this dilution;and for comparisonpurposcs
a aunlarserieson 0.001NHAcwasmade.

Fto.4¢

Theelectrodesystemconsiatedoftwo brightplatinumwiresdippinginto

theunknownacidsolution. PotassiumchtoridewasuddedtoïNakethesotu-

tionconductive. The ctcctrodeswcrecleanedbetweentitrationsby im-

mersionin hot chromicacidmixturefollowedby treatmontin hot sodium

hydroxidesolutionto removegreaseand traces of acid absorbedby the

platinum. Prolongedwashingin distilledwater completedthe cleaning

proeess.
Onthe acidsideof the equivalencepoint,equilibriumwasattainedvery

quickly(fromi to 2 minutes)after thé additionof an incrementof alkali.

Onthe alkalineaideof the curve,however,the potentialswcresomewhat

umteadyand showeda tendencyto drift.

r
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The titrations wereconductedin a elosedsystomin an atmosphèreof

nitrogenor hydrogenpurifiedby passingthroughseveral towersof soda

limeand throughan electriefumace containingmetatticcopperat 300"C.
Tracesof oxygencausedthe electrodepotcntiatsto drift and thé results

to bc generallyunsatisfactory.
The o.ooï N bariumhydroxidcused in all titrations waspreparedby

ditutingwith COrfreedistilledwater, a portionof a saturatedsolutionof

c.p.bariumhydroxide.Tinssolutionwaswellprotectedfromatmospheric
carbondioxidcby a ~*footlength of soda limetube, and wasconnected

directlyto the automaticburette by meansof a syphon. The alkaliwas
standardizedfrequentlyagainststandard hydrochloricacid by the differ-

''ntiatmetbod.

In order to stabilizethe potentials the solutionswerc saturatedwith

quinhydrone(Eastman).Potentialdifférencesweremeasuredwitha Leeds

<.<:Northrup Type K potentiometer.

ExpérimentalResults

In Table 1 detaileddata for a titration aregiven,whileTableII sum-
manzesthe seriesofmeasurementson 0.001N acid. The unit of potential
différenceis onemillivolt.FromTable III wescethat the averagedeviation
frointhe meanofa seriezofseparatelyestimatedend-pointsin the titration
uf0.001N HAcis j: 0.8%.

TABLE1

Titr&tion of approx.0.001 N HAc with 0.001N Ba(OH):

Vol.of HAc = M ce.

Incrément of aïkati *=o.5 ce.

fc Atkaii E. E dE

'7-So 3.9 7.9 4.0

'900 3.5 10.1 6.6

19.50 1.8 !o.y 8.9

~o.oo 1.3 15.9 14.66

ao.so i.s t8.4 16.9

~oo 3.1 eS.t 92.!

21.50 41 aï.9 t8.8

2:00 6.8 2:.9 i6.i 1

2:50 M.y ao.6 o.<)

2300 3.5 n.i y.6
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TABLEH

Titrations of approxitnately o.oot N HAc

TitMttonïa Titratiom3 Titmtion44 Titrationss
ccAtM: ~H AE AH AH

t7.So 4.6 ~8 3.6

18.00 5.6 4.6 4.4 S-8

tS.so 5.8 5-! 6.: 5.7

!9.oo 6.8 6.a- 7-' 8.2

t9.so g.o 8.9 8.6 99

ÏO.OO T:.6 t!6 9.2 t!!2

:o.50 16.8 17.2' ïi.8 ts-9

ït.oo :4.6 :Q.3 '6.8 23.6

ïi.So 18.9 :4.6 24.' "2
i

22.00 l6.8 t6.2 !8.t !6.t

22.50 9.9 '5-ï '7-3 '6.:

23.00 8.2 9-a 10-1 ''8

23-so
– 6.2 9~

24.00 – – 5.8 9.4

TABLEII!

Estimation of End-points

TitMtionXo. ceAlkali Deviations

t 20.87 –o.o6

2 20.8o -0.13

) 21.09 +o.t6

:t8 +0.25

5 20.7t –0.22

MeM 20.93 ±o.t6~ICtttt ~v.~ .t.

Tables IV and Vprésent simitar ~~0~0.0004 N HAc. From Table V

the average deviationon these extremely dilute solutions is ± t.
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TABLEIV

Titration ofj)pprox. 0.0004 N HAc with 0.001 N Ba(OH)s
Vol. of acid = 25ce.

Incrément of alksti =*0.~5 ce.

t~rAlkali
Titration1 Titrationa TitMtion3

f'eAt)t&)) AE AE AE

7.as 9.8 a.! –

8.2S 6.0 – s-8
8.75 – – n.4
9.00 – 8.0

9.25 o.6 to.9 12.6

9-so 13.1 n.S t6.i

9 75 i4.9 16,9 13,1
!0.00 13.8 10.7 14.2
Ï0.2S !5.0 10.6 16,2

'0.50 8.8 7-5 S.9
'0.75 7.5 7-2 7-8
tt.oo 7'* –

11.755 4.0

TABLEV

Estimation of Endpoints

TitratMnXo. ceAlkali Deviations

t 9.7 +0.2

2 9.6 +o.i

3 9.3 -0.2

Mcan 95 ±0.17

Discussion

For thc purposcofdemonstratingthe actualconstancyof fS]inequa-
tions(13)and (15)and hencethe validityof theseequationsforcomputing
theequivalencepoint, data are presentedin Table VI whichare ealculated
frontdata in Tables1andII by equation(ïg).

FromTableVI it isapparent that equation(t~) holdssurprisinglywell
in viewof the fact that it is based on an approximatiom.Averagingthe
'm'andeviationsweobtain i o%,whiehis the probableerrer inthe end-
pointcomputedfroma singleobservation.If 8 or 10observationsaretaken
andavcraged,the probabilityis high that {8}so computedwilldifferfrom
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the truc equivalencepointby lessthan0.5%. It maybe furtherobserved
that if a sunicientlylargenumberof measurementsof AEismade,suitable
criteriaof rejectionmaybeappliedin orderto eliminatethé effectof gross
errors in measurementon the reautt.'

/tf/<Menceof~SM<Mp<oKSonr/M<M'f<Ma<7're<)<men<.

Equations(8)and (tz) expressthe theoretiealcurvefor thé differential
titrationofaweakacidbya strongbase,withinthelimitasetby thevalidity
of the assumptionsmadoin the derivationof the equations.Thechiefas-

sumptionsare:(t) constancyoftotal volumeof the solution:(:) validityof
the MassActionLaw;(3)completedissociationofthé salt; (4)non-dissocia-
tionof theweakacid;(s) that hydrolysisianegligible.

( ) ThetotalvolumemaybekeptpracticaUyconstantby makingtheratio
betweenvolumeofreagentrequiredandoriginalvolumeofsolutionverysmall;
wlicnthis isnotdoncsuitablocorrectionmaybeappliedto equations(8)and

(12). Anothersourceof erroris the temporaryremovalfromthe aphereof
reactionof a smallportionof the solutionby isolatingit in the capilla7of
thc differentialelectrode.Thishastheeffectofmaking{S]variable,whereas

in the foregoingderivationsit wasassumedconstant. AFis not––, as
~J

assumed,but

~B~

[S!-R[8](i-F)
whcreR is theratio of the isolatedvolumeto the total volume. Thecor-

rection,fromthe ratio betweenapparentAF and true AF, is, therefore,
!<(:–F)AF. Thiscorrectiontermis at ail timessmaUandapproacheszero
as R ismadesmalleror asF increases.Theactualcorrectionforourexperi-
ntcntswhereR = o.o2is negligibleexceptin thé regionwhereF = o.s.
Theeffect,ingeneral,is to Sattenthecurveandslighttyto broadentheend-

point. Onthealkalineaidethé correctionterm issimilarin formbut ofop-
positesign.

(a) The Lawof MassActionis unquestionablyvalidfor weakelectro-

)ytpsin dilutesolution.

(3) Withinthe concentrationrangein whichwcaremtercstedcomplete
dissociationofthc saitmaybeassumedwithouterror.

(4) Thisassumptionis justifiableexceptduringthé firstportionof the
titration. Thus,although0.00:N HAcis morethan !o%ionizedwhenno
sait is present,whenthe acid is half neutralizedthe error introducedin

''quation(8)isonlyo.os%and diminishestowardszeroas the equivalence
pointisapproached.

(s) Theerrorin equation(ta) causedby the hydrolysisof tho sait can
hpshownto benegligible.Thehydrolysisconstantisgivenby~

tt ietobenotedthatthecomputedvaluesoffS)inTableVIdonotvaryinaMndotn
mannerfromthemeMM.ForeachtitrationthoraMexhibitcdadecreaseof f8)to a mini-
'num.foHowedbyanincrease.DeterminationofthephysicalcauseofthMtrendwouM
)'<*nnittheappUeationofcorrectiontenntttoequation(13)andgreatlyincreasethepre-
omon.

'Cf. KotthoffandFurman:"PotentiomctricTitratiom,"~o (toa6).
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k~ mAcHOH!

K. Ae

In equation(18) [HAc]may be set cqua!to kw/x,whore is the con-

centrationof hydrionresultingfromthe hydrolysisreaction,sinceby this

reactionHAcand OHare forniedmoleculefor molecule;whereastOH}is

proportionalto the total hydroxylconcentrationcontributedby hydrolysis
andbytheaddedstrongbase. Makingthèsesubstitutions,

and ~(~

x=~(F-.)-~K.'(F-~+4'
('7)

Thehydrolysiserroris greatestnear the neutralpoint(i.e.,as F–t).
To gaina conceptionof the magnitudeof the errorconsiderthe titration of

0.001N HAc. Let F = t.os and AF = 0.0~5.Catcutationfromequations

(12)and (to)showsthat the errordoesnot affectthe true AEof 12'.6milli-

voltswithinthe firstthreesignificantfigures.

The~po<Ae(tca!QuinhydoneEndpoint.

Macînnes,'in makingacidimetrytitrationsby the differentialmethod,

foundthat in the presenceof quinhydronea secondmaximumwasobtained

in the curveshort!yafterthe firstmaximumwhiehindicatedthe mainend-

point. MacInnesattributcd this secondendpointto the dissociationof

quinhydroneas a weakacid. Rabinowitschand Kargin,'repcatingthis

work(nothoweverbydirectmeasurementof thédifferentialcurve)conclude

that the secondmaximumis causedby carbondioxideandnot by quinhy-
drone. Theseauthorsclaimthat whenthe titrationswerecarriedout in the

presenceof an inert gasthe secondmaximumdid not appear. Whileour

resultsarc not, perhaps,to be regardedas strictlycomparablewith those

of theotherworkersowingto the greatdifférencebetweenthe concentration

rangesinwhichweworked,weareableto statethatwebavehadnoindication

of the existenceof thissecondendpoint. Themarkedirrcgularitieswhich

we obscrvcdjust on the alkalinesideof the equivalencepoint we believe

to bedueto complicatedchangesofunknowncharacterin the quinhydrone.
Weworkedat all timesin an atmosphèreof inertgas,sincethe presenceof

airmadeit impossibleevento obtainthe firstendpoint.

9

i. Anapparatusandmethodforthe differentialpotcntiomctrictitration

ofweakacidsinconcentrationsas lowas 0.0004Nhavebeendescribed.

2. The theoryof the differentialmethodis prcsentcd,and methodsfor

estimatingthe endpointare deducedtherefrom.

MMÏnnes:Z.physik.Chem.,Cohen.Featband,:)7 (t9~); J. Am.Chom.Soc.,48,
~j~t()Q26).

RabinowitsehandKtupn:Z.Etektt~ehemieangew.physik.Chem.,34,~tt (t9~.

.VêteYork,N. Y.



ONTHEPHY8ICSOFTHEICECREAMMIX

A RetationshipBetweenBasicViseosityand the WhippingCapacityof

IceCreamMixes

HY ALAN –––– E. ?~BY ALAN LEMHTON AND OWEN E. WtH,tAM8* (~ 7

The purposeof this paperis to reportthe resultsof a simpleseriesof

experimentswhichdemonstratesthat undercertain restncted conditions

the whippingcapacityof an ice-creammixis inverselyrelatedto the basio

viscosityof the mix.

Twopapersdealingwiththe basicviscosityof ice-creammixeshaveal-

ready beenpublishedby theseauthors. The first paper' showedthat the

beatersin the ice-creamfreezerdestroythestructuralviscosityoftheripened
icc-creammix,andthat simplerclationshipsbetweenconcentrationandthis

stirred-outorbasicviscositycanbedemon-

strated The secondpaper*showedthe

relationshipbetween températureand
basicviscosityvalues It wasemphasized
in these papersthat if any relationship
existcdbetweentheviscosityof the mix

andthe whippingcapacity,this relation.

ship wouldbe foundbetweenthe basic

viscosityvalueandthe whippingcapacity
rather than betweenstructuralviscosity
andwhippingcapacity.

Latcr work bas shownthat undcr

somewhatlimitedconditionsa relation-

shipbetweenbasicviscosityandwhipping
capacitydoesexist. To show sucha

relationship,the problemis to varyonly
thoscfactorsinthecomplicatedice-cream
nux that determinethe basicviscosity

value,withoutat the sametime varying
appreciablyotherfactorswhiehalsoaffect
the whippingcapacityof the mix It

appearsthat thiseanbeaccompHshedbythesimpleexpedientofhomogcmzm(;

portionsof a mixat differenttemperatureswithoutvaryingthe pressure
L'nderthesecircumstancesa numberofexperimentsupon ice-creammixes

of normalaveragecompositionbave shownthat at least two different,

conditionsmayexist

HesearchI~boMtcnes,BureaucfDairyIndustry,r. 8.DepartmentofAgriculture.
J.Phye.Chem.,M,596(t927).
J. Phys.Chem.,31,)663(t9~7).

Tem~trtif~vt
FtG.!

i! Variation of BMie ViMositywith

t TemptMture of HomoftemMtion.

t
PreMure 3000Ibs.per sq. in.

Fhnaimv,lnnvmuiWnf nf hl\n1"'CW8h;~in(p
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Rc)at!onofVisc<mitytoOvorun,
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Variation of Overrunwith Viscoaity
when different Homogenization
Pn!MureshavebeenUMttto vary the
Base YM<*o))ity.
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Typicatof thesetwo possibleconditionsare the measurementsof the two

mixesdesignatedin this paperas Aand B. (SeeTable1 andFig. i). In

MixA,a continuousdecreaseinbasicvisoositywithincreaseofthehomogeni-

zationtempératureis shown. In MixB, the basicviscosityincreaseswith

increasein homogenizationtempératureto a maximum,then decreases.

It isprobablethat in MixA thissamemaximumexistsbut at a température
lowerthan thé minimumtempératurerecordedin theseexperiments.

T he whippingcapacityof the differentportionsof the twomixeswas

mcasuredintwoways:First, portionsof themixeswerefrozeninthe6-gallon,

itonzonta!,brine-cooied,power-drivenice-creamfreezer. With thé brine

on continuously,the maximumoverrunwasreachedin eachcasein 8 min-

utes. Second,otherportionsof the mixeswcrefrozenin a baticiyof three,

2-quart,hand-typefreezerswhichweroalso electricallydrivenand were

surroundcdby coMbrine. Here the cans werc opened and thé overrun

measuredafter tS minutesof freesing. The completedata and curvesare

giveninTable1andFigs.2aand sb.

TABLE1

The relationbetween homogenizationtempérature, basic viscosity,and

overrunas obtainedin largeandsmallfreezers. MixAwhereno

maximumexistsin the homogenization-viscositycun'e–Mix B

wheresucha maximumexists

MixA

ttamogcniMtton
~oeopounds Basic Overrun Overrun

per square inch viscoMty large freezer Smallfreezer

Temp. ("C) cp. per cent per cent

43 64.2 St
–

48 6i.t 54 35

53 58.2 60 38

58 Si.i 73
–

63 43.5 88 54

MixB

43 48.3 5~ 42

48 5~.2 55
–

53 52.2 60 47

58 48.5 67 48

63 45 8 77 41

Thé curvesand data show clearlythat an inverse linearrelationship
betweenwhippingcapacityand basicviscosityexistsoverthewholecxperi-

ntcnta!rangein MixA and over that rangein MixB where,with increased

tcnipcraturcofhomogenization,thc valuesofbasicviscositydecrease.

Hecauseof this simplerelationshipbetweenwhippingcapacityand basic

viscosity,the assumptionismadethat withinthe expérimentalrangeof these
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experimentswherethisrelationshipexistathevariationsin thé températureof

homogenizationhâvealteredonty thosefactorsof whichthé basicviscosity

déterminationisameasure.It isequaUyapparentthat.Bincenosimpteretation-

shipbetweenbasicviscosityand whippingcapacityexistsin the MixB when

the viscosityis increasingwith homogenizationtempérature,basicvisoosity

is not the only factorto influencewhippingcapacity. This becomesmore

apparentwhen it is consideredthat no simplerelationshipbetweenbasic

viscosityand whippingcapacityexistawhenthe viseosityof the ice-CTeam

mixis varied byalteringthe pressureof homogenizationwhilethé tempera-

tureof homogenisationremainsconstant. (SeeTableII, Fig.3 and4.)
ttUtC Ut ttUUtU~tt~M~HUU AUttttttMO ~VtfM*v* -o. –-–

TABLEII

Relation of homogenization pressure to basic viscosity

and overrun at different températures

Homogenization Temp. Tenm. '~nm.·

assure 44°C !i8°C 6a'C

persquareinch viscosity overrun viscoaity overrun vtscostty overrun

pounds cp. per cent cp. percent cp. per cent

aooo 34.1 – 34,2 68 34.0 35
.3000 3S.9 46.4 65 42.3 6t
~000 39.S SS-o 70 57.5 58

A separate study is beingmadeof theseother factorswhichinfluence

whippingcapacity. Theconclusionisdrawnfromthe expcrimentsdescribed

in this paper, however.that, other conditionsbeingunchanged,a simple

inverserelationshipexistsbetweenbasicviscosityandthe whippingcapacity

of the normal ice-creammix.



THEBASICVISC08ITYANDPLA8TICITY0F ICE.CREAMMIXRS

ALAN t.ËtQHTON AND FLOYD EMVtN KUBTZ*
J –. Q P

Two importantpapers dealingwith the plasticity of milk and its

products'hâverecentlybcenpublishedfromthé laboratoriesof thé Dairy

DepartmentofCornellUniversity.Exactmeasurementsshowedthat even

skimmilkwasvery slightlyplastic. Interestingdata werealsogivencon-

cemingthéplasticityofthenormalunstirredice-creammix.

Casualunpublishedmeasurementsmadeby one of the authorsof this

paperhad shownpreviouslythat the stirredout or basicviscosityof an

ice-creammixcouldforall practicalpurposesbeconsidereda truc measure-

ment. In viewof theCornellworkit scemeddesirableto checkthesemcas-

urements,particularlysinceit had beenshownin these laboratoriesthat

simplerelationshipsdoexistbetweenbasicviscosity,concentration,tempéra-

ture, and whippingcapacityof the mix,and sinceit mightdevelopthat

certaincorrectionswouldhaveto be madein the expressionof these rela-

tionships.At the sametimeit secmeddesirableto obtainina generalway
datashowingwhichconstituentsofthe mixmostmarkedlyaffectthe plastic

propcrties,i.e., yield-valueand consistencyof the mix. It is not safeto

assumethat astirredice-creammixisplasticevenif skimmilkexhibitsthèse

properties,sincethe présenceofsugarandgelatinin the liquidphaseof the

mixmarkedlyaltersthephysicalpropertiesofthesystemasa whole.

Thebasicviscosityandplasticitymeasurementsweremadein the same

générâtwayas dcscribedin previouspapers;i.e.,the liquidundermeasure-

mentwasdrawnby suctionagainstgravitythroughthe capillarytubesof

the viscometcrs.Thismethodwasuscdso that in the caseof the basic-

viscositymeasurementsnotimewouldbe lost in fillingtheviscometerand

bringingit to the propertempérature.
Thecompleteprocedureofa measuremcntfoUows:Firatthc airpressure

withinas-gallon reservoirwasreducedto the propervaluefor thé experi-
tnent. Thistank wasconneotedto thehousevacuumline.amercurypressure

rcgu!atorbeinginsertedbetweenthe vacuumcockandthe tank, whichper-
mittedair to bubbleintothe systemthrougha predetermineddepthofmer-

cury. The reducedpressureas rcad on a mereurymanometerwasmain-

tainedveryaccuratciyin this way,providcdthe cockin thé vacuumline

wasclosedto the pointwhichpennittedbut a smallstreamof air to pass

steadilythroughthe mereuryof the regulator.The pressuretank wascon-

ncctcdto théviscometerby meansofpressuretubinganda glassstop-cock.
If thé basicviscosityofa mixwereto bc mcasured,themixwaspoured

intoa speciallyconstructed2-quartfreezerandstirred vigorouslyforone-

KeM~MhLaboMtones,BureauofDairyïndustry,t'. 8.DepartmentofAgriculture.
J.Agr.Me~earch,M,647;J.Mry Sci.,tt, 3)io()9~8).
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halfhour whilethe freezerwasimmersedin an aecurate!yregulatcdther-

mostatat zerodegreescentigrade. Carewastakento fillthé freezercorn-

pletelyso that no ai: wouldbe incorporatcdinto themix. If the unstirred

viscosity,or ptasticity,wcreto be measureda z-quartcan ofthe mixwhich

had been standingsincepreparationat approximatelyzerodegreescenti-

grade was placedin a specialrack withinthe thermostatand allowedto

standforone-halfhourto rcachthe températureofthé bath.

Shearing Force~~ne&

FtO.!t
A–Xoge)at!n
B–63'HomogeniMtion
C–43*HomocenMtttton

To make the actualdetermination,the viscomcters,made by sealing

capillarytubingontopipettebulbs,wereimmersedin the mixto a definite

depth and connectedto the low pressurereservoir. The intervalof time

requiredto fillthemwasnotedwiththe aidofa !/io secondstopwatch.

In the courseof this worktwo viscometcrsof the dimensionsgivenin

Table1wcreused.Table1wcreused.

TABLEl1

DimensionsofviscometersAandB

Votume C~thry
mdtNa tength

ce centimetors centimeters

ViscometerA 8.~3 0.05044 S.49'

ViscometerB 24.440 0.049S7 S-°°°



BASIC Vt8C08tTY ANC PLA8TtC!TY OF tCE-CMSAM MtXM8 1487

Thcdegreeofvacuumin theréservoirwasmeasuredona mercurygauge.
Fivedifférentpressureswereusedin this work. ïn detenniningtheshearing
forceat the waibof the capillarytubing, the presMtrocorrectionfor the

heightof the liquidcotumnin the viscometerwasevaluatedfor eachvis-

comcterbystandardizingthe instrumentwitha viscouscane-sugarsolution
of knowndensityat ailnve prosures,plottingthé straighttinenowagainst
réservoirpressure,and cxtrapotatingthis lino to the pressureaxis. The

pressureabovezeroat thé tineintersectiongivesthepropercorrectionfora

liquidof thé sainedensityas thécane-sugarsolutionusedin the standard-

ization,andgivesdata from whichthe averagehydrostatiapressureof any
liquidin the viscometermay becalculated.

The capillarydimensionsof the viscometerswerepurposelychosenof

fairlylargeradiusin orderthat tho timeof nowof liquidbe not overlong,
sincein thestirredout viscositydéterminationsit secmcddesirableto make

thc measurementbeforethere mild be an appreciablerecoveryin the vis-

cosityofthemix. Therewouldalsobe lessdangeroftroublefromctogging.
Theaccuracyundertheseconditionsis allthat couldreasonablybedesired.
Forabsolutelyaccurateresults,however,smallercapillariesshouldprobably
bcused,and,as Sharp'has pointedout, the possibleeffectof capiiia.ysize
ncedsfurtherstudy.

Bxpedmental

Thefirstexperimentswereconductedto ascertainwhethertherewasan

appreciableyield-valuein ice-creammixeswhichhadbeenstirred. Outof

twenty-fiveto thirty mixesonlytwo demonstrateda measurableyield-
value,andthesehadbeenstandingforaboutoneweekandwereontheverge
ofxpoiting.

tn TableII andFig i are givendata ofa numberoftypicalexperiments.
The basicviscositymeasurementsare givenfor a mixwithoutgelatinand

form!xescontaininga goodgradeofgelatinhomogenisedat différenttempera-
tures. Theplasticitydata forcorrespondingunstirredportionsoftheexperi-
mentalmixesare alsogiven.

Ashasalreadybccnpointedout, the measurementsuponthe mixeswhich

hadbeenstirredexhibitcdno plasticpropertiesdetectablewithinthe limits

ofexperimentalerrer. The conclusionis reached,thercfore,that the basic

viscositymeasurementmay stillbe consideredas thctruemeasurementofa

physicalproperty. Unstirredice-creammixes,evenwithoutthé presence
of gelatin,do, however,showa slight degreeof frictionwhenrun through
thecapillarytubesof theviscometers.

Thé most strikingenfects,however,are producedby the présenceof

gelatin. It is seenat oncethat the gelatinnot onlyimpartsan appreciable
yield-valueto the mix,whichvalueis in all probabilitya measureof the

Pnvatecommunication.
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TABLE11

Basic viscosity-ptasticitydata on three stirred and unstirred typical mixes

Force UasipvxcoMty PtMticttyofstfUctureYield

DeliveryViMOMtyDetiveryconsistency value

dynes ce. cp. ce. dynes

1.446.7 0~67

Mixit 2.562.8 o.93ï o.:7:4

Xogdattn 3.653.4 0.3470 !943 o.3!t3 t97i ao

4. 77S.8 0.4001 o.3~7

S. 886.3 0.4S56 o.44~

t. 446.7 o.uss 0.04033

Mixt2 2. 562.8 O.I4SS

Getatin 3. 653-4 o.i7'4 38.6: 0.06987 69.72 t7S

homogenized 4- 77!'8 0.2041 –

at 43°C. s. 886.3 0.23~ o.to~o

1.446.7 0.1269 0.04809
Mix33 2. 562.8 o.!579 –

Gelatin 3 653 4 o.tçoo 36 07 0.08299S9 M !70

homogenized 4. 775-88 0.2194

at63"C. 5.886.3 0.2474 o.n!oo
.o_

at63"C. 5.886.3 0.2474
o.n!oo

structural strengthof the gel, but the consistencyof both the stirred and

unstirredmixwithgelatinMmarkedlygreaterthan wouldbc the case if

gelatin were not present.
The conclusionis reached,therefore:

That the basicviscosityvalueof an ice-creammixshouldbe considered

a true mcasurement.Thisconclusionis madein spiteof the fact that the

viscosityof the mix is markedlyaffectedby gelatinwhichgivesboth a

yield-valueandgreaterconsistencyto the unstirredmix.



VISCOSITY-PLASTICITYMEA8UREMENT8OF THE EFFECTOF

GELATINONICE-CREAMMIXES

BY FLOYD ERVIN KURTZ*
\) ~J L' (

Numerousmethodsof testinggelatinare known. Dahlberg,Carpenter
and Hening'havereviewedanderiticized,inthe tightoftheirownresearches,
someofthe moreimport&nt.It is the purposeof thispaperto considerthe

significanceof basicviscosity-plasticitymeasurementsin gradinggelatinfor
the manufactureof icecream.

Expedmeattd

Forthe purposeof this reportequal concentrationsof six commercial

gelatinswereusedin makingice-creammixesof the followingformula:

Milk-solids-not-fat to%
Fat 12%
Sucrose 14%
Gelatin 0.25%
Water 63.75%

Anothermixwasmadeidentical,exceptthat nogelatinwasadded. Afterthe
mixeshadstoodfor24hoursat the Barnetemperature(approximatelyo')
tneasuremeatsweremadeto determinethebasicviscosityofeach. Leighton
and Kurtz~discussthé appropriatenessof the term basicviscosity"aa

appliedto the valuesobtainedfromthesemeasurements.Theyatsodescribe
the methodofmakingthesemeasurements,whichconsista,briefly,inbeating
out thestructureof the ice-creammixat o"C.until a constantvalueisob-
tainedwhenthém.mpteis drawnthrougha caUbratedpipettebya constant
vacuumpressure.Thedimensionsofthis 8.2cc.pipettehavebeenreeorded.
Table1expressesin centipoisesthe valuesobtainedfor the basicviscosity
of thesevenmixes. Fig. i showsgraphicallythe relationshipbetweenthe
viscositiesof thesemixes.

Afterstanding48hours at o"C.othersamplesof the samemixeswere
rneasuredfor plasticity. The methodusedin makingthèsemeasurements
was the same, withone exception,as that used in measuringthe basic

viscosity–thé exceptionbeingthat, insteadof beatingout the structure,
précautionsweretakcn that it shouldbe brokenonlyby the passageofthe
tnateriatthroughthe plastometer. Table II and Fig. a showthe resultsof
thesemeasurements.The consistenciesaretabulatcdincentipoisesandthe

yieldvaluesin dynes.

MeM-archLahoMtonea,BureauofDairyIndustry,U.S.DepartmontofAgriculture.
DaMbe~,CMpentwandHemng:h)d.Eng.Chen).,20,5t6Uo:8).

1J.l'hys.Chem.,33,1485,('9~).
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TABLE1

Variation of basic viscosity of ice cream mixeswith differentgrades of gelatin

Gelatin Shearing Volume BMie

Mmp!e force deuvered vxcoatty

No. dynes cc. per sec. centipoises

446.7 –

502.8 2.i!93a

Nogelatin 3. 653.4 3- -3470 '9.43

4. 775.8 4. -400I
5. 886.3 5 -4556

i. 446.7y ï-

z. 502.8 2. -!895

1 3. 653.4 3..2253 "9.4'

4. 775.8 4.637
5. 886.3 5- -303S

ï. 446.7y
2. 562.8 2..<929

3.· 653 4 3. -=~99 ~934

4. 775.S 4. -z66z

5. 886.3 5. -3o63

i. 4467 I. –

2. 562.8 2. –

3 3. 6534 3-
– 3752

4. 775.S 4..2082
5. 886.3 5- –

i. 446.7y i. –

2. 562.8 2. –

4 3.· 653.4 3- 24.65

4. 775.8 4..3'69

5. 886.3 5.

1. 446.7 I-

2. 562.8 –

5 3. 653.4 3.
– s'M

4. 775.8 4..3530

5. 886.3 5..4070

1. 446.7 ï-

2. 562.8 2..2016

6 3. 653.4 3
– ~o'

4. 7758 4. –
5. 886.3 5. -3'85
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TABLEII

Variation of tho consistencyand yield value of ice creammixes

with differentgrades of gelatin

Gebt!n ShMnttt Volume Yield

Mmpte force delivered Conststeney value

No. dynes ce. per sec. oentipoises dynes

i. 446.7 i..9167

a. s6:.8 a..9794

Nogetatin 3. 653.4 3..39!3 19.71

4. 775,8 4..3807

5. 886.3 S. -44M

446.7 i. –

a. 56!.8 9..1338

3. 653.4 3. – 39.63 3S

4. 775.8 4.86$

5. 886.3 5' '64

t. 446.7 i. –

a. S6a.8 a.St

a 3. 653.4 3..1344 39.67 125

4. 775.8 4.6!5

5. 886.3 5.933

i. 446.7 i. –

a. 562.8 e..07168

3 3. 653.4 3. – SS-03 '70

4. 775.8 4..1079

S. 886.3 5.3'i

t. 446.7y I-

a. 562.8 :1954

4 3. 6S3.4 3.
– !'5.a3 75

4. 775-8 4.769

5. 886.3 5..3~38

t. 446.7y i. –

z. 56:.8 a.02

5 3. 653.4 3. – 25.03

4. 775 8 4. 3M9

5. 886.3 s..3485

i. 446.7 ï.

z. 56ï 8 2. –

6 3. 6S3.4 3.
– 30.37 "5

4. 775-8 4.87

5. 886.3 5.558
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DtMMBdon

Previoustesta, for the most part, have failedto discriminatebetween

theeffectsproducedby differentgelatinsamplesonthe variousfundamental

physicalpropertiesof the ice-creammix. The methodemployed,as a rule,

basmeasuredeitherthe effectaon oneto the exclusionof thoseon theother

physicalpropertiesof the mix,or thé résultantvalueof thé combinedeffects

onseveralof the basiccharactcristicsof the mix. In so far as the various

fundamentalphysicalpropertiesof a mixmay differentlyaffectthe manu-

facturedproduot,it wouldbedesirablein the test to be appliedto the mix

to differentiatetheseproperties.
In this investigationmeasurementshave beenmade to determinethe

effets producedby equalconcentrationsof differentgelatins,in otherwise

identicalice-creammixes,on the basic viscosity,consistency,and yield

value. Moretesearchwillbenecessaryto correlatethesebasicvaluesofthe

mixwiththequalityof thefrozenicecream. Asthiscorrelationisachieved,

suchmeasurementsas havebeenmadein this studywillbeof valueinob-

tainingthé desiredqualitiesin the manufactureof ice oreamfor, as refer-

cnepsto Figs.ï and 2 willshow,a considerablevariationcanbe obtained

notonlyin the quantitativemeasureof any one,but also in the relation

toeachotherof the threepropertiesheremeasured.

Basicviscosityquitelikelyaffectsthe growthof icecrystabin thefreezer.

Sinccthe beatersfumishmanynucleifor crystaUization,an increasedbasic

vi).cosityof the mixwouldserve to hinder the growthof thèse crystals.

I)ahlberg,Carpenterand Hening's*data on gelatinsindicatethat thereisno

relationbctweenbasicviscosityof mixand overrun. Froma slightlydif-

h'rentstandpoint,however,Leightonand WHtiams'foundthat overrunper

unittimeisconsiderablyaffectedbythe basicviscosityand seemsto bearan

inverserelationto it.

In the ge!atinmixes,whiehare knownto havea gelstructure,the yield

valueshouldbe interprotableas thé forcenecessaryto breakthis structure.

<)nthishypothesis,then, the yield-valueis a measurein an absoluteunit,

thedyne,ofthe structuralstrengthproducedin the mixby the gelatin. In

rpality,a correctionis necessary.This is due to the slightstructureof the

ict'.crpammixnot dependentuponthe presenceof thegelatin. Referenceto

Fig.wil! showthat the non-gelatinmixbas a yield-valueof2odynes;so,

ifthisweresubtractedfromeachof thevaluesobtainedfor thegelatinmixes,

thctewouldbeobtainedanabsolutemeasureof the structuralstrengthdue

to theprésenceof the gelatin. Aftersumcientforceis appliedto a mixto

breakdownitsstructureandestablishnowthroughthécapillary,thevolume

ftctivcrcdperunit time as a functionof thé total forceappliedminusthe

yield-valuegivesa tinear graphof the consistency,whichcanbe considered

anatogousto the viscosityofa trulyviscoussubstance.

Ux:. cit.

J.Phya.Chem.,33,t48t(t9~9).
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The ejfectof the consistencyof the mixon the frozenicecreamis not

knownandindeedis dimcuttevento conjecture.It ispossiblethatgummi-

nessmaydependuponthe consistencyof the mix,althoughthis?, by no

means,certaintyknown. Furtherresearchesquitepossiblywillrevealrela-

tions unseenat present.
Coneerningthe relationbetweenyield-valueand the propertiesof the

frozenicecream: It is rather generallyacceptedthat the structureof an

ice-creammixduringthe hardeningperiodobstmetsthe growthoficeCTystats

and, in thisway,influencesthesmoothnessof theproduct. Likewise,struc-

ture shouldhâve an inhibitoryinfluenceon thc erystallizationof lactoseor

sucrose. By preventingcoUapseof the froxenproduct,structureprevents

toss fromdippingand also preservesthe dispersionof thc air phase,thus

preventingthe developmentof sogginess.

Conclusion

It is theoreticallyplausiblethat basicviscosity,consistency,and yield-

valueofthe mixhaveindividuallypeculiarrelationshipsto the propertiesof

the frozenicecream. Acorrelationof thc valuesof thesephysicalmeasure-

ments withthé nature of thé manufacturedicecreamwilldepend,for the

mostpart,on future research. Asthiscorrelationis developed,thevalueof

the combinedbasic viscosity-plasticitymeasurementsfor gradinggelatin

used in ice creammanufacturewillbe twofold:i. Valuesare obtaincdin

fundanientalphysicalunits;2. In as faras thesebasicphysicalpropertiesof

the mixaffectdifferentlythé propertiesof thé froxenicecream,their indi-

vidualmeasurcmentwouldbetterenablethe operatorto controlthe prop-

ertiesofthe manufacturedproduct.

Summary

i. Todeterminebasicviseosity,yield-value,and consistcncy,measurc-

mentshave been made on sevenice-creammixes,six of which,otherwise

identical,containedequal concentrationsof differentcommercialgelatins,

and oneofwhichcontainednogelatin. Theresultsare tabulated.

a. Thevalue of thèse measurementsin gradinggelatinsforice cream

manufactureis discussed.



THE ELECTRÏCAÏ,CONDUCTIVITY0F ORGANICACIDS

IN WATER,ALCOHOI~S,ANDACETONE,AND THE

ELECTRONICSTRUCTURESOFTHEACID8*

BY HERSCHEL HUNT WtTH H. T. BMtiCOE

In a previouspapertthe authorspresenteddata dealingwith the con-
(tuctanecsof twenty-fourorganicacids in waterand ethyl ateohot. Thc
workrfportedin this paper representsan extensionof that study to solu-
t ionsofsomcoftheseacidsin tncthyt,propyl,andbutylalcohol,andacetone.
Thcreisa pronounccdtackofdatadealingwiththe effectofpropertiesand
constituttonof suchsolventsuponthe ionizationand conductanceof solu-
tionsofweaketectro!ytc!i.

Thispaperalso includesthéworkdoncto dateuponthe study of ethyl
alcoholsolutionsof certaindibasicaeids,a fewacidswhosemoleculescon-
taindoublebonds,and severalarornaticacidsnot ineludedin the previous

report. The dissociationconstantsofvariousbenzoicaciddcrivativeshave
bccncalculatedfromthe valuesof thc limitingconductivitiesof HCI,NaC!,
andthesodiumsaltsof theacidsat 3o"C.

Experimental
Thealcoholsweretreatedwith20ce.ofstilphurieacidand20ce.ofwater

pcrliterto freethemfromaminesand werethendistilled. Theywercfrecd
fromatdchydcsby distillingfroman alkalinesilvernitratesolution. High-
calciumhydratcdlimewasdchydratcdin an ckotricfurnaceat 6oo-7oo"C.
EachatcoholwasdchydratedbyrcHuxinp;oneliterofalcoholwith500gms.
of this !imcfor cight hours. Afterdistillation,thé productwas againr<
Ouxcdwith200gins.of umc,andthe alcoholwasdistiUed.Afterfractional
<)isti))ationthé methyl alcoholwas found to havea specincconductance
of .2.6<) X to'~ reciprocalohms. This conductancewaa lowered to

j.4;; X to~ reciprocalohmsbydistillingthe alcoholfrommetatliccalcium.
( '<'n<tuctanccmcasurcmcntswcremadeat 30*0.

Ethytalcoholprcparcdin theabovemannerhada.specincconductanceof

7:; X'cr' reeiprocalohms;normalpropylalcoholgavea specifieconductance
of 0.17X to~ reciprocalohms;and normalbutylalcoholgave a specifie
pooductaneeof o.t2 X io'~ reciprocalohms. The spécifiegravity of the

ethylaicohotat :s°('. variedfrom 0.78508-0.785:0.Pure alcoholsbas a
x)"'eificgravityof 0.78507at this température. Thewatercontent of our
alcoholisthereforctcssthan0.005X.

This)xt))erisa partofa theaisaubmittM)bythétifat-name'!authoraspartialfut-
hijmt'otoftherequirementsforthcdegreeofDoctorofPhHosophyinIndianaUniveMity.

HuntandBtiscoe:J. Phya.Chem.,33,)<)0(1929).
"Into-MtMnatCntica!TaNm," ny.
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Acetonewaspreparedby longstandingovercalciumchloride. It was

then fractlonallydistilledwitha thermometerand later with a longfrac-

tionatingcotumn.Thelastdistillationwasperformedwiththe useofa Moek

tin condenser.Acetone,thus purified,hada spécifieconductanceof t:.8 X

io-8reciprocalohmsat 30*0.
The bridgeassemMywas the sameas that usedin the previouswork,

exceptfor the alterationsdescribedbelow. Themicrophonehummerwas

replacedbya TypeE VreetandOMiUator.Thisinstrument,as wellknown,

producesa puresinewaveofconstantfrequencyindependentof fluctuations

in theactuatingdirectcurrent. It isaisonoiselessin operationand maybe

convenientlystartedand stopped. Althoughthefrequencymay bealtered,

all measurementsmadein thisworkweremadewiththe oseillatorsetto give
a waveof tooocyclesper second.

Variableair eondensers(g X to"~to t: X !o-' microfarads)wereplaced
in serieswiththe resistancearmof the bridgetoovercomeélectrodeeffects

and to aid in producinga definiteandeasilydeterminedminimumin the

telephones.
Curtiscoils(to-t to.oooohms)wereusedforrésistancesabove!oooohms

in orderto aid in the eliminationoferrorsdueto inductanceand capacity.
Thesecoilshad anaccuracyof0.04%andwerecheckedagainsta standard

résistance.Resistancesbelowtoooohmsweremeasuredbymeansofa small

Leedsand Northrupcalibrated,four-dialbox.

The cellsused in the previousworkwereemployedfor the solutionsof

greatestconductivity. For solventsand veryfeeblyconductingsolutions,

a ceUsimilarto that describedbyDannerand Hildebrand'wasused. This

cellhada constantofo.oo~ôôSs.AHceUconstantswerefrequentlychecked.

The bath, bridge,and methodof clcaningapparatus,catibration,nUing
the cells,andpreparingsolutionshavebeendescribedin the previouspaper.

Data

In the followingtablesthe molecularconductancesofthe acidsare given

for the varioussolvents. The temperaturewas~o'C. ineaohcase. Blanks

in the tablesare due to the fact that someof themostdilutesolutionswere

suchfeebleconductorsthat a significantreadingcouldnotbemadeorbecause

ofthe insolubilityofthe acidinthe solventat theseparticulardilutions.

TABLElI

MonocMoroaceticAcid

Dautton MeOH EtOH PtOH BuOH Acetone

ï o.!4St o.os<)9 o.oo288 o.oo!$7 0.009!

8 o.Ms8 o.tm 0.00520 o.oo:6y 0.0159

32 z 03:4 o.:MS 0.01122 0.00530 0.0369
tzO 8.ot:5 0.4809 0.0353S 0.01251 0.0776
St: 35.6~3 t.i9S' o.!03S7 0.9~06

io:4 62.0393 t.6363 o.:so9

DannerandHildebrand:J. Am.Chem.Soc.,44,2824(t9:t).
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TABMil

Dtohtoroacettc Acid

Dilution MeOH EtOH PrOH BuOH Acetone

0.3375 o.:53ï o.ot8: 0.0096 0.0232

8 0.6697 0.4576 0.0:58 0.0131 0.0388

32 1.4030 0.8958 0.0455 o.o218 0.077?

t:8 3-3S49 !.76t9 0.0963 0.05:3 o.t64:

5:2 9.9886 4.3369 0.2037 0.1389 0.4567 [

1024 !8.a68t 7 ~~6 o.3'i8 0.~474 0.6854

TABLEIII

Dilution MeOH EtOH PrOH BuOH Acetone

1.7340 2.0474 0.0649 0.0:49 0.037~

8 3 3!55 36805 o.tost 0.0383 0.0575

32 6.8765 6.5904 o.t865 0.0673 0.0982

!:8 14-0599 ti.77'6 0.356: o.tzoo o.:797

5t: 30.4619 :o.6543 0.6984 0.2639 o.7!!o

to:4 40-7705 27.3858 0.9627 0.3:07 0.8368

TABLEIV

Cyanacetie Acid

Dilution MeOH EtOH PrOH BuOH Acetone

0.3790 o.:o73 0.0549 0.0:95 0.3356

8 o.59t5 0.329: 0.0676 0.0365 0.3808

32 1.0778 0.5805 0.0807 0.0479 0.4460

!:8 :.38i3 1.0089 o.!07: 0.0639 0.5347

5t: 7.6400 :.i65t 0.1855 o.n:9 0.6333
to:4 15.0968 3.ot83 o.:5oo 0.13:3 0.6863

TABLEV

Gtyco!eAcid

Dilution MeOH EtOH PrOH BuOH Acetone

0.0766 o.o4t6 0.006: 0.0035 0.0349

8 0.2094 0.0716 0.0077 0.0043 0.0457

32 0.643' o.t:to o.ott6 0.0068 0.0543

j:8 :.5744 o.:s:3 o.o::s 0.0:33 0.0856

5t: 10.740: 0.6065 0.1473 ]

<o:4 2o.1687 0.907: o.t88:
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TABLEVI

Monochtoroacet!oAcid tn Mixtures of Alcohols

(so% each by volume)

Dilution McOH-PrOH McOH-BuOH EtOH.PrOH EtOH-BuOH

a 0.0364 0.0336 O.OÎ24 O.t092

8 o.n~t o.t0()7 0.0409 0.0369

32 0.40~ 0.4040 0.083: o.o8t2

H8 1.5896 !.s8'9 0.~26 o.Z!4o

S)2 6.4601 6.1683 0.396'! o.7t62

toa'4 12.1364 !t.99~2 0.6176 i.386t

TABLHVH

Motecutar Conductivity of Acids in Acctone

Dilution Acet:cAeM BromoaccticAcid MoMctteA'id

2 o.oo~o o.oos9 0.0804

8 0.0039 o.otoS 0.1346

32 0.0084 0.0340 0.1848

t28 0.0247 0.0926 0.3538

St2 o.os8i 0.2525 0.6886

!024 0.47~~ 1.1392

DiscussionofResults

Theorderofconductivityvaluesfor the varioussolventsis water,methyl,

ethyl, propyl,and butyl alcoholfor each acidstudied. The solutionofan

acidin acetonebas a conductancebetweenthat of ethyland propylalcohol,

exceptinthé caseof trichloroaceticacid,inwhichcasethévaluesfallbetween

thoseforpropyland butyl at mostdilutions.

Thedictectricconstants'ofthevarioussolventsat 2o"C.arc:

~fcthy]alcohol 31.22 Butylalcohol g.z

HthytAtcohot 9 s.8 Acetone 20.7

Propy!atcohol zz.2

The dielectrieconstantof acetoneis nearer thé valuefor butylalcohol

than that of any of the othcralcohols,but the acetonesolutionsarc better

conductorsthan thoseofbothbutyland propylalcoholin mostcases. This

cannot bc explainedon the basisof fluidities. The fluidityof acetoneis

ahnostas muchgreatcr than that of methylalcoholas the fluidityof thé

latter exceedsthat of ethyl alcoholZ

It isat least interestingto notethat theCH~groupattachedto the hy-

droxytformsmotccutcsof a solventmuchweakerin ionizingpowertt)an

water. Separationof theCH, groupfromOHby CH, (CHr-CHr-OH)does

not greatlyalter the ionizingpowerof the medium. The additionof a

LM)f)o!t-U6mstein:TaMten,2,to~ (<94d~.
RanMayandShietds:Z.physik.Chem.,M,433('893).
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secondCH, group(CH<-CH,-CH.rOH),however,againcausesa very pro-

nouneeddecreasein ionizingpower. The thirdCH,group(CHr-CH~H!-

CHf-OH)causesvery littte change. For instance,in the caseof dich!oro-

acetic,water solutionsshowconductancesof :o-t66 timesthé conductances

in methylalcohol,dependentuponthe dilution. Ethylalooholsolutionsare

t4-:4 timesbetter conductorsthan propylalcoholsolutionsof the sameacid

concentration. Theconductancesin methylalcoholsolutions,however,are

only t.s-2.4 times those in ethyl alcoholand tho valuesin propylalcohol

arconly!.3-z timesthé conductancesin butylalcohol. Theserelationsare

showngraphicallyin Fig.t. Regardlessoftheaciddiftsolvedin thealcohols,

thé conductivitiesin the variousalcoholsstand in approximatelythe same

proportionas mentionedhere for dichloroaccticacid. The variationsare

probablyvery nearlywithin the rangeof experimentalerror. Mositcer.-

tainlythe approximatevariationsare the samefordifferentacidswith thé

uneexceptionof (~ycoUicacid in thé moredilutesolutionsin methyl and

ethylalcohol. The almostuniformvariationin conductivitywith change

in solventand the gréâtvariationsbctweenwaterand methylalcohol,and

bctwecnethyl and propylalcohol,withinsignificantchangesbetweenmethyl

andethyl,and propylandbutyl, havenodirectrelationshipto the dielectrie

constants,fluidities,and associationtcndcncicsof the alcohols. It seems

that they :nust beexplainedby the effectofthe carbon-hydrogengroupupon

thepowerof the oxygenatomof theOHgroupto combinewiththehydrogen

ionofthc acid. In otherwords,the presenceof themethyl,ethyl,and other

radicalsaffectthe basicityorhydrogenacceptingpropertiesof thesolvent.

Asmightbe expected,thé acceptanceof hydrogenby the oxygenatoms

of the hydroxylgroupswillalsobe controlledsomewhatby the nature of

tlie substituentatomsor radicalsin thc acid molecule.Thé substitution

of chlorinein the moleculeof acetic acidcausesthe hydrogenatom of thc

earboxylto be moreeasilydetachedthroughthe inftuenceof the negative

chlorineupon the electron-sharingpropertiesof the oxygenatoms of the

cnrhoxylgroup. To theextent that it is freed,however,it maybc expccted

that hydrogenion willbe acceptedby the oxygenatoms of a particular

tdcohotto approximatelythc samcextentand that thé acccptaneeof 11by

the oxygenatoms of differentalcoholswillvary in a fairlyconstant ratio

rt't!ardtcssof the acidwhichactsassoluté. Theabsolutebasicityorhydrogen

acccptingpropertyof thé solventis determinedbythe electronegativityof

ti'egroupthat isattachedto thchydroxylradicalofthéalcohol.

jt sccnM,therefore,that an equilibriumbetweenthe hydrogenattached

to thé oxygenatomsof thé earboxylgroup(andto variousother atomsof

itsmoleculewhiehmayact as donors'offrecélectronpairs)on theonehand,

andthc oxygenatom of thc solventmoléculeson the other, rcallydeter-

minesthc extent of ionizationof the acidand the conductanceof the solu-

tion. This equilibriummay bc shifted in one directionor thé other by

substitutionsin thc moléculeof solventor acid.

MMf~viftt,inhx"KteftrottTheofyofVa)en<referatoanatomsurroundedinwhole
orinpartbyunsharedetcctfonpaimasa "donor'atom.
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The basicityor hydrogen-acceptingpropertyof acetoneis bellevedto

dependuponthe presenceof an enolmodinctttion.Sucha modificationhas

been assumedto account,at tcast in a measure,for its associationand
rather highdietecthoconstant. Wenote thatacetonebasa fairlyconstant

abilitytoaccepthydrogenion,faUingjust belowethylalcoholin this regard.

FM!1 FM.:2
A. MeOHSotutioM A. !odoMetieAeid
B. EtOH B. CtyeotheActd
C. PrOH C. CMoMaceticAcid
D. BuOH D. AeetioAcid

Its acceptanceof hydrogen,as in the atcohoHcsolutions,is limitedby the

strengthofthe bondsby whichhydrogenisattachedto the donoratomaof

its ownmolecule.

Thesefacts and ideas lend supportto thesuggestionsof Latimerand

Rodebushland others,that thé dietectricconstants,molecularassociation,

and ionizingpowerof the solventare not directlydependentuponone an-

other, but are to be consideredas individuallydependentuponthe mole-

cutar structureof the solventandsolute.

'LatimefandKodebuah:J.Am.Chem.Soc.,42,t4t9(t9~o).
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Brënstcd'basdefinedthe basicityconstantofthésolventbymeansofthe

followingequation
K~=*KAeHKcM.

in whiohKAis the dissociationconstantof tho acid, KA.)dIts acidity con.

stant, and Ha. is thobasicityconstantof the solvent. Assumingthat the
acidshaveapproximatelythe sameeffcctuponthé KsM. of the medium,it
wouldappearthat thé basicityconstantsof methyland ethyl alcoholare

nearlythe same,whilepropyland butylhavenearlythésamebasiostrength.
Thelatteraremuchweakerthanmethylandethylalcohol,whiehin tum, are
weakerthan water. Weare considedn);conductivitydata rather than dis-
sociationconstants,but this ispermissiblesinceit basbeenshown'that the

limitingoonductivitiesofall theseaoldsareapproximatelythesame.
80longas the dissotvedaciddoesnotaffectthe basicityconstantof the

mediumoraffectsthebasicitiesofthe differentsolventsin thesamedirection
andto the sameextent,the dissociationsofan acidin differentsolventswill
standin the sameratioto oneanotheras the basicityconstantsof the sol-
ventsstandto oneanother,regardlessofthénatureof theacid. Thisistrue,

providedthat the sotventsdonotalter inanywaytheacidityconstantof the

acid;that is, the tendencyto permitthédissociationof hydrogenionfrom
itscarboxyllinkagemustbe thesameinsHsotvents. If theacidityconstant
is alterédto differentextentsor in differentdirectionsby the solvents,the

dissociationratios wiUvary accordingly.Thiseffectis determinedby the
relativeetectron-sharingpropertiesof thegroupsattachedto the hydroxyl
radicalof the solventon the one handandthoseof the substituentgroup
inthe acidmolecule,aswellasthe positionof thissubstituentwithreference
to the carboxylradicaland its effectuponthe oxygento hydrogenbond,
ontheother.

Fig.a showstypicalcurvesfor the conductancesofacidsin acetonesolu-
tionsat différentdilutions.TableVI showsthat propylandbutyl alcohols
affectthe conductivityin methylalcoholalmostequaHy,whilethe eSoctof

propylontheconductivityinethylalcoholexceedsthat ofbutyl.

Experimental
Thé rnoleoularconductancesand dissociationconstantsof severalacids

inethylalcoholat 3o"Care givenin thefollowingtables.
The limitingconductivitiesof the acidswerecomputedbymeansof thé

followingequation:
A.aeid= A.Nasalt + A.HC1 AoNaC!.

Theconductivitiesofthesodiumsaltsat ~o~Cwerecalculatedfromthework
ofLloydand Pardee.8

The conductivityof NaCt at infinitedilutionwas determinedin our

iaboratory.

BrSMttd:Chem.Reviewa,S,;;o8(t9:8).
LloydandPardee:Pub.CarnegieInst.WMh.,No.a6o,p.99.
LloydandPardee:Pub.CarnegieInet.WMh.,No.:6o,p.9~.
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Dilution Mo.Cond.so'C. Dilution Mot.Cond.~o'C

~M 376 4000 4S-6

8oo 40.93 oo 53-675

ïooo 43-6

Theconductivityat infinitedilutionwasfound by meansof KoMrauseh's

formula:
A. = Av + (aC'~).

There is a pronounceddisagreementin the data dealingwith the con-

ductivityof HCIat infinitedUution. Gotdschmidt's*valueis 89.4 at as"C.

Thisis higherthan that firstobtainedby him (74.3)and alsoconsiderably

higherthan that obtainedbyPartingtonandLapworth'(66.5).

Goldschmidt'svaluefor tbe limitingconductivityof HCIhas beencal-

culatedby useof the Kohirauschformula. Lloydand Pardeequestionth:8

methodof calculationand recalculatethe value at Infinitedilution from

Gotdsehm:dt'sdata, by usingthe equationsof Noyés*and RandaH/ Lloyd

and Pardee'svalue for the conductivityof HCI at infinitedilutionis 82.

GotdMhmidtbas determinedthe limitingconductivitiesof the sodiumsalts

ofa feworganicacids. Theseandothershavebeendeterminedby Lloydand

Pardee. Becauseof di<îcrencesin the methodsof calculatingAo,Gotd-

schmidt'svaluesare uniformlyabout 10reciprocalohmshigherthan those

ofLloydand Pardee.

Partington'hasmeasuredthe limitingconductivityof HCtinethylalcohol

at o",18°,and 25"C,and basfounda valuefor thé temperature-coemcient.

Fromthesedata wehavecalculatedthe valueof A.for HCIat 30"as ?!4:.

Uangthis valuefor the limitingconductivityof HCI, Lloydand Pardee's

valuesfor thesodiumsaltsof the acids,and our ownvaluefor the limiting

conductivityofNaCt,wehavedeterminedthe limitingconductivitiesof the

acids. Their dissociationconstantshave been calculatedfrom the well

knownOstwaldequation
K = aV(t M)V.

Goldschmidtbas calculatedthe dissociationconstantsfora fewof these

sameacids. Wefindgoodagreementbetweenhisvaluesandours whenwe

usethehighervaluesthat hegivesfor the limitingconductivitiesof HCIand

thesodiumsalts. Sincetherearesuchgreatdiscrepanciesin theobservations

ofthe limitingconductivityof HCtandthe sodiumsalts of certainorganic

acids,the authorsproposeto checkthesevaluesas soonaspossible. In the

meantimewehaveusedPartington'svaluefor HCtas the onlyone available

at3o"C,and Lloydand Pardee'sdata onsodiumsaltsas thesecovernearly

all the caseswhichwe baveinvestigated. We do not claimabsoluteac-

curacyfor the constants. Ourdissociationconstants for the variousacids

Gotdschnxdt:Z.physik.Chem.,aC,13!(t9'4).
PartingtonandLapworth:J.Chem.Soc.,99,t4t9(t9H).

Xoyes:J. Am.Chem.Soc.,30,335(t9o8).
<NandaM:J.Am.Chem.Soc-,38,788(t9'6).
Partington:J.Chem.Soc.,M,t937(t9")-
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arconlyrelative,but theyenableus to comparetheacidson thebasisofthe

effeetof substituentgroupauponthe dissociationofhydrogenfromits car-

boxyllinkage. Thedissociationconstantsobtainedfora fcwacidsby Gold-

schmidtwerecalculatedfrom molecularconductivitydata in solutionsin

whichthe dilutionrangedfromabout ic-zo Uters.Theconstantswhichwe

arequotingherewithareobtainedfrommotecutarconduotivitydataat dilu-

tionsof 8, ga, 128,$1:, and !o~4titers. It willbenotedthat thesevalues,
ingénérât,seomtodecreaseas thedilutionincreasestowhatwouldeventually

provea constantvaluein very dilutesolutions. Thereis, however,nocvi.

dencoof constantvaluesover the wlderangeof dilutionat whiohwehave

calculatedthé dissociationconstants.

TABLEVIII

Dilution o-Nitro. m-Nitfo- p.NitM- o-Toluic m.ToMc p-ToMc
benMe ben«tie beMoio

2 0.0504 0.0718 0.0098 0.0772
8 0.09$! 0.0942 0.0569 o.otM 0.1231 0.0107

32 o.!5'S 0.1239 0.0741 0.02)4 0.2479 0.0223
t28 0.29;! o.ï83Ô 0.1228 0.0442 0.3431 0.0383
512 0.49~8 0.3397 0-2393 0.1273 0.4852 0.1098

1024 0.7019 0.4751 0.3177 0.1502 0.5564 0.1520
Sp. Cond. of atcohol1.61 X 10"'

TABLEIX

Dilution 0-CMoro-m-Chloro-p-CMoro. o-Amino- m.AmitM)-p-Amino-
bentoie beMoic beMoic benzoic benzoic benzoic

2 o.o2o8 0.07)3 0.0277

8 0.0317 0.3485 o.on5 0.1036 0.0374

32 0.0604 0.4388 0.0219 0.1307 0.1070 0.042!

128 o.ioo6 0.49~9 o.o6o6 0.1989 0.1754 o.os68

5t2 0.22:5 0.5688 0.1475 0.4S30 0.2207 0.0957

1024 0.470: 0.6319 0.2!4! 0.76:9 0.2510 0.1270

Sp. Cond. of alcohol 145 X !o-~

TABLEX

Dilution o-Hydroxy- m'Hydroxy- p-Hydtoxy. Denzoie Phthalie
betxoic beMoie bensoio

2 o.ot23 0.0131 o.oot8
8 0.0299 0.0:90 o.t352 0.0045 0.059:

32 0.0488 0.0285 o.t4o8 o.otio o.!235
128 0.1079 0.0673 0.1833 0.0376 0.2553
5i2 o.:69o 0.1709 0.3978 o.o9t2 0.5394

1024 0.4!49 0.2473 0.5222 0.1519 0.8211

Sp.Coud. of alcohol200 X !o-'
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TABLEXI

Dilution Succinic Malonie Oxalio Fumario Meteic Adipie

? 0.0386 0.2016 0.2658
8 o.ot23 0.0576 0.3939 0.0:53 0.5:45 0.0050

3~ 0.0:39 0.0905 0.6459 0.0515 '.0!85 o.o!38

!28 0.0528 0.1672 !.i630 o.!655 1.9814 0.0474

512 o.tt53 0.3229 2.9489 o.2516 3-79<" o.t:49
!024 0.2027 4-2390 o.3!2? 5.2î05 0.1858

Sp. Cond. of alcohol 196 X to-'

TABLEXII

Dilution Meso- Dextro- Crotonic
Tartane Tartane

2 0.0044
8 0.3727 0.022l 0.0104

32 0.7344 0.0448 0.0189
t28 0.98:! 0.09' 0.0425

5i2 t.t045 0.2308 o.to89

!024 t'4'5 0.315~ o.:538

Dissociation Constants

Note: AH values recorded below are to be multiplied by 10- except

values for the conductivity of the acids at infinite dilution.

TABLEXIII

Dilution o-Nitro- m-Nitro- p.Nitro- o-ToMo m-Totuic p-ToMc
benloie beotoio benloie

8 30.8 30.8 9.6 o.66 56.7 0.43
32 ï9-7 !33 4.5 0-5' 57~ 0.47

t28 18,7 7-3 3.! 0-45 ~7-7 0.34
5:2 13,0 6.3 3.0 0,94 13.8 0.7'

1024 '3' 6.! 2.6 o.66 9-' 0.69
A.of

acid 60.3 59.8 6t.a2 57~7 576 57 3

TABLEXIV

Dilution o-CMoro- m-CMoro. p~Moro- o-Amino- p-Amino.
benloic beniKtie beMoic beMO:o bensoio

8 3.t 417 o 0.45 390 54
32 3t '05-0 0,42 '57 1.7

!28 2.2 5'-2 0.8 9.2 0.78
5!2 2.7 17,4 '7 "-7 0.55

!024 6.2 10.5 '.24 x6.5 0.48
A.of

acid 60.2 60.26 6o.o 58.33 56.77
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~tf
TABMXV

JMtttion o.Hydroxy- m-HydnMy- p-Hydroxy- BenMic
benxoic benzoic beMote

8 t.6 ~6 73.? o.o~

32 t.9 0.7 '9 8 0.107
!28 2.3 1.o 8.4 o.3<x
512 3.6 1.7't 99 0.4S9

t024 4.3 'S 8.5 0.64

A<,of

acid 62.44 57-6b S5.88 S9S5

Discussion of Results

The structure of benzene and its derivatives, from the viewpoint of the

ctcetronic theory of valence, is wtt summarizcdby the concepts advanccd

by Huggins' and Crockcr.~ Huggins favors a structure of benzene in which

thc carbon atoms, with thé bonds which tic thcm to hydrogenor other atoms

or radicals, are in two parallel plancs, each of whichcontains thrt'e carbon

atoms. There is much evidence in favor of this viewin the results that have

bcen obtained by thé anatysis of X-ray measurementsof benzène deriva-

tives and by absorption spectra studies. Recently Macinncs~ bas found

évidence to support this view, which is csscntianythat of the Kürner centroid

structure for benzene, in hisstudy of the ionizationconstants of the hatogcn

and mpthyl substituted benzoic acids in watcr solutions. MacJnnesnnds thc

relative values for thé dissociation constants of these acids, whcn the second

substituent is in the ortho, meta, and para position with référence to thc

carboxyl group, agrée with the spatial requirementsof the Huggins structure.

Thc hydroxyl aeids a{;rcconly fairly wet)with this relation, howevpr, and the

nitro-bcnzoic series fumishes eomptetc exception. An attempt to apply

Aïacinncs' methodi!of calculation and graphicat représentation to the dis-

sociation constants of thèse aoids in atcohoucsolutionsdoes not lead to any

conclusivc results.

('rocker's theory of thé etcctronic configurationof tite benzcnc motecuk'

bas provcd hetpfut in reeoneiling thc viewsof many investigators who hâve

t))!tdesuggestions conccn)ing structure and orientation in benzene deriva-

1ives. HerMner'has recently sutnmarizcd Crockcr's theory and bas used

it in interpreting his studies of association and vapor pressuremcasuremcnts

of the nitroanilines, tnononitrototuenes, and toluidines.

('rocker distribtttes tbc electrons in the benzene molecule as fottows.

I-:acbof tbc six carbon atoms in the benzènering is attached to the two ad-

jucent carbon atoms and to its hydrogen atom by a pair of clectrons. This

accounts for twenty-four of thc thirty valenceélectrons possessedby thc six

Jhig~M:Science,55,6~ (1922);J.M. ChemSoc.,44,t6oy«9~:); 45,264()9~.
Crockcr:J. Am.Chem.~e., 44, t6!8 «9:2).
Mttclnncj):J.)n. Chem.Soc.,SO,25~ ()9~.
lierliner:J. Phys.Chcm.,32,3o7(tt)28).
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carbon and six hydrogcn atoms. The remaining six electronsare placed bc-

tween the carbons and in thc ptane of thc ring, as shown:

If an ortho or para orientinRgroup replaces hydrogen, these six électrons,

which arc referred to as the "aromatic" electrons, arc attracted toward thé

<, 3, and s positions and repelled at the 2, 4 and 6 positions, If the sub-

stituent orients in the mcta position the électrons are attracted towards the

2,4, and 6 positionsand repelledat positions 3, and 5.

Clh XOi

~r I

'V','V'
·,

'DM*carboxyt group is tneta orienting, and so in the tnojccute of bcnzoic

acid we may expect to have the six aromatio electrons grouped in pairs at

thé 2, 4 and 6 positions. Thus, wc may say, that thc carboxyl substitution

tends to make the earbon atom in position one more etectro-positive and the

carbon aton) in position two more electro-negative by the shift that its

introduction into thé molecule produccs in the arrangement of the arotnatio

ctectrons. The change is one in the degree of polarity between the carbon

atoms of thc ring. This effect will bc noticed in thé rate and extent of sub-

stitution of various atoms or radieats for the hydrogen attached to different

carbon atonts, and the polarity of the ring and carboxyl earbons will, in tum,

be innuenced by the charactcr of the substituent whichreplaces hydrogen.

If an atom of chlorine or any other substituent, whichstrongly attraets

the paircd etectrons between itsetf and carbon, is substituted in the ortho

position to the carboxyl, thc carbon atom to which it is attached becomes

less ptcctro-ncgative in character bccause of the attraction of the chlorine

nucteus and thc conséquentdisplacement of the pair ofélectrons away from

thé ortho carbon atom. Stieglitz' makcs this carbon attogcther positive.

This view agrées with thc shift in electrons in unsatumted hydrocarbons.

Kharasch~and others have developed the conception that in vinyl chloride

and similar structures the bondingelectrons are shiftcd awayfrom the carbon

atom to which chlorine ia attached, causing the adjacent carbon atom to

assume a relatively etcctro-ncgative charactcr. Upon the substitution of

chlorine in the ortho position, therefore, the carbon atom to which the car-

boxyl group is attached bceomes more negative and the carboxyl carbon

more positive. The opposite effect is produced whcn chtorine is attached

~tiegiitz: J. Am.Chem.Snc.,44, )~93(t922).
<KharMeh:Chftn.Kcviews,5, s' "9~).
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to thé carbonatominthernetapositionwithreferenceto thccarboxylgroup.

't'hcsedifférencesin polarity,althoughonlyslight,shouldcauseat leasta

noticeabtedifférencein the dissociationof the hydrogenfromthe carboxyl.

Mcta-ctuorobenzoicacidshouldbc morestronglydissociatedthan ortho-

eltlorobenzoieacid. If this weretrue, it wouldseemto bring into partial

agreemcntthe viewsof Stieglitz,ï~wis,'Kharasch,andothers.

Lewis'contentionthat chlorinecausesa shiftofthe électronsaboutthé

nucteiof aUthe interveningatomsin thésamedirection,regardlessof the

présenceof unsaturation("aromatie"electrons),isnot consistentwiththis

idea,however. 80 far as his theoryis appliedwithinthe oarboxylgroup

itsetf, there is agreement. In viewof the data suppliedby the chemical

reactionsofhalogenacidswiththechlorinederivativesofunsaturatedcom-

pounds,it isbclievedthat wcmustcometo theconclusion,contraryto I~wis,

that chlorinesubstitutionresultsin the productionof an electro-ncgativc

conditionforthecarbonatotnoppositethat to whichchlorineisattached.

Meta-chtorobcnzoicacid is not strongcrthan the ortho derivativein

watcrsolutions.LewiscaHsattentionto the factthat the dissociationcon-

stants for the chlorobcnzoieacidsare:ortho,1.3X tcr'; meta, 1.6X io"

)~cusesthisas anargumentagainsttheviewsofStieglitz,whoassumedthat

chlorinemakcsthecarbon,to whiehit isattached,positive.Kharaschargues

that the halogenbenzoicacidsshouldbeonlyslightlymoredissociatedthan

benzoicacid, since,even in the orthoposition,the halogenis on the beta

carbonatom,andin theaHphaticacidstheeffectofahalogenona bêtacarbon

isveryslight. Henotesthat theeffectsin thcaromatieacidsareofthesamc

orderas that produccdwhcnthe halogenissubstitutedonthe alphacarbon

in thc aliphaticacids. But hèreandinhisstatementsconcemingthe totuic

acids,he disregardsthé sixaromatieetcctrons,theunsaturationof the ben-

xcncring,andthe factthat a substituentproducesa changein the électro-

positiveand etectro-ncgativeconditionsof the variouscarbonatomsof thé

ringandof thé carboxyl.
Kharasohalsofindsthe fact, that forrnicisa strongcracidthan benzoic,

an argumentaginstLewis'statementthat "methy!alcoholisa weakeracid

than watcr,phenolisa strongeracid." In thiscasehedisrcgardsthe fact

that in benzoicacid,hydrogenis attachedto thepheny!groupthroughthc

cnrbonatom of the carboxyland that in phenolthe hydroxylgroupis at-

tacheddircct!yto the phenylgroup. If the phcnyïgroupis moreetectro-

negativethan hydrogen,phenolshouldbc a strongcracid than water,

(CeHtO'H~);andagainif phenytis morenegativethanhydrogen,the

:():

'C:0:

Kroupismorepositiveinbenzoicacidthaninformic,andbenzoicacidshoutd

tht'reforebe weaker. That the electro-negativityof thé phenytgroupdoes

t~-wM:"n!cnccandtheStructureofAtomsandMotecutes,"!4~-t46.
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produec such an cfïect upon the carbon atom of the carboxyl, and even in a

chain attached to it, is evidencedby thé fact that the carboxyl group is tneta

orienting, whitethe CH:COOHgroup, in which thé carboxyl is attached to

the ring by a carbonatom twiceremoved, is ortho and para orienting. Lewis

bas pointed out this faet in support of Fturschcim's' alternation of "residua!

affinity" withinthe ring and in the attached carbon chain. Thé views which

we expresshavemuch in commonwith FtUrscheim'shypothesis.
Kharasch goes on to stato that "thé only conclusionthat one may draw

fromthcsc data (ionizationconstants) is that ionization is a molecular effect,
and that in our impcrfcct knowledgeof the effect of the solvent in causinK
ionization that it is not permissible to draw conclusions in regard to

the ptectro-ncRativityof orKanic radicals front thèse prernises." In thix

statoncnt wc thoroughly agree with Kharasch and are herowith presentinR
dissociation data in ethyl alcohol solutions in order that thei'e views may be

tMtpd in sotMsolvcnt other than water. We bc!icve that water is not a

suitable solvent in whieh to compare thc dissociationof organic acids as re-

gards thé electro-negativity of the radicats, induced polarities, inner sa!t

formation, or any other property which may depend in whole or in part

upon the uresenceof polarity, wholly or partially within thé acid tnotecutc.

Thc electrical moment of the water motccutc and its hydrogen-acceptinR

properties (basicity) is so gréât that any phenomenon which depends upon
thé presenceofminor degreesof polarity and hydrogen-accepting propertics
within the aci()rnoleculeor its substituent groups is almost completely over-

shadowedby thé effectsdue to the stronger influenceof the water molecutc.

Bronsted'has shown fromthe data of Larsson' and Michactis and Mizu-

tani* that ethyt alcohol is about 600 times as weak a base as water. BrOn-

stcd has pointed out the significanceof the basicity of thc solvent in deter-

mining thé true acidity constant of thé acid from its dissociation constant.

In ethyl alcoholsolutions, where the hydrogen of the carboxyl is pennitted
more comptetctyto diqplayits natural dissociationtendency in the presence
of a solvent whosemoléculesare not so highly potarizcd, and in which the

oxy~n atom of the hydroxyt group is not an extremely strong "donor,"
the meta-chlorobenzoicacid is much stronger than the ortho derivative.

Para is slightly weaker than thc ortho-chtorobenzoicacid, as might bc ex-

pected, becaus*of the greater distance in this case between the carbon atoms

to which the chlorincatom and the carboxyl group are attachcd. This also

holds truc for the ortho, para, and mcta totuic acids. Mcta totuic acid is

deci(!pd!ystronger in atcohoticsolutions than cither thé ortho or para iso-

mer, and of thc two, ortho is slightly stronger than para. This is in agree-
ment with the etcctronio configuration of the benzène motecute which bas

been discussat earlier in this paper. We are not comparing the electro-

negative charncter of methyt to hydrogen, but rather thc~c<Tcctof thc santc

JHumeheitn:J. praht.Chem.,(:), 66,3:t(tgot);7t, 497(f905).
HroMteti:Chem.Keviews,S,~t (<9t8).

'Lamaon:DMertMion,Lund(<9~4).
<MiehaetiaandMMutmi:Z.physik.Chem.,116,t35(t9~S).

I
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group,CH,, intwodifferentpositionswithréférenceto thecarboxyl.Crooker

eonsidersthe methy!groupas aeting in much the samemannerMthe

chlorineatom,becauseof thestrongnuclearpositivechargeson thé carbon

atomand thethreehydrogennucteiattaehedto it.

The resu!t8for the hydroxyl,amino,and nitro-benzoieacidsare not so

eleareut as wehavefoundthemto be in the seriesofohlorineand mcthy!

substitutedbenzoicacids. Meta-hydroxy-benzoleacidis decidedlyweaker

than the para,but strongerthan the orthoderivative. Wemust remember

that inboth thehydroxylandaminogroupsthe oxygenandnitrogenatoms

rMpectivetyhavestronghydrogenacceptingproperties.It is the hydroxyl

groupthat giveswater and alcoholtheir basioproperties;it is the amino

groupthat sodecidedlydecreasesthé dissociationof theacidwhenNH,re-

placesa hydrogenin the methytgroupofaceticacid. Thepresenceofthese

atottM,possessing,as oxygenandnitrogendo,frecpairsofelectronsto which

hydrogenionmaybecomeattaehedin the samemanneras it doesin forming

fHtO)~and (C<HeOHt)+,mustcertainlyaffectthe dissociationof theacid

in a markedmanner. Andit is only logicalto assumethat the hydrogen-

acccptingpropertiesofthesegroupsisinfluencedbytheirpositiononthering.

Whentheaminogroupoccursin the orthopositionto thecarboxyl,there

).<lesstcndencyfor it to combinewithhydrogenthroughthé freeelectron

pairon the nitrogenatomthan whenthe NH, is in thémetaposition.This

i.sdueto the tact that the orthocarbonis relativelyelectro-negativewhite

the meta carbonis electro-positive.Whenthe aminogroupis attachedto

théorthocarbonthereis lesstendencyforthenitrogenatomtoaccepthydro-

gen;that is, it is Icssnegative. Whenin the ineta position,the nitrogen

atomis morenegativeand hydrogenis acceptedmorefreely. Thiseffect

causesthc metaderivativetobe weaker,as shownby dissociationdata,than

it wouldbe if the NHs grouphad no hydrogen-acceptingproperties,and

"peratesin a directionoppositeto the orthoandparaorientingeffectofthe

aminogroupuponthe arrangementof thearomaticelectronsandthe polarity

of thécarbonatomsin the ringandin the carboxylgroup. Thcsameistruc

for the hydroxylderivatives. Thisexplanationagréeswiththe dissociation

data in alcoholicsolutions. In cach case, the meta derivativeis not as

strongty,andthe ortho is morestrongly,dissociatedthanonewouldbeled

to expectfromcomparisonwiththérelativevaluesofthetwochloroandtwo

tnethytderivatives.Thercarenofreepairsofelectrons(unsaturatedbonds)

attaehedto thecarbonatomof the tnethytgroup;whitein the caseofthé

~trongtynegativechlorineatom, althoughit posscsscsthree frec pairsof

ptoctrons,therei8no indicationofits tendencyto accepthydrogen. Forin-

stance,H:Ct: is highlyionizcd,perhaps100%.

It is of interestto note in thisconneetionthat Macinne~has foundthe

chloroand niethytbcnzoicacidsto bc the onlyderivativesthat rcgutarty
faUinto accordwithhis graphicatrepresentationof theirdissociationcon-

Mactnnes:J.Am.Cliem.Soc.,50,~~87(<9i8).
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Ft<i.}3 t'M.44
A. m-nitrotjfnxoit'Acid A. )n*ch!oro))enMinAcid
B. o.nitrobenxoicAcid R. o-chlorohrnxoicAcid
C. p-nitrobensoicAeid C. p-ehtorobenxoieAcM

stants and thc relative distancesthat separate them frotn the carbon atom

to whieh the carboxyl group is attached in accordance with Huggins' con-

ccption of the plectronic configurationof thé benzcne tno!ccutc {nidits de-

rivatives.

Ortho-nttrobcnMic acid is slightly more dissociatcd in alcoholic solution

than the meta derivative. In the nitro group therc isno singtc atom possess-

ing a nuctear charge sufncienttyeffective to overcome thé repulsive effect

of the free electron pairs about the nitrogen and oxygen atoms. The bond-

ing electron pair between carbon and nitrogen, thcrcforp, may be repeitfd

rather than attracted as in the case of chlorine. Meta-nitrobenzoic acid

shoutd bc weaker, thercforc,than thc ortho isomer, for the same reason that

f
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the meta fonn !sstronRerthan the ortho!n thé cMorobenzoicacid Beries.

Furthermore,the structureof the nitrogroupis probably

-N::0

:0:
·.

asshownbySidgwick.'Herethenitrogenatomsharcsa comptctepairof its

ownvalenceelectronswithoxygento fonna eoordinatebond. This results

in a slight degree of polarity in which

thé nitrogenatom becomesslightly more

ctcctro-positivG.Theeffcctupon thé car-

bon atom to which it is attachod is to

ntakc that atom slightly more negative,

and if this carbon is in the ortho position
with referenceto thc carboxyl group, the

acid should bc more strongly dissociatcd

than if the nitro group is in thc meta

position.
Thc presence of unshared pairs of

electrons about the atoms that compoM*
thc substituent group should have an

cffcct upon the attraction of thé substitu-

f'nt for thc bondinf;pair of electrons bc-

twpcnit and the carbon atom in the ring.

This ptîcct should influence polarity
within the ring and also in attached

chains. That such is the case may be

sccn from thc fact that the percentof in-

cn'asc in conductivity (over that of bcn-

:ic acid) is almost directly proportional
to thc number ofunsharedc!cctronsabout

t )K'varionsatoms that constitutc thé sub-

.titupnt. Toobtain this result tho condue-

tances of the ortho, para, and ntcta mcn)-

ht'rsoft'achseriesmustbpavcragcd. Whcn

considered individually, succpssivc

chanscs from a group posscssingno fre<*

ctectrons (CH3) to one posscssing ~wo

(XJt:), then four (OH), thcn six (M),
and finallyten (N0:) show an opposite
ctît'ct whcnthc substituent is ptaced on

thc ortho atom to that obtained whcn

it is in thc meta position. Thé cftcct in thé para position is stualler than

<hat produced when thé substituent Min thé ortho position with t'eference

m tin' cnrtx'xy! K''oup.

MMewick:"ThéMtectronTheoryofVatence,"65.

c-

t'M.Sg
A. Acid
)!. <)-hy<)rf')!)'tx'tHO)cAcid
C. tn-hydroxybeMuicAcM

thé para position is stualler than
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The followingadditionalfacts may be noted concerntngthe relative

values of the conductivityof variousacids in akohotic sotutioM. The

conductanceofdibasicacidsdeoreasesas the numberofCHt groupssepara-

ting the carboxylgroupsinerGafies.
In male:candfumaricacids,the cis.ac!dis aboutten timesstrongerthan

the trans-acid. Theserelationsare the sameinwatersolutions.

Rc.66

A. o-aminobeMoicAcid
B. m-MninobcnzoicAci<t
C. p-aminobcnzoicAcid

F)o.7y
A. m-toluie Acid
B. o-totuie Acid
C. p-toluicAcid

The effcctofthedoublebonduponthe dissociationof the hydrogenatom

in the carboxylis iHustratedin crotonicacid. Crotonicacid is fromfour to

fivetimes weakerthan butyricaeid,as shownby conductivitydata in alco-

ho!icsolutions. This leadsto the conclusionthat there is at leasta slight

degreeof polaritybetweenthe doublybondedcarbonatoms, and since the

carboxylcarbonatom in crotonicacid is evidentlymore electro-negative

than that in butyricacid,wemayassumethat, in crotonicacid, the alpha
carbonatomiscteetrone~tivcandthe beta carbonatomisrelativelyelectro-

positive. This agréeswiththe fact that crotonicacid yields beta-bronio-

butyricacid upontreatmentwithHBr, whilebutyricacid reacts with bro-

mineto form the alphaderivative.



ELECTRICAL CONDUCTtVITV Of OBGANIC AC!M t~

Figs.3,4, s. 6, and 7 ahowcurvcsforthémolecularconductivttiesagainst
thecuberootofthé concentrationofthédifferentsériesofsubstitutedbcnzolc

acids.

Summary
Thoconductancesof variousorganieacidain methyl,ethyl,propyt, and

butylalcoholand acetonehavebeenmeasuredat 3o"C.
Théconductancesofsubstitutedbcnzoicaclds,anda fcwunsaturatedand

dibasicacidshave beenmeasuredin ethylalcohol.
The resultshave been mterpretedin terms of the électrontheory of

valenceand currenttheoriesofmotecu!arstructure.



THE ALLRGED CATALYTIC ACTION OF FULLER8 EARTH

ON COLORING MATTER IN OIL8 ~Â
~i v. 1

1'\)
BYJ. D.HASEMAN

Some writers have maintained that bleaching with fuUers earth !8 a

chemicalprocess,othersthat it is a physical process,and still others that it is

both ehemical and physical action. Some have maintained that fullers

earth contains an unknown substance which combines with the coloring

matter, rcndering it insoluble; others that the bleaching is associated with

the colloidalsilica contained in fullers earth; others that fullers earth poly-
merizes the eolor eompounds; others that fullers earth dialyzes the eotor

fromthe oil; and tuostof the writers that it is due to selective adsorption.

Theyhave agreed that thc bleachingof fullers earth is in some way associated

withits porosity.
There are equallydiverse ideas and views in regard to the nature of thé

cotoringmatter in oils, especially thé nitrogen-compound coloring matter.

Somewriters claimthat this coloringmatter is related to thc pyridine cotu-

pounds; and othcpstnaintain that thé coloring matters are oleosolsof high
moteeubr weights.

The purposcof thispaper is to prove that fullersearth doesnot bleach by
a mysteriouscatatyticpoweror selectiveadsorption which is in someunknown

way associated with its porosity; but that fuUerscarth contains solid or

pectoiddi-silicicacidor its anhydride which precipitates thé color compounds
that contain nitrogen,and that these color compoundsare humic acids more

or less affectedby thé heat, acid, and alkali treatment of oils.

The Origin of Fullers Earth

It bas generallybeenconcededthat the originalsource of the sedimentary

materia), whichhaqbcen transferred into fuUersearth, was such basic rocks )

as hornblende, augite, etc.; but it more probably came from rock-making
silicatesthat fonn colloidalsolutions whenboiledwithacid, such as nephelite,

sodaiitc, analcite, olivine,chondrodite,serpentine, anorthite, leucite, noselite,

stibititc, heulanditeand cancrinite, (mostly anorthite). <

The locationof gooddeposits of fullers earth in the United States show, 1
wht'nthé généralgeologyis taken into considération,that they weredcposited

parattel to thé ancient shore lines at some distance out in relatively shallow

sensand bays whosebcds were sometimessinkingand sometimes rising due

to the genemlcontinentalsubsidencesand ctevations.

As a result of theseosciHatorymovements of the ancient shore lines and

changesin thé directionof currents carrying clastic sédiments, both lime and

sand were,from timeto time, mixed in the clay sediments, and at times pure

clay,sand and limewerclaid down. Thc deposits nowknown as fullers earth

(

c
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werefomerlynothingmorethanpeculiarcalcareousclaysor clay-likecom-

pounds,havingpyriteand marcasitein or nearthon, andhavinglittle or no

Mcachingpropertics.
Thedepositsdestinedto befullersearth werenot purealuminumsilicate

typesofclayseventhoughtheycontainediron,calcium,magnésium,potas-

8iu)n,sodium,titanium,phosphorus,and sulphursimilarto that nowfound

inmostlacustrineand marineclays;becauseclayscannotbe readilytumed

intogoodfullersearth. Thcsedéports that weredestinedto t~ecomefullers

carth had considerableatuminumhydroxidemixedin the clayas wellas

colioldalpectoidsilica. t )
Whenthé majorcontinentaloscillationswereconcludedandthé coastal

plainswereleftmoreor lessaswcnowfindthem,incessantsurfaceand sub-

surfaceérosionhavematcria!tychangcdthenatureof thébedsofclaysin thé

regionof thepresentand pastundergroundwaterlevels.

The coastalplainsof the UnitedStateswheregoodbedsoffullersearth

arefoundarenot onlysandybut alsomoreor lessswampy.Thiscondition

hasa bearingonthe productionof goodbleachingfullersearth.

Sandis slightlysolublein water. It is moresolublein certainhumie

acids. Azo.humicacids,formedonlyor at least in far greaterquantitiesin

swampyregionswheresandiain prépondéranceto clay,dissolvesand,form-

ingazo-silico-humieacids. Thesedark-brownhumicacidwaterswampsare

orhavebcenprevalentthroughoutthe coastalplainsand areor have been

associatedwiththéactivationofgoodbleachingfullersearths;becauseof the

productionofazo~uico-humieacidsand carbondioxide.

Thebedsof fullersearthfoundonhighhit!sandstrcambluffsarc moreor

lesschangedlocallyintoflint,opaHxedandagatizedsand,andevenintopure

siliceousrockresernblingglasssomewhat. The aluminumcontenthasbeen

K-inovedand replacedby silica. Such bcdsare moreor lessexposedand

abovethépresentundergroundwaterlevel. Thistype of fullersearth is no

goodforbleaching.
Thé déports of fullersearthswith relativelylittle overburdenand in

rPRionsofthéexiatingundergroundwaterlevelareinvariablythcbestbleach-

ingearths. Oftenwhena goodbcdof fullersearth isminedbackinto high

itiUs,that arecomposcdof theoriginaldeposits,thebedbecomesno goodfor

hlenching.Thisis dueto thefactthat thcundergroundwaterlevelishigher

beeauseof impcrvioushardpansnearerthe surfaceof thehighMUsand co)~

sp<)uenttythe surfaceswampwaterschargedwithazo-sitico-humicacidsand

carbondioxidedonot affectthédeposits. Likcwiscthemarcasitcandpyntc

didnot turn into sulphuricacidand do it~part of the activation. The sul-

phuricacidnot onlyaffectsthelimecontenta littlebut it dissolvesout thé

aiuminumwhichis in the fom)ofa hydrate. Thislatterhasmoreto do with

théformationofporositythandocsthc lossof limeas liashithertobeenmain-

tained. Thé AtumBluffFonnationgets its namcducto atumfound in !t

and it is thissérie.!that yieldstheFkrida typeof fullersearth. Théswamp

waterscarryingsilicain solutionthen depositcolloidalsilicamthé claysand

theactivationis complete.
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The depositsof fullersearth foundbelowthe presentundergroundwater
levelsare alsono goodfor bleachingbecausetheyhavenot beenactivated.
Whensomeof thelimeand aluminumcontentsofsuchclaysare removedby
acids, they willthen bleachfairlywell;and if colloidalsilicabe addedby
precipitatingit properlyin thisactd-treatedearth,it willbe goodbleaching
earth.

Henceeventhoughthe chemicalanalysesdo not revealmuchdifférence
botweengoodand poor bleachingfullersearths,there are very important
geo-chemicaldifférences.Thesiliconcontentof théhighand dry depositsis

muchin theformofa true silicondioxide.Thesiliconcontentof thedeposits
belowtheundergroundwaterismuchina pectoidstatebut inactivebecause
of thé excessofaluminumhydroxidewhichmustmostlybe removedasalutn

beforethe solidaoidcanprecipitatecolorcompounds.

The sameis true inthe caseofactivatingbentonite,halloysite,indianaite,
etc. In the caseof bentoniteonecanuseaboutone-thirdof its weightof

commercialsulphuricacid dilutedin twothirds it weightof waterandboil

gentlyabout threehoursto removemostbutnot allof ita aluminumcontent
asalum. In thecaseofhalloysiteit takesmorethanitsweightofacidbecause

it containsmorethan three timesthealuminumcontentthat bentonitebas.

Indianaitebasabouttwicetheatuminumcontentthatbentonitebas. Hence

to leaveabout the sameamountofatuminumin it, it willtake notquiteits

ownweightofacid. Indianaitebasbeencalledkaolinbut it is not. When

pure it bas about40%silicondioxidecontent,40%aluminumoxidecontent

and i s%combinedwaterandthe restfreewaterandtracesofiron,etc. This

clay is in realityaluminumhydroxideanddi-silicieacid. Toactivateit, one

basonly to removemostbut notallof thealuminum.Aboutg or 6 percent
of the aluminumin somewayfacilitatesthe di-silicieacid in freeingH and

OH ionsuscd in bleachingneutraloils;but sulphoacid colorsbleachbest

with littleor noaluminumcontentin the clay.
Hence even thoughfullersearth bas generallybeen consideredto be

hydrousaluminumsilicateit isnot. It doescontaincombinedaluminumand

siliconbut it is not this portionthat doesthe bleaching.Americanfullers

earths usuallyhâve8 to 10%combinedwater;consequentlythe activepart
cannot be either smectiteor malthaciteas suggestedby someauthorities

bccausethesemineraiscontainaround30%combinedwater. Fullersearth

rarety bteacheswellunlessit containsfivetimesas muchsiliconcontentas

aluminum. Part of this siliconcontentis puresilicondioxideand part is a

true aluminumsilicate,but theactivepart isdi-siticicacid.

The fact that the activationof indianaite,bentonite,halloysito,etc.,re-

quire just the rightstrengthofacid,amountof acid,temperatureandtime

to producethe mostefficientbleachingeompound,alsoexplainswhysome

fullersearthsbleachbetter thanothers. Thenaturalprocessofactivationis

morecompleteorperfectin someplacesthanothersandsomebedshaveless

inert materiatsin them.

t
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The Nature of the ColoringMatter la OUs

In a paper entitled the humic acid origin of asphalt published by the

butk'tin of the Amchcan Associationof Petroleum Geoto);ists,1 pointfd out

that asphatt had been made from humicacid on our gutf coast sinccAmerica

was (tiscovpK'd. Sincethen 1 have doncconsiderableexpérimentât work on a

fossit humicacid commerciattyknown as vandyke brown.

\'andyke brown is an azo-humicacid containing 57% carbon of which45%

is Hxed,33% oxygen, 7% hydroRcn,and 3% nitrogen. It is only soluble in

atkatics such as soda ash, caustic soda, ammonium hydroxide, etc. It thcn

fonn<!sodium azo-bumate which is sap brown or soluble vandykc brown.

When either sap brown or vandyke brown is heatcd in a ctoscd retort it

gives off offensiveodors quite like some of the crude oil rcnning odors. Con-

centrated sulphuricacid will carboniMvan dyke brown, also yieldingoffensive

odors similar to those when it is added to crude oil. Vandyke brown lakes

with oit, making a transparent brown paint. Sap brown is precipitated by

any weak acid or acid salts and vandyke brown is formcd again.

When a wann concentrated colloidalsolutionof sap brown is treated with

a largeexcessof concentrated sulphuricacid, the vandyke color in part breaks

up into acid red and yellow colors if water is added to dilute thc acid. Thc

rfd willfilteroff firstand as morewater is added the colorthen tunis to yellow.

Thcsc red and yellow colors are, as far as 1 was able to disccm, fxaotty like

n'd and yellowcolorsextracted fromfullersearth oil cake. They arcevidcntty

c<Mnp)icat<tisutpho-contpoundsof azo-humicacid. During thé formation of

thé red and yellow colors, fixedcarbon, carbon compounds, sulphur dioxide,

nascs, and offensiveodors wercalso produced.

1 have bumed fullers earth cake mitdty in the air and extracted alkali

from it. In this statc the cake will readily yietd a yellow color to ~asotpn"

wt)pnleaehed with it. The cake can then bc ttfatcd with caustic soda in a

stiRt)tcxcpssso as to saponify the rcmaining frec oil and obtain a red color.

t'utters carth will precipitate these red and yellow colorsas it does thc same

notorsobtaincd from sap brown. It readily précipitâtes the red but leaves a

)itt!c of thé yellow color. Thc abovc acid red and yellow colors arc readity

precipitatcd by calciumoxide. Lime willaiso precipitate some of thc coloring

matter in oitf.

(.'otton and tninera! oits are first treated with sulphurie acid. Weak sut-

phuric acid will precipitatc any free sap brown like-colormateriallakcd in oit.

St rongersulphuric acid will precipitate some vandykc brown as carbon con)-

pounds which yield also some red and yellow acid cotors. Thèse colors

combine with caustic soda in part that is thcn added to neutralize thc sul-

phuric acid bcfore the oil is bleached. Coneentrated sulphuric acid will

redden 4 )neutral tubricating:oit that bas been bleachcd but still containinR

onty a little yellowcolor. Lime will readily precipitate this eolor.

Hencc some of thc rcd and yellow colors in oils are evidently madc by

breakins down azo-humic acidswith sulphuric acid. Some arc broken down
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by heat and someare yet in their natural state, Le. are not yet oxidized into

the vandykc-likestate. ~'andykcis readily prccipitatcd but the red and yettow
colors arc not as readilyprccipitated.

Thc acid red and yeUowcolors obtained from sap brown yield a smaU

prccipitate simitar to minéral ails left for some time exposed to sunlight.

Vandyke brown slowly darkens when cxposcd to sunlight for a long timc.

The color compoundsin cotton oil slud~es can readily be oxidizedby stronK

sulphuric acid into a tar resemMinKasphalt.

Thé Nature of Putters Earth's Actionon Color Compouads

t. ~a<<fcaHW<yoffallersf<!r</).

AUpure good Meacnin~fullers earths invariabty show a relative acidity
(

whcn tMixcdin distilledwaterand tested with phenolphthalein asanindicator.

This acidity is duc to freeH ions; but when water is filtered from the fullers

carth, it no tongprshowsany acidity. Hence the H ions evidently recombine

with the OHions.

It is gencraHyagreedthat pure fuUersearth in some way holds OH ions

and tibcratcs the H ions whichproduce its relative acidity.
It has beenreported that whcn pure sodium ch!oride is dissolved in pure

water and filtered through fullers earth that the filtrate was acid to litmus.

Thcrcforc it was claimedthat fullers carth adsorbcd basic ions,sodium in the

above case. 1 tested the above on pure Floridin XXI'' brand of fullers earth

and found that it was not true. Some fullers earths have a little pyrite or

marcasite whichbreaksdownwhen thé earth is dried and leavesome frce acid

in thc carth. Suchan earth sometimcs bleachesbetter than onc containing

no frpp aeid. This is truc if there is some free caustic soda left in the oil

after the sulphuricacid-treated oil is neutrnlized by alkali. Other fullers

~ometimpshâve solublelime and phosphates which even give the eartb an

alkaline rcaction whentested in watcr. But as a rule all fullersearths high

in free acidsor freealkalior sulphatesand calciumand magnésiumcarbonates

and pyrite usuallydo not bleach oits well. They are atso onechief source of

color reversionin the bleachedoits.

When oneobtains the true relative acidity of a pure fullers earth by mixing

it in pure water using phenolphthalein as an indieator and normal sodium

hydroxide; and then makesup a pure ammonium azo-humate or sap brown

solution of known strength and précipitâtes this sap brown with nonnat

hydrochloricacid, he findsthat it willtake a quantity of fullersearth that will

yield a relative acidity as great as the normal hydrochloric acid to precipitate
the same amount of sap brown, and he also finds that the filtrate from the

fullers earth bleachedsap brown contains ammonium hydroxide equal to the

relative acidity of fullers earth or thé amount of normal hydroohtoric acid

used to precipitate the saine amount of sap brown as bleached by the fullers

carth.

Acid-atkalitreated ailsbleached by fullers earth behave thé same as does

sap brown. The H ions,producing the relative acidity of the earth, take thé
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placeofsodiuminthéeolorcompoundsandthéliberatcdsodiumformssodium

hydroxideand saponifiesoil whichalsofiltersout in the fullersearth cake.
HcncGfullers.earthswithhighrelativeacidityusuallyNeac!tbettcr than those
wiOtlowerrelativeacidityandthe rétentionofoil is aisousuallyhigher.

Whenoneaddsvariousacids,alkalles,salts,etc., exccptingdi-silicicacid,
to fullersearth, he rarc!yimprovesits bteachingpowerand usuallyksscnH
itandcausescolorreversion.HenccthéMcachingpowerisentiretydépendent
onits truc relativeacidity.

2. A listofMfac/x'Mj;Ma<cr!'af~.

Bauxite,bog iron ore, china clay, Ironeblack, ignitedpcat, activated

carbons, activatcd clays, charcoal, lime, aluminum hydrate, silica-gp!,
p)atinun),sulphurdioxide,etc., have beenused to separateand retain the
dissotvcdsolid and colloidalimpuritiessuchas coke,floc,moisture,finely
dividt'dearbon,etc. of oils by filteringthroughverticalcytindersor filter

presses. It is self-evidentthat the actionof thc variousabovc-mcntionpd
matchakon the aUegedoleosols,o!co6nes,aromaticand cyclicunsaturatet!

hydroearbons,sulphurcompounds,naphthenicacids, basicnitrogen com-

pounds,nndy dividedcarbon,asphalticmaterial,cokeandflocsaid to bc in
oilsand undesirableianot the same. Somoof thé abovernaterialsmercty
filterout a portionof thc impuritics,somelikelimecombinewith the acid
cotorcompoundsand filter out, and somelike siUca-get,fullers earths,
activatedcarbonandactivatcdclaysact assoudacidswhichprecipitatesome
ofthp coloringtnattcrandfilterout.the rcstof it. Theoleofinesandaronatic

hyttrocarbonsarc readilyronovcdby liquidsulphurdioxidebut it doesnot
tftnovcthe otherobjectionablematerials. Silica-getwillremovethe sulphur
compoundsbetter thanmostof the materialsbut willnot bleachthe other
colorsas wellas activatedclays.

/ofMt' of/t<HcMear</).

Activatedbentonite,halloysite,indianaite,etc., have greater specific
Kravityand lessporositythanfuHersearthsandyet theywillbteachtwiccas
)))uch!ubricatingoilas willthe bestgradesof fullerscarths. Their relative
aciditicsarealsoabouttwiccashigh. Silica-gelcontaininga stnat!percentof

atuminumhydroxidemixedin it whcnit is made fromsodiumsilicate by
treatmentwith sulphuricacidwillaisobleachmoremineraioit than fullers
t'arthseventhoughit hasnoapparentporosity. Theyabo retain much less
oil than do fullersearths. Fu!!ersearthsand activatedsiliconboth retain
tnorcoilwhengroundina fluffystatethanwhengroundina mannerthat th<-
finemcshmatcria!willbe morecompact. You canalsofusefullers earth
withsodiumcarbonateand scparatcthe siliconand aluminumcontentsand

n'prccipitatethempropcrlywithacidandthenget a betterbtcachthan from
theoriginalfullerscartheventhoughthereismuchlessporosity. Oryou can

partiallyplugtlp thé poresof toc meshFloridinfullerscarthby usingabout

.)partsofpurekaolinmixcdinenoughwatertomakea thickpasteout of the
fullersearth whenstirredinto the water. It will thenyieldas goodif not

stighttybetter Meachthan purefullersearth. Or youcanuse fuUcrscarth
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to MeachaUofthesapbrownthat it willprecipitatein the poresandoverthé

earthandthenwashalkalifreeanddrycarcfuHysoasnot todestroy the van-

dykebrownandsuchfullersearth containingas muchas3% vandykebrown

willbleachas muchoilas willthe pureorignalfullersearth. Thèseplugrd

up fuUersearthswillretain lessoil thanthé originalfutlersearths.

Thereforeporositybasnothingdirectlyto do withbleaching. Thisisalso

provenby the factthat 100meshfullersearth willbleachas muchoilas 200

mesh;but 100meshslliea-geland 100meshaetivatcdclayswillnot bleachas

tnuchas 200meshmaterial. The grindingof thé latter evidentlydestroys

inuchofthé porositybut it stillbleachesbetter becausethereis exposedmore

and better surfacewhile100mpshfullerscarth is porousenoughto expose
as muchsurfaceas zoomeshmateriat. Henceporosityontyexposessurface

of the Meachingrnaterialand retainsoil, but it doesnot directly haveany-

thingto do withbleaching.

&<'<i't'ea(~o)'p<on.
If selectiveadsorptionisa phenomenondependentonsurfacetension,i.e.

on thédifférencein densityor concentrationof a liquidin filmsadjacentto

boundingniediunisandthedensityorconcentrationof themassof the liquid;
andif suspensoidparticlesattract ionsofoppositeelectricalchargeand hold

themsowhenthe eolloidisprecipitatcd,the ionsarc carrieddownatsc;and

if thisholdingisnotctcctronicchemicalunionbut condensationat thé surface

of contact,thenfullersearth's bleachingis not selectiveor any otherkindof

adsorption.
Fullersearthdoesnot holdthe basicions of bleachedsap brownas they

(sodiumand ammonia)filter throughinto thc filtrate. The fullersearth,

that is spentbleachingsapbrown,will,whenwashedalkalifrec and driedat

lowtemperatun*(notabove400°Fahr.),then bleachas muchas the original

earth. Hencethe coloringmatter is not hetd by thc fullerscarth by some

mysteriouspower. The sap brownisprccipitatedas vandykebrownwhich

canbedissoivedfromthé fullersearthby causticsodaand inakc sap brown

again. Hencethe H ionsUberatedbythé relativeacidityof fullerscarth re-

placessodiumof the sap brownandsodiumhydroxidefiltersout whilevan-

dykcbrownisprecipitatedthésamcaswhenweakacidsareput intosolutions

of sapbrown.

Hxacttythe samereactiontakes placewith the colorcompoundsin oils

whenbleachedwithfullersearths. Thesodiumhydroxideliberatcdsaponifies

someof théoil. If this sodiumlibcratedfrom the colorcompoundscouldbc

takencareoforifsomcthingctsccouldbcused in the placeofsodiumhydrox-

ide to neutralizcthe acid followingthe acid treatment of oils, much soap

stocksandretainedoilcouldbe saved.

5. ?.? < </)emesAof/xHcrsfar/A.

TheoreticaHy,the sizeof the mcshoffullers earth has nothing directly
to do with bleaching. Proper agitation and percolationcan bo madc to

produccthe samcresults,i.e. if the H ionsof the relativeacidity of fullers

carthare all spent. In praetice,granulesare botter for percolationmethods



ACTION OP FULLER8 EABTH ON COLORtNO MATTER !M 0!M !S~t

whilennc-meshmatera isbetterforagitationand filtration. But the bleach-

ingpowerof fullersearth isnotspentby eitherof the singlepercolationand

agitationmethodsand thé retainedoil is lost to the sameamount almostas

wouldbe if the earthwerespcntbya sériesofagitationsand percotations..

6. /?Ct't'M~C<)<<OMof/uMcM<'<!f<Aa.

The mostimportantthingtodoin revivificationofspentfullersearth is to

gt't rid of the frccdsodiumwhichformssodiumhydroxideand saponifiesthe

oil. It isnot necessaryto bumoutaUof the coloringmatterif the alkalican

beremovedotherwise.Anytemperatureabovet zoo"Fahr.injuresthé Heach-

ingpowerof fullersearth andwhenall of the combinedwater is drivenoff,
thcbleachingpoweris alsodamagedif not destroyed.

7. /~f!c/t;'np<e<Kppra<M!'es<«HeMe<tr<A.

Likeenzymes,fullersearthscemsto be somewhatbutmuch less anectcd

by extremesof températures.Theearth shouldbc frceof freemoistureas

this makesthe contactof the colorcompoundsin theoil with freedH ions

tt'ss. Then the oilmustbeofsucha temperaturethat the H ionscanget in

contactwith the colorcompoundsand this variesfordifférentgradesofoits.

8. P~!C!'<~and /Mr~K<MMf~/MMcrsearth.

As a rule the harderthefullersearth, thé higheris its silicacontentand

whenthis silicacontentyieldsa highrelativeaciditythe better it bleaches

and the lessplastiewillbe thennctygroundearth. 80ncitherhardnessnor

ptasticitydirectlyaffectsthebleachingpoweroffullersearth. Thebleaching

poweris inherentinthe soliddi-siticicacid. But in practicethe hard granale,
arepreferredwhenusedin pcreotation.

<).tc<«'a<< clays.
Futtersearth isa naturally-activatedelay-likematerial. Thereareseveral

claysor clay-likesubstancesthat can readilybc activatedby a properacid

trcattncnt. Indianaitebashithertobeen consideredkaolin. Whenpure it

pfmtainsabout 40%sUicondioxidecontent, 40~ aluminumoxidccontent

and ts'~t combincdwatcr. 8u!phuricacid willrcadityfonn a!umout of thé

nhnninumcontentand leavecolloidalpectoidsilicaif the right amountand

strcngthof acid isusedat theright temperatureandtirne. Too muchand

tnostrongacidwillleavethesiliconcontentas silicondioxidewhichwillnot

btt'ach. Hencethismaterialisnotan aluminumsilicatenor a truc kaolinat

all. It isreallydi-silicicacidmixedwithaluminumhydroxide. In activating

it, it bicachesbestwhena sma!tpercentage(about6?{-)of the originalalum-

inumhydroxideisleftin it. Thepresenceof thealuminumhydroxidein some

waypennitsthc di-sitieicacidtofrecmoreH ionsthanpuredi-silicicacid. It

tak~ a little lessthan itsownweightof commercialsutphuricacidto activate

it. Bcntonitchasonlyaboutone-halfofthe aluminumcontentthat indianaite

basand to activateit, aboutone-thirdof its weightofcommercialsulphuric
acidmixedin wateris needed.Halloysiteanda fewotherpeculiir clay-like
materiaiscan be activatedby simpleacid treatment. But to activatesand

"r atuminumsilicateclays,they must first be put in a colloidalstate like

indianaite,bentonite,etc. Hencebentonite is not nccessarityof direct
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voleanic origin nor is indianaito of bacterial origin. They are colloidal

alumina and silica made by thé action of sulphuric acid, carbon dioxide, etc.,

mixed in underground water affecting certain clay deposits front which they

are made just as fullersearth is made frominert or socalleddead clay. LoeaUy

smaH patches of fullers earth are found that will bleach almost as much

minéral oils as will thé best activated clays.

Thc above proportions of acid and water are for activated clays used in

treating neutral oils. More At~O)content of the clay must bo rcmoved for

sulpho acid oils.

10. Reasonsw/t~/MMer.!earth co~m'M dt-stKct'cacid.

(a). More or less ptug~ing the pores of fullers earth or destroyinc them

by finegrinding assists bleaching.

(b). Attsilica-containing bleaching compounds exhibit a relative acidity

whcn tttey contain no solubleelements; and thosc with highest truc relative

acidity are best bleachers.

(c). AUsilica-containing bleachers precipitate as much pure ammonia

sap brown as will an amount of weak acid which is equal to thc bleaching

compound's relative acidity, and frec an equal amount of ammonia.

(d). AHspcnt bleachers of acid-alkali treated oil contain as tnueh soda

as the Meachcrs relative acidity.

(e). Fullers earth spcnt bleachingsap brown willHeact)again as soonas

the freedalkali is removcdso as to permit the earth to freemore H ions. The

same applies to vegetableand minerai oils.

(f). White heat willdestroy the Meachingpowerof fullers carth and all

silica-containing Meachcrsas will driving o<Ta11combinedwater because the

sitica tums into silicondioxide.

(g). The ahnninuM hydroxide looscly associated with di-silicic acid in

hest MeachinRactivated clays or pure fullers earth acts like a co~-nzyme.

It takes no part in the reaction untcss it furnishes the 11and OH ions but its

présence facilitates the greater production of H ions.

(h). 1-uUcrsearth docs not adsorb basic ions. If thc freed soda were

eontinuously removed and if the prccipitated color compounds did not bury

the fuUerscarth so that thé H ions could not get to the sodium color com-

pounds, then fuUers carth would b!cach indennitcty, just as enzymes will

act if the a!!ogcdor so-called catalyzed products are removed so as not to

stop the action. Naturatty thé di-siticicacid must have traces of moistureto

continue its work, as do enzymes.

(i). Bleachcrs burned to whitc heat cannot bc revivifiednor reactivatcd

by a simpleacid treatment. Thé silica and alumina ntust again bc put into

a colloidalstate.

(j). C:oodbleachingfullers earth are only found undcr special conditions.

They arc primarily activated by sulphuricacid and colloidalsilica. Activated

clays are colloidal silice.and alumina treated with acid in definite amounts,

timc, température, and manner or the bleaching material will be no good.
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(k). Notrue atuminumsilicatenorsilicondioxidowillbleachnorcannot

he madeto bleachby an acidtreatmentuntil theyare firstput into a true

colloidalstate.

(1). Thereis nochemicalreasonwhysolidor peotoiddi-ailicicaciddocs

notand cannotexist.

(m). CoodMeachingfuttersearthshave8 to 10%combinedwaterwhich

woutdbe thé amountofwaterfordi-siliclcacidwhenwcmakedueaUowanoe

forthéfact that fullersearthbasonly60to yo%silicondioxidecontentand

:.omcof it is frecsilicondioxideas finesand and someis combinedwith

atuminum.

Discussion

Thefactsthat goodbleachingfullersearthaswellas activatedclayshave

!nwatuminum,potassiumand sodiumoxidecontentsindicatethat theyare

nut claysilicates. The fact that both fullersearth and prepared claysare

itctivatcdprimarilyby meansofsulphuricacid indicatethe same. Thefact

that all goodbleachingsilica-containingmaterialshave a high combined

watercontent and silicateclayshave little or no combinedwater content

provcthat they are chemlcallydifferent. The fact that silicacan onlybe

uctivatedwhenin a colloidalstatcprovesthat thesiticainpreparedclaysand

fuitescarth is in a différentstate than it is in ordinaryclays.

8ilicacanact bothasa baseand as an acid. Sodiumsilicateand ortho-

siiicicacid are readilydissociated.CoUoidalsiUcicacid is a positiveor a

nt'Kativccolloid,accordingto the modeof préparation;and the two kinds

arceoagutatcdbyadditionofsaltshavingnegativeandpositiveions,respect-

ivcty. There are knownmeta-sodiumsilicate,ortho-sodiumsilicate,meta-

~odiumdi-silicate;but ortho-silicicacid la thé onlyacidof siliconhitherto

known. Eventhoughortho-silicieacid is thé onlyknownacid of silicon,the

.atts ofsiliconindicatethat thereare othersilicicacids,rcprescntingdifferent

(tturepsof hydrationof silicondioxide. There shouldbc meta-siHcicacid,
di-siticicacid,and tri-silicicacid.

If one trcats commercialglasswith too little sulphuricacid, it willnot

htcachmuch,if any. If youtreat commcrcia!g!asswithtoo muchsuiphuric

acid,it willnot bleachmuch,ifany. If you treatcommercialglasswitha

s)it;htexcessof sutphuricacid,washanddry properly,it willbleachwelland

ifyoufirstadd somecolloidalaluminumhydroxideto thé commercia!giass
and then treat it properlywithsulphuricacid, it willbleachas wellas the

tx'stpreparedor activatedclays. Thé température,the time, thé concen-

trationofthc commercialglassandsulphuricacidsmustbe correctto get thé

t'ostbleachingcompound.Thisbleachingmaterialwillhave around t~,t

cotnbinedwaterwhichdi-silicieacidatsohas,andcommercialglassisa sodium

satt of di-siliclcacid. Hencewhen properlytreatedwith suiphuricacid,

hydrocenreplacesthe sodiumof the commercialgtassand the sodiumthen

('f')nbiM'swith thcsutphatcofthéacidandonccouldhavenothingmorethan

di-xiticicacid.
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The samecondition is noted when 1added 20 ce.of contmercia!glasBto 30

Kramitof XXF Floridin brand of fullersearth and using only enoughwater to

make a thick paste and boiling gently for one hour and then adding to ce.

connnercia! sulphuric acid and boiling for another hour gently; and then

washacid free and dry. This will Mcachatmost 50%better than thé original
fullerst'arth and retain inuch less oil. But if too little acid is added to thé

abovcmixture, it willnot bleachas well as pure XXF. If too much or strong

sulphurie acid is added, there is a violent chpmicat action accompanied by
the liberation of hydrogen, sulphur dioxide, and earbon dioxide gas; the

rcsuKingmaterial will not bleach as well as pure XXF. Thc same is truc of

the activation of bentonite, indianaite, halloysite or any othcr cottoidat clay-
like tuatt'riat in which di-8i!icicacid is tnixed with aluminum hydroxide. AU

the conditionsfor the dinpfent materials must be propcr if a good Meaching
tnatt'ria! is prepared.

The fact that fullers earth actually precipitates thé color compounds,

frecing soda and not adsorbing either the eolor compound or the soda

givesus a new view-point of aU simitar types of alleged setcctive adsorption
and eata!ytic action. In thé case offullers earth, the action is plain chemical

actionof a soUdpectoid di-silicie acid frecing electrons which form special H

ions. It bchavespxactiy like enzymes of thé organic rpatm. Hence cnzytnes
are doubttcsscolloidalorganic acids which free spécifieH and OH ions under

proper conditionsto preform their function. There is alsoa parallel bptwt'cn

activated carbonand activated silica. When carbon is onceout of thc pectoid
state it cannot be activatcd. It also acts and MeachM color compounds

exactly as does activatcd siHca. Rence activated carbons that will bleach

coiorcompoundsarc doubt!esssolid carbon acid. And the attpgcd adsorption
of hydrogen by platinuni or paUidium may also hc the formation of solid

acids. Henceall catalytic action is probably nothing more than the action of

cottoidator pectoid-likeacids. If this is truc of atl cases, as it is of the action

of fullers earth and activated silicon-containing materials, then thc tcm)

adwrption in chcmistry has no value as it is a misnomcr. The process is

ctectronic-ionicinstcad of atomic-mo!pcu!ar chcmistry.

If my discovctTof thc mystcrious power of fuMcrsearth, which hns hither-

to bccnconsidereda eatalytie action in sorne way associatcd with thc pores in

the earth and commonly termed sctcctivc adsorption, can be applied to ait

types of catalytie action, thcn in thé near future one may look for the explan-
ation of both ntuscutar activity and nerve imputscs, as they can be explained

by thc liberation of H and OH ions by colloidal material in the muscle and

nerve fibers.

Some Additional Notes

Thc processof refining kerosene is generally thought to consist in the re-

movalor decompositionof the aromatic hydro-carbons, fatty and othcr acid:

phenols, tarry products, some sulphur eompounds, etc., which lower thé

qualityofthe oil,sulphuric acid removing some, whitccausticsoda removes thc

rfnMunderand neutralizes the acid which has bcenteft in the oit. Tnc petro!-
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t'umlosesin weightandtheacidgains. The tarproductsditisotveand impart
n deepbrowncolorto the acid. Whilethe aronatic hydroearbonsand many
other unsaturatedhydrocarbonsare convertedinto sulpho-acids,and thé

aeidis instrumentalin removingthéoxygencontainingbodies.In fact,acid
<KMbe useduntil alloxygenis removedfromthe oil. But at first sulphur
dioxideovolvesin somequantityand Mnot explainedoraccountedby thé

abovereactions. Ofcoursewitha propcraeidor sulphurdioxidetreatment

sutphoacidsare fonned;but theybleachby someH andOHevenif there is

nosodato liberate.

Sapbrownand vandykebrownhave oxygenwhichcan beremovedby

addingenoughsulphuricacid to carbonizesap brown. SulphurdioxideiB

fitjt'ratcdin quantitywhenpouredon sap brown;rcd andycUowcolorsare

producedand thèsecolorsare sulpho-acids.Thèsecolorsappearbrownin

colorwhenmixcd.togetherina fairlyconcentratedsolution.

Thedifferenceinresultsobtaincdby titrating tninerat-oitacidsludgewith

alkaliand thoseformedby detenniningthe acidcontentof thesamesludge

uravimetricaMyas by bariumsulphateis probablydue to the fact that van-

(tykcbrown-likehumicacidswillcombinewith thé alkalianddo not with

hanuin.

OrdinaryBakupetroleumwhenexposedto the sunlightandair becomes

~t rongtyacidandgivesoffa penctratingodor,whilethereisdepositeda yellow
~'tiituent. Acidredand yellowcolorsobtainedfrom sap brownby strong j

.utphuricacidtreatmentalsodeposita yellowsedimentwhenexposcdtosun-

tinht.
('rudeoilexposedto sunlight,withadmissionof air, ineitherctearorblue

hotttps,becomesdarkerin colorandmoreaeidin nature;whereasthc same

oit in orangeand greenbottlesbecomelighterand no moreacid. Air and

-uutiKhtwillin timedarkencertainhumicacidslikevandykebrown. Light
atsocausesoit to absorbair whiledarknesspreventsoitsfromabsorbingair

n'adity. Thesefactshavea bearingon howhumicacidsturn into vandyke
hrownwhennear thésurfaceandintoother formawhenburieddecplyin oil

-hâtes.

The absorptionof nitrousoxide,carbondioxide,and oxygenin oils is

s:udto dccreascin thedarkbut nitrogenand hydrogenabsorptionin oitsin-

cn'asesin the dark. Thèseabove-reportedfacts may indicatchow humie

acid:}mightincreasetheirhydrogencontentand !cssentheiroxygencontent.

in sucha manneras to makecrudeoil. 1 haveshownthat asphaltumhas

ho'n oxidizedfromazo-humicaeidrather nearthe surface. Sutphuricacid

producedfrompyriteinoilstmtesor sandscouldalsooxidizcsomeof thcazo-

hmnicacidsinto asphaltumof crudeails.

Theabovefactsmayalsoindicatehowgreenplantsmightutilizehumic

iœidsto produccoitsfoundin thetn. In fact, most plant tifeneedsmoreor

)''s-!humusand att densejungleshave muchhumus. Thehumusnot only
hotdsmoisturebut atsofumishesmuchextra carbondioxide.The Amazon
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juntes have little !imestonc and yet they arc luxuriant. Hence the C<mt

Mea~ureswamps may atso have obtained their extra carbon dioxide in a like

manner and not by dissolution of limestone.

The great humic acid swamps color thf dark brown waters which (tow

toward thé sea and thé i~att water readily précipitâtes thé eoloring mattcr

whichare humic aeido. Thèse dt'posits of humic acid arc perfectly enonnous

atKi continuous in certain régions of thé earth. They beconc incorporated

in the sedimentary seriesparallel to the old shore lines. Hpncc thcso original

cotorinRmattcrs from plants decayinn in sandy swampy regions can and do

appcar a~ain in the renning of minera!oil as well as vegetable oil. In fact,

1belleve that they are thé chipf if not the sole source of minerai oil. The azo.

humic acids arc cithpr protein tnotccutcs from dccaying plants or they are

humic acids that incorporated their nitrogen content from sandy swamps.

Azo-sUico-ttumicacids may a!s<)be thé chiff source of the silicon content of

plants and for this reason bc Roneeessaryfor certain crops like corn, etc.

1 found one patch of atutn bluff fonnation fullers carth at Quincy, Florida

in the midst of goodMcachtng fullers carth that would not bleach well. It

contained a high lime content and a peculiar fossit fish oit. The latter may
have prevented it from bcconnng naturally activated, as 1 could activate it.

1 found that the Ordovician bentonite in Kcntueky and Tennessee was

thicker on the tops of antielines and dômes than on thé flanks and adjacent

régions. There arc three thin veins near Frankfort, Ky. in a quarry and one

mile clownthc river therc is only onecight-inch bed, as there is near Tyrone

and Gteen Creck. At Tyrone in the face of the bluff it is cight inches thick;

and two hundred feet back, it is oniy two inches. Titerc arc also various

thicknesses within a radius of fivemilesof High Bridge, Ky. but nonc of it is

five feet thick. On the top of an antictine at Dayton, Tenn., it is threc feet

thick. Hence it does not <natcria)ty thin towards the south. The analyses
of the timestonc just above and belowindicate wherc thé original catcarcous

clay got its extra colloidalsilica from. Hence at least the Ordovician bpnto-

nite if not all bentonite, is not necessarilyof direct volcamc origin. Its origin

pamllels that of unactivatct! fullers carth, indianaite, halloysite. etc. Bento-

nite of Catifomia i'!used to makc filterol, etc.

Conclusions

i. Fu!!er8earth and activated clays bleach oils by virtue of their di-

siticicacid precipitating the cotors, by Hbcrating electronic energy and some

nfatfria) tike carbon, etc., filter out mechanically.

2. The chief colloidal coloring matters in oils are of an azo-humic acid

nature, more or lessaffected by thc acid-alkali treatment and heat treatmcnt

of oils. There are atso humic acids like tnateriaL

3. Good bleachingfullers carth is activated in the region of the under-

ground water level, primarily by sulphuric acid.
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4. Porosity, plasticity,hardness,sizeof mesh,adsorption, etc., have

nothingdirectly to do withthe ehemiKtryof futtcrsearth bleachingother

thanfacilitatingcontactof Hionslibcratcdby di-siticicacid with the color

CH'npounds.

5. Somp,if notall,catalyticaction isdue to colloidalacidsin a moreor

t('sssolidstate that Hberatcelectronieenergyas radiumdocs.

6. Hevivificationof fullersearth is gettingnd ofalkali sodi-silieicacid

canfrccmore ions.

7. ImprovMncntsin bleachingand tossesof oilsdue to retcntionnow

st'cntspossible.*

1 wixhtocx)))t'Mmyf;r))titudctotheH<)rt<tin~'ompanyforthepnvitegeofworkinK
inthfirlaboratoryat~ttmcy.Ha.This;)&))<')-waspn'parmtforThéÂmprieanOilChetn-
ists'Sofietymfctingat XewOrteuMMav5-6,1924,butwithhetdfrotnpubm'tttton
(J.D.H.
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The use of oils on leather is one of thc tnost important proeesses in

leather manufacturing. Oil tM-emsto be thé eun'-aHof the tanner. Schlos-

stein' lists the followingfunctions ofoils and fats: leather-building,protecting,

waterproofing, body-giving, weight-incrfaaing, softening, lubricating, and

preserving. Surcly a theory explainingall thèse functtons of an oit wouldbe

expected to bc vcry compjicatcd, and a rcview of thc literature certainlydoes

not disappointthe investigator on this point.

It bas long been known that to give a satisfactory product thé presence

of M'aterduring oiling was nccMsary, cxccpt in thé "burning-in" process

whcteby tannera found a method of stuning heavy teathers by applyingthc

hot greaseor oil to the dry, hot leather. But in aHthe other processesfor

curryiog, water is one of thé constitucnts. It was the explanation of thc

function of the watcr that wasparticularly bothersometo early investigators.

Practical books on tanning still describe the "drawing-in" of the oil as the

water évaporâtes.

Fortunatety, in thc past ten or twelve years considerable workconcerning

thc oilingoi leather I)as been published. It is the purposc of this paper to

corretate these investigations and thc theories concludcd frotn them, demon-

strating whcreinthey conftictor coincidewith the findingsin ourexperimental

work or that of other investigators.

ChemicalCombination Theory

Quite recently considerable workbas bccn donc to explain the oil tannage

of teather. Most of thé theories sccm to agree with that of Fahrion' which is

substantiated by L. Meunier'. Brieny, this theory invoh'es tho oxidation

of the unsaturated bonds in fishoils:

(-CH=CH-)+0:=-CH-CH

1
0-0

Thèse bi-peroxides(thé oils contain two or moredouble bonds)act upon

the proteins, one peroxide attacking the amino groups which are oxidizedby

loss of hydrogen: tho hydrogen thus tiberated transfonns the oxygenof the

second peroxidegroup into two hydroxy groups; finally one of the hydroxy-

groups thus fonned tactonixes thé carboxyl of the fatty acid. Another

portion of the peroxide acids undcrgoes molecular rearrangement, causing

thé appearance of hydroxy groupa which form lactones with the carboxyl r

This workWMdoncas partof théseniortheifiaunderProfesse)-Baneroft.
)

J. Am.LcatherAss.,14,4t (!9'9)-
'X. angew.Chem.,Ï9M, 66&ÏMt,j6t.

J. Am.LeatherChem.As., M,S30<'9'8).
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groups. Thèse tactoncsarc retainedby the nbem,preferabtybecausethey

art' insensitiveto alkalinewashing.
It wasonlynaturalthat this tbeorybeappliedto theoilingof leatherin

Kf'neratbecausemarineoits for a longtimehave been the mostused by

tanners. Schtos~tcin'inan articleadvocatingthéuseof fishoitsforcurrying

icather,states that "to a certainextent thé "activeprinciple"ofnshoitsis

ulwaysformedwhenoil is appliedto leatherand that, thercfore,currying

cannotbe consideredas a purelyphysicallubricatingandsofteningbut as a

combinedphysicalandchemicalprocessin thenatureofa secondtannage."

Moetter~usestheoxidationtheorymorecompletelyasa theoryexplaining

thc waterproofingandother propertiesgivenleatherbyfishoitsas wellasa

methodof explainingthe oldquestionof the funetionsof waterduringthé

proccss.
Waterhydrolyzesthe peroxidesformedonoxidationof unsaturatedfish

oilsyictdingan atomof oxygen:

r-CH-CH-t r-CH-CH-1

) +H,0= ) t +0
.0-0 j OH OH

Thisoxygenoxidizesthe polyphenolsof thcfrec tanninsin the leather

togivequinonecompoundssimilarto the phlabophenes.Theseproductsare

goodtanningagentsjust as théphlabophenesare. Theyincreasethe water

rcsistanccofthe leathersincetheyare in themsetvesinsoluble.

Aslongas thereishidesubstanceto bctanned,fishoitsaregoingto tan it

whethertheyareintroducedprimarilyto tan theleatheror to oUit. But asa

Kt'nerattheoryexplainingthe functionsof an oil in leathercurryinR,this

theoryis very limitedin ita applications,sinceit appliesonly to vcgetable-

undoil-tannedleatherand not tochrome-oralum-tannedleather. It cannot

apptytoanimaloitsandvegetableoitscontaininglittle oxidizablesubstance

or to mineraioils. Theseclassesarc largelyusedin practiceandworkvery

wd). Schlossteinhirnself,in the articlereferredto, says that hydrogenized
oitsareeomingintouse. Asforthe fishoitsthemselves,whenusedon vege-

table-tannedleather,it is difficultto sechowtheseoxidizedtanninsare very

activein the softening,lubricating,or anyotherof thefunctionsofa leather

oilas listedby ScMosstein,except,as Moetterstates, that of waterproofing.
Asamcthodofexplainingtheuseofwaterintheproccssthetheoryisequally

weak. Moellersaysthat "evaporationof thewater is very improbableon

necountof the isolatingfatty layer." Thevaporpressureof twoimmiscibte

liquidsis equal to the sumof thevaporpressuresof both,so that this as.

sumptionis not vatid,thoughthe rate of evaporationwillbe decreasedif

théoil layeris outside. Mocttcrthen goesonto state that the wateris not

t~ccssaryas a meansof "drawing"the oil intothc leatherbut merelyacts

asa reactingsubstanceconvertingtheC = Cgroupintooxyacids.Asproofhe

usesthcwell-knownfact that dryleatherwilladsorbtrainor any othcroil

J.Am.J~atherChem.Ass.,14,~t(t9'9)-
DerGertter,4S,~77()9'9~-
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but vcry stowty and leaves the surface slowly. As a matter of fact, cvcn if

every oit u:<t'don tcathcr wcrca drying oil, and if every drying oil ctassedas

such, wcrt' composcd cntircty of unsttturatcd compounds, thc amount of

water used on tin' teatht'r is tnany ti'ncs that necessary to hydrolyzc the

pcroxidcswhcn one considersthat most tcatht'rs contait) only 'is~ of their

wciKhtof oil and that the motneutarwcight of thc oil go high that the com-

bining w<'igtttof water wouMbc extrctnt'ty small. Bcsides air-dried leather

contains about or 6~ of moisture, tnore than enough to hydrolyze thé

pcroxidcof the oils.

Mopttprsays that the oxidation of the oil is strongly inHufnced by the

phcnoUccompoundsof tanninf; agents as confinned by the presence of oxy-
acids in thé dried train oil. Why onc would not attributf this to ordinar~'
oxidation is not known.

In a later article MocHer'tried to determine whether train oit was most

grpatty changed by tannin, teathnr, hide, or simply by the air. His theory
wa.snot wellsubstantiated by his rcsutts, since pure tannin was next to the

lowcst in tnakinKtrain oil insoluble and the least effective in reducing thc

lodinenumber of thé train oil.

The cliemical combination theory has also been dragged into use to ex-

plain why solvents will not extract as much oil, after some timc, as they did

soon after the oil was applied to the leather. Ijauffmann~states that all

ordinary fat solvents (ethyl cther, petroteum ether, carbon tetrachloride)

except chtorofonu and carbon disulfide extracted less oil after tzo days than

after days standing. He says that thé low results were probably caused by
combination of fat with thc hide substance. Turkcy Hcd Oil (sulfonated

castor) gave the santc results as did degras, so thc oxidation products of thé

oil cannot bc thc combiningsubstances. In the article referred to, Moetter'

says that oil not removed by solvents is not necessarily combinedwith thc

cottagcnbecausc it is difHcuttand somctitnes impossible to remove oit even

from cmutsions. He goes on to statc that thé retention of fatty acid and

gtyecridpsin leather is intelligibleon thc basis of cottoid-chcmicattheories of

emutsions. It was to disprove the oil-collagen combination theory that hc

attcmptcd to show that train oil reacted with tannin and therefore was in-

soluble in petroteum ether.

When he found that train oil was only 2; soluble in petroleum ether

when mixcd with equal amounts of various tanning cxtraets and kept three

days, he immcdiatety assumed that chemical combination had taken place,
after stating that oits were difficult to rcmovc from any cnuttsion. His at-

tonpts to provc combination bctwccn the oil and tannin scemcd to have

failed. He mixed )oograms of each of varions tanning agents with 40 grams
of train oit and compared results with a. 4' solution of pure tannin mixed

with 40grams of train oil. The tannin was next to the least active in making
thc oil insoluble. It was next to the best in increasing the acid value, but it

X.Lederund(!er)jcrfiChem-,t, ao (t92t).
[~ttfTtechn.Knntbchau,t9,63,~t (f).!?).).
1~)-Gerber,4S,277(t9'9~.
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was!easteffectiveinsaturatingthe desiraMobondsas showobythé highest

iodincnun)!)erandlowestvaluesforoxy-fattyacids.

Thereis a gréâtdifférenceofopinionas to the desirabi!ityof thé useof

minera!oilson leather. AbriefdiscussionMbroughtin hèreto disprovethe

theorythat an unsaturatedoilisneccssaryforthe propercurryingof leather.

Grasserlsaysthatmineraioi!sarewidelyusedforleatherandthat vaseline

oitsare thc most important. The paraffineand ceresincsarealsocxeettent

preservatives. He recommendssulfonatedcastor oil mcretyas an emu!-

sifyingagent.' Hart' statesthat mineraioitsare widelyusedbythe tcathpr

industry. Buneke'givesa blowto thé oxidationtheorywhenhestates that

spottingis causedhy an excessof oxidizedfatty acidsor tackof sufficient

alkalito neutralizethe acidsliberatedby sulfonatedoils. He recommends

sulfonatedoilsmpre!yas cntutsinersforneutraloits. This is inaecordance

withMezey'saworkinwhichit wasfoundthat thé greatertheproportionof

unsulfonatedneatsfootoil,ormineratoil,inmixturesof thesewithsulfonated

neatsfootoil or train oil, the greater the adsorptionof the oil by chrome

leather,unlessthe sulfonatedoit was in toolittle quantity to emutsitythé

unsulfonatedneatsfootor the minorâtoil. Schindier"aifo says that free

fatty acidsandoxy-fattyacidsshouldbcas lowaspossibleandthat sulfonated

oilsactonlyas emulsifyingagents. Whitmore,Hart, andBach'showedthat

pftroteumplusparaffingavenearlyas gréâtan increascin tcnatestrongth,

withstrap and hamessleatheras did a mixtureof ta!tow~codoil,and wool

grease. They state that thé increasedtensilestrcngth is duc to lubrication

and strcngtheningof the leatherfibers. Veryfew investigatorsdeny that

minera!oi!canbe uscdwithsatisfactoryresultsto oil leather. Kinsky*seems
to think that woolfat, mineraioit, or resin,hindeD!the penetrationof a

degrasfat liquorandcausesspottyor crackyleather. But heisinthé minor-

ity andin generalwemaysaythat minera!oilis a satisfactoryleatherlubri-

cant if appliedcorrectly.Onlyits physicalproperticsncedbc changedand

itwillworkas we!!asthcanimalandvegetableoits. Thereforc,anychemical

contbinationtheorywouldhave to explainthe satisfactoryoilingby the

inaetive,neutral,minera!oits.

Co-precipitationofCoUoidsThecry
J. A. Wilson"explainstheprocessoffat-liquoringby thc co-prccipitation

ofcolloids. Hc takeschromeleatherstunedwithan oil einulsifiedbysoap
in wateras an cxamp!e.Wetchromeleatherin acidsolutionassumesthe

followingcharge:

(XH:-HC!RCOO),Cr= (NH,HCOO),C~~+3 CI-

).('t'uir, t2, m(t9~3).
<Cta&se)-:X.Mer ondOcrberpiChem..2,tu (t~M).
)nd.H))g.Chem.,2t, N5(t9:9).

<J.m. t~patherChem.AN.,K,6t)(<99y).
Cottegium,1928,aog.

"('oH(~ium,tM8,24t.
J.Am.J~atherChem.A<a..M,t~Sft9t9~.
SehwcM-t~dpr-ttx)Z.,t9M,\o. ~4.
J.Am.LeatherChem.As.,12,~o (t9'7):14,458C9'9)-
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Thé globulesof oit in the emulsion having adsorbed stéarate ions are

charged npcativpty. The oit globulesare thus etectrioatty attraetfd by the

positivctvchargcdleather and preelpitated on the leather.

Shorterl showsthat in vegetablc tanning, the leather assutnes the charge

of the négativecolloid,tannin. He proved it by rubbing teather and wood

together, the leather assuming a positive charge. Untcss, the, vegetable-

tanncd tcather adsorbspositive ions strongly from solution, Wilson's theory

doesnot Rcemto work for vegctabtc-tanncd leather.

Accordingto Witson~the penetration of the oil is dependent uponthesiM'

of the oil globulesin the emulsion. Coarse unstable emulsions precipitate

out on thé surfaceof the leather giving it a dirty smeary appearance, and

fine stable emulsionspenetrate decpiy before they are broken, givinga elear-

grained, but bose, raggy, leather. pH also affects penetration. Wilson

saysthat it isnecessarythen to lubricate only thé outer fibersto givestrength,

softness and pliability, and to leave tac middle layer unlubricated in order

to give tightnes!)and "temper" to the leather with sulfonated oils. Thèse

viewsare upheidby Stiasny~who reports that an emulsion for fat-liquoring

should bc stableenough to penetrate the leather but not too stable because

thé oll must be deposited in the leather. Orthmannc agrees with Wilson

when he reports, in an article of practical information, that too much sul-

fonated oil causestoosenessof the leather fibers.

In his (.'handlerlecture Wilson6makcs a distinction between the mechan-

ism of fat-liquoringchrome leather with sulfonated oil, eggyolk and water,

and fat-tiquoringor hard-stuffing with neutral oils and water. He says that

sutfonated oilsdonot dinusc towards the nliddte of the leather duringdrying

but romain fixedby a ehemical combination between the sulfo-fatty acid

groups of the oilwith the chromium atoms. This theory, of course, does not

apply to vegetable-tanned leather and if thé co-precipitation of colloids

thcor)' is to be applied to vegetable-tanned leather some one will have to

prove whetherthe leather adsorbs cations to overcome thé negative charge

given the teathcr by the tannin.

Witson makcsstill another exception when he mentions that neutral oils

do not penetratethe leather during fat-Uquoring but mercly becomc lodged

in thé outer layers,until drying takes place, when the oil replaces the water

lost by evaporation. In this way Wilson tries to explain the application of

neutral oit to wet leather in the hand-stuffing process. Wilson's assistant,

H. B. ~terriH' shows that for sulfonated neatsfoot oil and water emulsions

using borax or sodium carbonate as emulsifying agents, most of thé oil is

present near thegrain and fleshsides, and very little is present in the middtc.

More is presentnear the grain than near the ftesh,and thé oil does not change

J. foc. DycntMdColouriata,36,999(!92o).
J. Am.leatherChem.AM.,22, s'i9 ('9~7).

'CoUcRium,tCN.~0.
<J. Am.J~atherChem.Ass.,23,3S' ('9~

tn<t.Eng.Chem.,21,<8<t«~9).
<jfn<).Eng.Chon.,20, '8t (t~zS).
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its position after drying or any subsequent time. With constant volume

of fat tiquor, the quantity of oil adsorbed is in direct proportion to the

concentration of the oil and the fraction of oil taken up from the liquor is

thus always constant, (approximatctytwo-thirds in Merritt's experiments.)

Increase in oil concentrationin thé emulsion does not increasc penetration

unless the ratio of oil to leatherbecomes very large. Using a fixed ratio of

oil to leather the amount of oit adsorbed by thé leather decreases as the

volume of the fat-liquor increasesbut the penetration is little effected. Thé

quantity of oil taken up increaseswith the time up to four hours and thereafter

romains coM<c~. By increasingthe time from one-half to four hours, in-

crease in oil content took placeonly on thé outer layers.

Shifting the pH of either the oit or thé leather had lit-tle effect on the

total quantity of the oil takenup, but an increase in pH produced an increase

in the penetration of the oil. It is probably on these results that Wilson

based his chcmica!combinationtheory. tt is untortunate that Merritt did

not run paratlet experimentson an unsulfonated oil. The co-precipitation

theory was weakened whenit was found that thé pH value did not affect

thé quantity of oil adsorbed;but greater penetration by a more stable onu!-

sioNmade by raising the pH was substantiated.

In later experiments,usingthe saine oil (sulfonated neatsfoot), but using

egg as an emulsifying agent, MerriU' showed that distribution of the oil

was the reverse of that usingsodium bicarbonate or borax as emutsincrs.

The white, yotk, or wholee~g,each caused a higher concentration of the oil

in thé fleshside and, for theegg yolk at least, as tne egg content of thé fat

liquor is increased, the ratioof oil content of the grain, to that of the grain,

dccreases. Merrill explainsthis by assuming that egg yolk makes an emul-

Mon of su!phonated oit Icss stable, which means coarser globules. Thèse

coarser globulescannot penetratethe close-tcxturcdgrain and, in limited time

and limited quantity of oil,moreoil will be taken up by the fleshthan by thc

grain. But with a fine-texturedemulsion as that of sulfonated oil alone, the

oil pénétrâtes from both sidpsof the leather. Since directly under Hic grain

surface there are Icitsfiberspcr given volume, and because of the voids !eft

by dcstroyed glands, therc is !css percentage of oil by weight in thé grain

than in the flesh.

Of course this theory Mbased on thc assumption that egg decreased the

stabitity (or particle size)ofthé neatsfoot oil cmutsion. Mcmtt's description

of thé kind and part of théeggused are very confusing since in his procédure

ho states that commercialwhoteeg~ was uscd, yet thé corresponding graphs

and table refer to the effectof egg yolk. With this discrepancy it is difficult

to détermine from Wilson'sown expérimenta whether the emulsion is de-

creascd or increased in stability, for yolk atone increascd only vcry slightly

thé stability of to grams ofequal parts of sulphonated and ncutral neatsfoot

oil in 100grams of emulsionwhile thickcnfd whole egg made an cxtrcmciy

stable emutsion. But, sinceait parts of thc egg were shown to Merrit! to

Ind.Kng.Chem.,20,654«9~<').
J. An).I<eathprChcm.AM-,22,559(t9:7).
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concentrate thé oil in thé flesh side of the teather,
it seems that the whole

egg would have to make an unstable cmutsion a6o in order that MerriH's

thcory be correct. Witsonproved othcrwise. The only joker is that Wilson

used equal parts of neutral and sutfonated neatsfoot oil while McrriUused

all sulfonatedneatsfoot. This différence seemsslight because half sutfonated

oil ought to bo su<Heientto make an cgg-oit-watcremulsion unstable If it is

able to do se. More work should be done on this.

The work of Batderston is important becausohe found that greasesand

oits applied to dry leather on the flesh Ridepenetrate and even concentrate

in thc grain side of thé leather. Thus water is not necessary to dispersethe

oil, nor to "draw" the oil in by evaporation of thé watcr, nor for any other

mysterious rpa:<on.Matderston'pcrformed a number of experiments in which

he applied hot grease to leather allowed to stand for various lcngthsof time

(4 to 14hours) and then split them into threc equally thick sections. By a

scricsof hot extractions hc found that in all casesthe grease pmctrat<'dfrom

the flesh through to the grain side and that, if the Icathcr was heated aftcr

greasing, thé grain contnined tnuch tnore grcase than the fleshside. Using

an emutsion of thé grease in water, approxitnately equal amounts of grease

weredeposited in both outside !ayers. In all casesthe middle tayer contained

less than half the amount of greasehetd by the Hcshlayer.
In a later article BaMerston~showcd that codoi! and linseedoil displayed

the i-ianicphenomenonof penetrating through the leather fromthe fleshside

and showing a higher concentration in the grain side after distribution.

Ralderston atso showedthat whileheating did cause less fat to bc extractcd

by petroteutn ether the difference was very slight and sccms to be not very

inuch beyond experiinental crror in fat extractions. Linsced oil showedonty

a drop of 2r.58 to 2f.o9, cod 29.~ to 27.87,and neatsfoot 33.65to 3~.76.

The chemicalcompound theories are jolted heavily by Balderston's results,

though Balderston seemsto think that the abovc data are sufficientto prove

a fixingof thé oit in leather.

Interfaciai Tension Theory

Therc is still another theory for thc use of water in oilinKleather. This

is based on the fact that the interfacial tension between some ails and water

is than the surface tension of thèse oits in air. This thcory wasadvanced

as early as to: t by Bennett.' Hc based his assumptionon practica!proccsscs,

and unfortunately not much hasbeen donc on thc interfacial tension bctwcpn

various oils and watcr until very recently.
Bennctt claims that water penetrates ieathcr more easily than oils be-

causeits surface tension is much lower, so that it is able to presenta greater

surface to the leather nbcrs. Not only that, but the interfacial tension be.

tween many oilsand water is much !ess than that of oils and air. In hand-

stutnng, then, where thc leather is first wetted and thcn oiled, thc oi!presents

J. Am.J~thp)-Cheo).Am.,t7,4".5«9~~).
J. Am.t.Mthe)'t.'hcm.As).,t8.475<t9~).
f<M()~)'TtadMMeview,44. )86(t9U~.
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a muchgreatersurfaceto thé leather6beMif it. is in contactwith a water

surface. In emuMons,thé cmutsinerlowersthé interfacialtension even

more. In thé "burningin" processsuccessfutcurryingis accomplishedbe-

causethésurfacetensionof thé oitorgreaseisloweredby heatingthe groase
andkeepingit warmonthe lcatheruntilpenetrationtakcsplace. In "drum-

stunin);"thé teatheris oiledwetandwhilehot. The combinationlowersthé

surfacetensionstillmore. In fat-Uquoringthe interfacialtensionis lowered

betweenthe oiland waterby emulsifyingagentssuch as egg-yolk,degras,

borax,etc. Théfat liquoris usuallywarmsothat wehavethe thrce factors

ofheat, water,anda dissolvedsubstanceailreducingthe interfacialtension

of the oil. Bennettrecognizedthe fact that whitetanningisolâtesthc fibers

to someextent,yet a lubricatingagent is necessaryto separatethe fibers

stit!moreandlubricatethemsothat they mights!ipeasilyoverone&nothfr.

HealsoreaiiiM'dthat the natureofthé oilandthemethodof applicationwerc

not the onlyfaetominnuencingpenetration,but that the nature of the

icatherandits ttcatmentduringtanningalsoeffectthe degreeoflubrication

byregutatingthe degreeof isolationof the fibers.

Certainly,thé wholequestionof fat-liquoremuMonsis oneof surface

tensionand Bcnnett'sexplanationsof the other methodsof leather oiling
are substantiatedby recent measurementsof interfacialtensionbetween

variousoilsand water.
Du No<iy'givesthe followinginterfacialtensionsbetweenpurewaterand

the followingoilsat 33°C.

Oil 8.T. AirInterface 8.T.H'OInterface

Castor Oi! 36.4 Dynes/Cm. t~Dynes/Cin-
OHveOi! 33.0 n.o

J'arafBnOH 32.0 47.o

LiquidPctrotatum 33.0 49.0

oMcAcid 34.2 !2.8

~\Vatcr 72.8 at :o"(\ Chem. Rubber Pub. Co.)

The minera!oilssccmto havetheir tensionsraiscdby waterwhilethosc

ofoleie,castor,andoliveshowa loweringofinterfacetension. The minera!

"i!sbothshoweda risein the surfacetensionto waterfromthat toair. This

cxplainswhyin the useof mineraiemulsifyingagents,ofvariousand somc-

Otuescomplicntednaturesarcaddedeveninthé bandstumngprocess.
Schind!cr'foundthat aUthe commerciateniulsifierssuch as soap, sul-

fonatcdoils,sodiumhydroxide,andsodiumbicarbonatedecreasedthe intcr-

facialtensionbctwcenwater and fish, neatsfoot,olive, and vaselineoils.
!!c foundthat cggyolk producedpractieallyno effecton the interfacial

tensionof fishoiland watcr. But it wasnot raiscd,so McrnUhas yet to

prwe that eggyolkincreascsthc particlesizcin sulfonatedoil-watercmut-
sions.

"SurfaceKqmtiMumo(Cottoids,"<66.
<

Cottcgium, tM7, 2~.
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Theoretical and Experimental

The more important investigations of thc mechaniam of olling leather

have been defcribed briefly. AU sorts of compUcatedthéories of chemical

combination of ncutratixation of etcctricat oharces, have been advanced.

Thèseal! are very narrow in their application to the processas a whole,and

in most casesarc high!y,and adrnittediy speculative. The oxidationtheory

of Fahrlon, Meunier, and MocUcr is applicable only to vegetaMc.tanncd

leather oiled byoilscontaininga large percentage of unsaturated fatty acids.

Hvsnthen, thé theory givesno explanation for thé use of wator tnany timcs

that uecessaryfor the hydrotysisof the peroxidcs formedin thé oils by oxi*

dation. Wiison'sco-prpcipitationtheory applies only to chrome leather and

fat liquors. And his chemical compound theory applies on!y to chrome

leather and sulphonated oils.

The sxnptpst theory is vcry oftcn thé most applicable. The following

explanation faits into this category. After tanning, thé coUagcnfibers arc

spparated somewhat by destruction of elastin, fat, and thé portions of thé

cpidpnnal system distributed in the corium minor. But still the leather is

hard and stiff so that further tubrication of thé fibers isnecessary. To lubri-

cate the swollenfibersand tibrils they must first be scparated. This is the

real function of the water. (f.) The oil can then bc adsorbed by even thc

tiniest fibersbecause it wets thcm in preference to water, as will bc provcd

later. (2.) all thc othcr processesarc neccssary to reducethe surface tension

of the oil in order that it may present a greater surface. (3.) Each of thcsc

functions willbe discusscdin tum.

(t.) .fW~~f~CM.
liennett' rceognizcdthé importance of isotatinf; the fibersof collagen in

preparint;a soft, flexibletcather, when he listed the nature of the tannage as a

factor in detennininp:dej~c of penetration of oits. His reason was that thé

dp~rM'and nature of the tannage detemines the depec of isolation of the

nbers. Thc only trouble was that he explained thc funetionof water in oit

by xtatinKthat water ppnetratcd leather more casi!y than oits because its

surfacetension was less. Hpferenceto du Notiy's table shows that at room

température the surface tension of water is twice that of most oi!sused on

leather. Thc real reasonis that water can swellthé tibersand scparatc thcm

and oil cannot. Therefore,we add water to swell thé libers and then oil to

keep them separnted. If thé fibers are once separated it makes little quali-

tative diffen'nce how the oit is applied, whether by hand swabbing, drum

~tuStn~of the wetteci teather, or by an emulsion of oilin water. Indced one

patent' has been taken ont to cover a processwhereby thé wetchrome-tanned

leather is stecpcd in acetoneuntil the water content is reduced to t4 to 20~.

The acetone is removcdan() the leather treatcd with stuningmaterial. The

nextstep from this proccsswouldbe to remove all thé water without attowinf!

tt)Cfibers to !uc or stick together again: Thé followingexperimentsprove

!x-<tthfrTmdesKcview.44,'«6 (!9t)t I.

t'itkttK),Lloydande'aunce:C. S. t'at. )63877(t9:i;).
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that this maybe donebyusinggradientalcoholsolutionsand that a very
softflexibleleatherresutts.

Oak-tannedcowhide(containing0.861%naturalottby petroteumether)
waseut intostripsoneinchw!deandthree incheslong. Four pièceswere
uscd. TheywereaUsoakedin distllledwateroneday. SampleNo. i was
dried. SampleNo.2wasimmersedin codliveroil (Squibb'sMédicinal)one

day, removedand dried. SampleNo. 3 and 4 werotransferredfromthe
distitiedwaterto a so%ethyl alcoholand watersolution. They wereal-
lowedto remainin thissolutiononedayand aboutoneday in eachof thé

followingsolutions,in the ordergivenand withoutintermediatedrying;
<'7%,8~ 95~, andabsolutealoohol,and xylene. SampJGNo. 3 wasre-
movedanddried to beusedas a "blank." SampleNo.4 wasimmersedin
a 15%solution,by volume,of thecodliveroilin xylene.It was removed
afteronedayand driedfortwo daysin theair.

AfteraU«ampleshaddriedatteasttwodaystheywerecompared. Sampic
No.2 ofcoursewassofterthan No.i. SampteNo.3 wassofterthanboth;
so prolongedimmersionin the solutionsdid havea softeningeffect,due
to théextractionofwatcrsolublesandsubstancesusedto increasethe weight
of the cowhide. But SampleNo.4 wasverymuchsofterthan No. 3. It
wasthemostpliableofanycowhideoiledin theseexperiments.

Conclusion:A verysoftand pliableleatheris obtainedby displacingthe
watercompletelyfromthoroughly-wettedcowhideleatherby alcoholsolu-
tionsandintroducingcodoUby meansof a solutionin xylene. Part of the

flexibilitywasduc to extractionofsolidsby thc solutionsbut the oilmade
a verynexiNeleatherwhenintroducedin this way.

Usingthe sameprocedure,mineraioit and castoroit atso gave a very
flexibleleatherthoughnotquitesosoftas theoneoiledwithcodliveroil.

In tannedleather,thé fibersare isolatedsomewhatfromeach otherby
thetannin. In rawhide,the fibershavenosuchisolatingmaterialandcon-

sequcnt)ythe nberscohen*as soonas they becomedry,and a hard, bony
tnassresulta. In purewaterthe fibersswelland becoineseparated. If wc
cnutdgeta lubricantbetweenthe Sbcrswhilethe hideis in this condition,
thcskinwouldremainsoftand pliable. Thiswassuccessfullyaccomplished
t'xpcrimentaUy.Pickledshccpskinsas receivedby the tanner, readyfor

tannin; wereuscd. Theywerepickledin sulphuricacidand salt. Since

theywerebeamed,bated,andlimed,removingthefat,épidermis,andciastin,
wemayconsiderthesheepskins,readyfor tanning,asnearlypure coUagen.
Thepickledsheepskinswereeut intopiècesabout twoinchessquare. They
weresoakedin distilledwaterfor24hours. Thewaterwaschangedandthe
:-kinsallowedto soakfor :4 hoursmore. Thenthegradientsolutionsof the

histotogistwereagainbroughtintoplay. Theskinsweresoaked24houri!or
t))f)reineachof thcfollowing,andinthe~rdergivcn;50~alcohol,80%,o~
:tbsotutpalcohol,andxylene.Onepiecewasremovedanddriedto beusedas
a Nank. Theotherswereeut in twoandmarkedinpairs. Oneof eachpair
wn.<immersedfor twodaysin xytenesolutions,to'~ by volume,of the fol-

iowingoits;codliveroil (Squibb),whitemedicinalmineratoit, and puro
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castoroil. The other piècesweredricdthree days and eachimmersedin

theoilcorrespondingto that usedforthéothersampleofeachpair.

It iswell-knownthatalcoholgivesa pscudo-taoningto animalskins,but

that thétreatedskins~-eUsin waterandis eonvertedto gelatineon boiling

justastheuntreatedrawskin is. Forsomercasonnotunderstood,thefibers

donotstickor gtuetogetherondryingbutremainpartiallyseparated.Thus,

the blankmade in thisset of experimentslookedmoreor lesqlike leather,

but it wasstiff, hard, and somewhatshrunkcn. On boilingwith water it

wasconvertedquicklyto gelatine.

Thesamplesdehydratedandoiledbyno!utionwithoutintermediatedry-

ingwercaUremarkablysoft and flexible.Thc sampleimmersedin minera!

oitwas)essflexibleandhad shrunkmoreon drying. It was,however,con-

sideraMysofter than thé blank. Thcothersainplesof the pairs,whichhad

)x'endriedbeforebeingplaced in the oil solutionwerenosofter than thé

blankandof coursehadshrunkenjustas much sincetheyreceivednomore

sweUingby waterafterdrying. Theonedriedandthenoiledbycodoiiwas

slightlymoreflexiblethan the blankbut far stifferthan thé sampleoiled

bycodoilwithoutpreviousdrying.

Bothsamplesoiledwithminorâtoilwentinto colloidalsolutiononboiling,

theoilgoingpartlyintoctnulsionandthc rcst floatingonthewater. Most

of theskinsoiledby castoroit formcda sol onboiling,althougha fcwquite

smattgelatinotispiecesabout a !ni!timctcrin diamaterresistedthe actionof

boilingwater. Both samplesof thc pair, however,reactcdthé samcway

towardsboiling,so thédifferencein flexibilitybetweenthe oneoiledwhitc

swottcn,anctthc oneoiiedafterdryingwasnot dueto thefactthat the first

wastannedand the othcr wasnot. Litttcof thé cod-oiledskinswentinto

colloidalsolutionon boiling. Appréciabletanningby thccodliveroil was

apparent,but hereagainboth reactedthé sarne waytowardboilingwater.

Thcrawskinsdehydratedby gradientalcoholsolutionsandoitedby xylene

solutionsweremoreflexibleand softer,than thé onesthat weredriedpre-

vioustooiling,becausethe fibersof théfirst sampteswerekept continually

swollenand separatedduringoilingwhilethose ofthe secondseriesof sam-

ptcswereallowedto sticktogetherbeforeoiting.

Piècesof the pickiedskin washed,andswollenin distilledwater,dipped

in oil (onein codliver,thc other in castoroil) bccamehardand brittleas

soonasthe waterhadevaporated. Anothersamplewasdehydratedby the

gradientalcoholsolutions,soakedin xylene,dricd fivcdays,and then im-

mersedinthe castoroil-xylenesolutionfora day. It wasasstiffandhardas

thc blank,as shownbefore. It washopedthat, bysoakingit in water,thc

fiberswouldswellandbecomeseparatedwithoutdisplacingthe water. But

waterisas easilyadsorbedby coltagenas by gelatinandthe adsorbcdoil

wasthereforedisptaecdby the waterand was seenfloatingon top of the

water.Conscqucntly,the skindriedintoa hornymassasthoughuntreated.

It is, therefore,necessaryto removethe water beforeoilinguntanncdskin,

but thefibersofcollagenmustnot bcallowedto cohere.

a

y
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It is interestingto note that thé abovereactionsare entiretyreversible.
AsampletreatedNimi!ar!yto the onejustdescribedabovelikewisebeoamea

hornymasswhendried, after soakingin distilled water for a or 3 hours,
again runningthe sample through the gradient solutionsand the castor

oil-xylenesolution,this time without intermediate drying, rather a soft f
flexibleproductwasagainobtained. Thereactionsthus are truly reversible.

CoMfhtStûttN:Untannedskin swollenby pure water and kept swollon

throughthegradientsolutions,whichremovedaUthe water,whenimmersed
ina xylenesolutionof the oil remainssoftand flexibleon drying;whileskin
trcatedthesamewaybut allowedto drybeforeimmersionin the oil solution
romainsashardandstiffas an unoiled,but otherwisesimuar!ytreated,piece
of skin. It maybe concludedthen that the functionof waterin thé oiling
processesis to swelland separate the fibersso that the oilmay penetrate
betweenthe smallestfibersand fibrils,lubricatingthem and keepingthem
fromcohering.

(2.) /~e)'en<t'a!H~«M~ofLeatherbyOil:
Thequestionnaturally arises as to how oil can displacewater from

leatherfibers,sincotanned leather exhibitsthe ability to adsorbwaterand
sweitjustas untannedcollagendoes,butto a muchlessextentthan collagen.
Waterwassccntodisplacecastoroilfromuntannedskin,makingthingslook
<)arkforadvocatorsof a theory of preferentialwettingof leather by oil.
But the theoryof preferentialwettingof a solidemulsifyingagent by the
externatphaseofan emulsion,helpedus out of our diSicutty. If a solid
f'tnubineswaterin oit, it bas becn shown'that the solidis wettedpartially
by bothliquidabut preferentiallyby theoil, sincethe solidlieson thissidc
of the interface.

The oak-tannedcow hidepreviouslydescribedwas groundup and ex-
tractedeighthoursby petroteumcther ina Soxhietextractor. Twentyc.c.
uf thé medicinalcodliver oilwas addedto 25 c.e.of distilledwater ineach
of threeglassstopperedbottles. To oneno emulsifyingagent was added.
In t))esecondbottlethe groundleatherwassoakedin the oila fewminutes
and thenthe wateradded. In the thirdbottle the leatherdust wassoaked
in waterfirstandthe oil added. Eachbottle herctoforenot agitated,was
shakcnoneminute. Thé firstemutsionsettlcd in t second,the secondin 23
seconds,andthe third in 5 seconds. Onrepeated intennittent shakingthe
.<t'condemulsionbccameverystable,lastingfor hours,whilethe third cmut-
i-ioncontinuedtosettle in 5or 10secondsduring the firstday. Themixture
"f oi)andwatercontinuedto settle out in i or 2 secondsthroughoutthese

t'xppnments.The mixtureswere allowedto stand thé next day without
agitation.Duringall ttie thirdday theemulsionsshowedlittlechangeinthe
relativestabilityalthoughmixturesNos.2 and 3 secmedbotha littlemore =

~taMethanonthefirstday. The twoemulsionsweroproudlydisplayedasa
pecutiarexamplewhcrein théadsorbedwateron the leatherdust in the third

~tunptewasnotdisplacedby the oil whichis sampleXo. madea stable

HaneMft:"AppMMtCoMoidChem!stry,"3~ (t9:6).
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emulsionby wettingthe leather. By noon, however,sampleNo.3 refused

tu workas it wassoheduted,but remainedan emulsionas longas ~o. 2.

Kepcatpdshakingduringthe mominghad wettedthe leatherwithoil.

Theseexperimentswererepeatedusing a 6nerleatherdust (about75to

too mesh) Thistimethe oil displacedthe wateronthé leatherdustmuch

quicker(inan hourof intennittentshaking). In thisrunandin theprevious

one,theemulsionwasdefinitelyprovedto be waterinoitbyaddinga dropof

oil to a smattportionof the emulsion. The dropof oildisappearedimmedi-

ately, whilea drop of water whenadded to the emulsionremainedin a

i-eparateglobule. “
Similaremutsionswcrenot obtainedfor castoroilorminéraloilusingthe

sameproportions. Theusualprecautionsin preparingemulsionswerenot

followed,however. The leather dust was simplywettedby thé desired

phaseand the oiland waterpouredtogetherandshaken.Moreworkshould

be doncon this to déterminewhetherby slowadditionsof the waterwith

intermittentshakingor whetherchangingtheproportionswillnotproduce

an emulsionin the presenceof leatherdust.

Cench~~s: Codoil,at least, wetsleatherin preferenceto waterbut the

disptaccmentof waterby oil is quite slow,provingthat leatheris wetted

atmostas easilyby water. This is whyan undcr.oitedpleceof leathermay

be saturated withwater, whenimmersedin water.

(3.) TheJM~acM!TensionMM'eeMWaterandOil:

It is apparentthat, to get greaterpenetrationofan oil into leather,the

oilmustpresenta greatersurfaceto the leatherfiberswhitetheyareswollen

and scparated. Sincewater is necessaryin oiling,to swellthe libers,the

interfacialtensionbetweenwaterandoil is veryimportant.Fromdu Jsouys

tablewefindthat withcastor,olive,and oteicacidthesurfacetensioninair

is 4, or more,timesas greatas the surfacetensioninwater. Thisexplains

whytheseoitsworkso wellby simplyswabbingthemonwet leather. The

minera!oils,however,showa surfacetensionin air !.47to 1.48timcsless

than that in water. Thisexplainswhywcobtainedsucha stiffleatherwhen

wet cowhide wasoiledwith white medicinaloil. In practicemineraioil

is alwaysmixedwith soap,sulphonatedoils,or an animaloil to reduceits

surfacetensioninwater.
(

Microscopicatexaminationvcrincsthis. Dropletsofcod,neatsfoot,castor,

and oliveoil ait increasedtheir surfaceswhendropletsof waterwereintro-

ducedto them,whitea mineraioildroplet showeda decideddecreaseinsize

whenwaterwasintroduccdto it.

Small (onesquarecentimetcr)pièces,of the cowhidedescribed,were i

dehydratedby gradientsolutionsof water and alcohol. The alcoholwas

difptacedby xylene,and the xylenedisptaccdby xylene-paraffinsolution.

The time in eachsolutionwasat leastoneday. Thesampleswerethen tm-

mcrFedin moltenparaffinand then irnbeddedin paraffin.Sectionswereeut

on a microtone,thé paraffindissotvedeut by xylene,thc xyleneby alcohol,

and the sectionswcredried. The oits to be usedweredyed withSudan3

c
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to makethemvisibleln water. Resultsin later expérimenta(usingoblique
illumination)werethé sameso thé dye did not changethe surfacetension

of the oi)senoughto affectthéresults.

The driedsectionswerewettedat their edgesby the oitsmentionedin

the preliminarydropletexperiments. But penetrationwas very slow,it

takinghoursfortheoitato penetratevisiblyeventhevery thinsectionsused.

{Thisdoes not excludethat someoit was adsorbedwithin the sections.]
Allthe vegetableand animaloilsused,whenintroducedat thé edgeof the j

<M«~sectionof the leather spreadout to conformwith tho surfaceof the

water. Whenthis surfaceretreatedacrossthe sectionthe oil followedit.

Assoonas thé oilcamein contactwith the fibersthey soonbecametrans-

parentshowingtheyhad adsorbedthe oil.

Withmineraioit the appearanceof the filmin the presenceof waterwas

(luitedifferent. Insteadof spreadingout the oil droplet contraotedin the

presenceof water,and as the surfaceof the water changedthe oildroplet
remainedfixedinposition. Afterailthe waterhadevaporatedtheoildroplet
wasstill strandedfromthe surfaceof thé leather section. It had to be

mechanicattypushedto the surfaceof the leatherand then its penetration
into the fiberswassoslowthat it couldnot be seenafter an hourof patient

waiting. Aftera day or so it had penetrated into the sectionas did the

dropletofminera!oitintroducedona dry section. Thus, whitewatersépa-
ratesthéfibers,thisadvantageislostbecausethe interfacialtensionbetween

waterand oil is too great to allowpenetrationwhilethe fibersarc isolated
inwater.

It is very intercstingto note that Shereshefsky'found that two im-

misciMeliquidsin a capillarytubing willmovein the directionof theone

havingthcgreatersurfacetension.Thiswillexplainthe actionof theanimal
and vegetableoilsin the microseopicsections.

Attemptsto duplicatethe microscopicresults in larger piècesof leather

iun'efailed. Piecesofthe cowhideweighing30 gramsweresoakedin water
onehourandoneenddippcdinoil. Whentheexposedend wasdry,thepièces
w<'rcremovedand eut in thrcesectionsparattetto the end dippedin oil.

The sectionswerethen groundupand extractedwithpctrotcumether. No

dinerenceinoilcontentbetweenthemiddleandtop sectionswasfound. The

troublewasthat the sectionswererectangularand thé short sideexposed
to thé oit. Thus the oit had to risetoo high to bedetected in the middle

st'plion.Hxpenmentsshouldbcrepeateddippingthe longendin theoil.

The dccreasoin surfacetensionof an oit on heatingexplainswhythe

"burningin" processis succcssfutin curryingheavynon-flexibleleathers.

tu this processthé hot oil is appliedto the hot dry leather. It has been

shown"that the groaseor oit penetratesvery wellin this method. Water

's notusedandthereforeas softandpliablea leatherisnot obtaincdas though

Xatum.t22,~)j (t~ïS). r
BatdeMton:J.Am.LeatherChem.~os.,17,405(t9?~).
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the fibershad beenseparated. But "bumingin" is usedto givestrength

andwaterproofnessto heavyleatherslikebeltingand harnessleather,where

softnessisnotsodésirable.

CoM~Mt'cM~Togivegreaterpenetrationmorosurfaceof thé oil must bo

offeredto the leatherfibers. For mostvegetableand animalo:tstho water

alone,whichis alreadypresentto swellthe fibers,is sufficientto reducethe

surfacetensionof the oil. Theseoilsarethereforeusedalonewithwater in

handor drumstun!Ng.If mineraloilis used,substancesmustbe added to

reduceits surfacetension. In fat-liquoringthe surfacetensionof thé oil is

alreadyreducedto formthc emulsion.In "bumingin" withoutwater,heat

lowersthe surfacetensionsu<Ecient!yto givegoodpenetration. As soft a

productis not obtainedbecausethé fibersweronot pre\-ioustyseparatedby

water.
Furtherinvestigationshouldbe donewith the microscopeto détermine

whethermineraioilacts like the animaland vegetableoilson mieroscopical

sectionsof leatherwettedby water. Amethodof photographingtho pene-

trationofoils in sectionswettedby waterwouldbe veryconvincing.The

difficultyatprésentisthat oilwetstheglassslidcandcover-glass,in preference

to, or as wellas,leather, Greatenoughdepthof focuscannotbe obtained

forphotographyto allowthe useofuncoveredspecimens.Cowhidecannot

bcusedfor sectionsfor photographysince it is too toughto bceut into thin

enoughsectionsto makc them sufficientlytransparentor light enoughin

color.

Cornell<7M«'«'<t<<j;.



HELICOIDALCONFIGURATIONIN LONG-CHAÏNCOMPOUNDS

BY WtLHAM B. LEE ANDFtEKRE J. VAN BY88ELBERGE

In a previouspaper'experimentalévidencewasadducedin favorof an

helicoidalarrangementofcarbonatomsin straight-chaincarboncompounds, =

but thearchitectureof théhelixwasnot defined. Ourpresentpurposeis to

describeand discussthe spatialrelationshipsof the carbonatomein this

definiteandnewhetieotdatmodel,andto showthat thetheoreticaldeductions

presentedbeloware in verygoodagreementwitha targenumberof experi-
mentaldata relatingto themostdiverseproperties,bothphysiea!andchemica!.

Thereare a!readysomeexistingthéories' of the ordinaryalter-

nationsin physicalpropertiesbetweenodd and evenmembersof the chain

buttheyallomittodiscussthepeculiaritieswchaveobservedat thesth, voth,
andt sthcarbonatomsin thechain.Moreoversuchtheoriesdinerfundamen-

taHywithrespectto themechanisntwhichis responsiblefor thesephenomena.
Ourtreatmentof thé problemismoregeneraland mayincludesomeof the

cartiprtheoriesas specialcases.

Thé tentative hciicoidatmodelwe have devisedfor palmiticacid (see

betow)has practicallythé samedimensionsas thosewhichI~angmuir'de-

ducedfromN. K. Adam'stncasuremcntsof monomotecularMmson water.

Likewisethesedimensionsare infairlygoodagreementwith the X-raydata.

A molecularmodel for straight-chaincompoundsshouldsatisfy the

followingconditions:
Thedifferencesinphysicalpropertiesbetweenthe oddandevenmem-

bersofhomologousseriesmustbeshownby meansofa spatialrelationship.

Ct, Cto,Cn are speciallycharacteristiepointsin manyhomologous
!«'riesandthé correspondingperiodicitymust be évident.

3. Thefirstfewmcmbcrsofhomotogousserieshaveabnormalor grcatly
cnhaneedphysicaland chemicalpropertiesrelativeto all the restwhichcon-

stitutethe truefamily.
4. Fivc (and six)-memberedrings arc the moststable and thé most

rcadityformed.

5. Thédimensionsofthe moleculemust agreeapproximate!ywiththose

d('ducedfromX-ray measurementsand from the study of monomolecular

filmsoflongchaincompoundsonwateror mercury.
6. Thesamemoleculemustexist(at least potentially)bothin thésolid

andliquidstates.

7. The "a!temations"betweenodd and evenmembersshoulddieaway

fa)withincreaseof température,(b)with increascoflengthofchain.*

8. Pouibly,it is désirablethatthe tetrahedratangtcshouldbe retained-

at toastapproxirnately.

Cf. Timmerman'aconvergencetew:I. Simon:Butt.Soc.chimiquedeMgique,33,47
"9~9).
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9. It shouldaccountfor theopticalactivityofcertaincarboncompounds.

We believethat the helicoidaltype of moleculeis capableof satisfying

mostor all of the above Kquirements. Our theoryof the carbonchainis

baseduponthéfollowingfactsor principles:

(a) The"Spannung-theorie"ofBaeyer,insofarasthe !-$or t-6positions

are the mostfavorablefor ringfonnation.

(b) Thefirstthreeor fourmembersofhomologousseriesexhibitanoma-

lousor specialpropertieswhichdistinguishthemfromthe highermembers;

togetherwiththefollowingassumption:

(c) MultiplesofC6(C~andC~)are relatedtoC. itsetfinmuchthesame

wayas the harmoniesof a noteare related to its fundamental. It is not

necessarilyassumedthat ring-formationis favorableat CIoand Cn, owing

to the lengthofthe chain;butthat thesepositionshavespécialsigniBcancpm

relationta otheractions,e.g.interfacialaction.

The plausibleassumption(c) is found to reçoivestrongexperimental

support,as isshownin thc sequel.

Thepitehofthe helix issuchthat if aUtheC-atomsare arrangedin two

perpendicularplanes,one completetum of thehelixbasbeenmadeonreach-

ingthe sth carbonatom. Thesomewhatspecialpropertiespossessedbythe

firstthreeor fourmembersaredue to the factthat the helicoidalformbas

notyet appeared;and, in contrastwith this, allmembersfromthé fifthup-

wardsforma true famitywithtruly helicoidalmolecules.Forexample,the

first titréeor fourmembersofthe normalmonobasicfatty acidshave,rela-

tivcly to the rest of the series,very high dissociationconstants,di-electnc

constants,surfacetension,estcrificationconstants,etc. (togetherwithparti-

cularlyirregularmeltingpoints),whereasoncethehelixbasbeenformedmost

of the abovepropertiestend to settle downto a constantvalue. Theseare

amongthefactswcseektoexplain,whichtheordinaryplane"zig-zag"model

ofthe X.rayinvestigatorfailstodo. Again,theactionofthen-fattyacidson

bismuthstopsor cannot be détectedby ordinarymeansat C.; thereafter

with increaseof chain lengththc union at the interfacemctal-acidas in

Hardy'slubricationexperimcntsmustbedueto theformationofa kindofco.

ordinationoradsorptioncompound.The solubilityof thé n-fattyacidsde-

ereascsextremelyrapidly froman infiniteto a verylowvalueat valericacid

(C.\),and fromAdam'sexperimentsseemsto disappearalmostentirclyat

pentadecoieacid (C,t), whereasfor practicalpurposesit is usuallyassumed

that the acidsbecomeinsolubleat about Cio.

It maybc claimedthat the helix is a M<M)'o<gcometricalform. It is

particularlycommonin cylindricalstructuresinnatureandiswellillustrated

forexamplein thc spiralcoilwhichstiffensthe trachealtubesofan insect,or

the "trachcides"of a woodystem. (Rightandlefthandedserew-axesafford

an explanationforenantiomorphouscrystals,suchas thoseofquartz).

Pasteur(leçonsdeChimie,1860)suggestedthat in thecaseofthetartaric

acidswearepossiblyconcemedwith the propertiesof rightand left-handed

spiralsorcombinationsofthese. In recentyearsAsthury"basconcludedfrom

his X-raystudiesthat tho carbonatoms in tartaric acid lie on a twisted
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spiratwhichformsthe back-boneof the moleoule.Wepiedictthat asimilar

resultwillbe foundin the X-raystudy of the opticallyactivetong-chain

compound,dihydroxyBtearicacid. FranMand"many yearsago suggested

t batthécarbonatomsofstraight-chaincompoundsliein a spiralorhelix,and

that correspondingto eachtum of thehelixwemightexpecta roughperiodic

récurrenceof physicalproperties.That somekindofspiral (asopposedto a

uniplanar"zig-zag")existain homologouscarbonseriesbas alsobeenem-

phasizedrepeatedlybyPickardandKenyon"in connectionwiththeirclassical

investigationson thé opticalactivityof carboncompounds.Donaan"bas

maderefercnceto thé possibititythat the elasticcompressionofmolecular

heticescouldexplaincertainresultsobtainedin the investigationofmono-

molecularfilmsof long-chaincompoundson water. BriglandFuchs'~made

the interestingsuggestionthat certainsubstancessuohas lignocericacid(and

certainofits derivatives),andfats withdoublemeltingpointsmighthavea

kindof"spiral-staircasc"structure. (Theyaccountedfor thespecialphysical f

i8omehsmof!ignocerioacidinthisway.)Henderson,"Waiker,"andothers

havehintedat theprobabilityof the carbonchainbeing"spiral"inoharactcr

asa resultoftheirX-ray investigationsof the normalsaturateddicarboxyllc

aUphaticacids.

The HeUcoidalConfiguration

It iswell-knownthat a cylinderisa developablesurfaceandthat (except-

ingtwoobviouscases)straightlinesdrawnon a plane becomeheUceswhen

this planeis rolledaroundthé cylinder. Our assumptionis that thécarbon

atomsofa straightchainlieona helixdrawnon a cyUnderhavingthedimen-

sionscalculatedby Langmuir"from Adam'smeasurementson monomole-

cularfilms.Asa matter ofconvenience,wehèreuse a circutarcylinder,al-

thoughit isprobablethat X.raydata mayrequire,insomecases,anelUptical

cross-section.Thepositionsofthe carbonatomsare regularlyspacedaround

the cylinder(i.c.with respectto its cross-section),and the pitohofthe hélix

is choscnin sucha waythat theoddand cven carbonatomslie respectivety

in twoperpendicularplanes. The positionsso definedwillbe calledthe

normalpositionsof thécarbonatoms,but certainC-atoms,Ct,Cio,Cn, may

oasityleavetheirnormalpositionsand corne,in theextremecase,onanother

helixhavinga muchlargerpitchthan the firstoneand constitutingfor the

wholemoleculea sortof "spinalcord."

In describingour mode!we take the case of palrniticacid for whieh

measurementson monomolecularfilmsand X-ray data are available. The

eross-scetionofthe moleculeofCt,HMO<and its lengthmaybededucedfrom

!.angnMir's"calculations. Weassumethat the cross-sectionderivedfrom

thccatcutationsissuchthat thecarbonatomsareinsideit. Thectoss-section

passingthroughthecentcrsofthe carbonatomsisneededfortheconstruction

of themodel. T~
Thediameterofa carbonatomindiamondis i .sA, approximatdy.De-

ductingthisvaluefromthé diameterof a circlchavingthesameareaas the

cross-sectioncalculatedby Langmuir,the diameterof the cylinderis 4 A.
0
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Théheightwillbetakonequalto :oÀ. Thératiooftheheighttothé diamot~r
is then s:[, the valueadopted by Langmuir. Thesodimensionsagreerather
wet!withthe X-raymeasurementsof MOUer'*andGibbs."

(J

*<
FM.tr

SpatialRelationsbetweentheCarbonAtomsinaCwehainCompound,
(e.g.palmiticacid).

Fig. shows the cylinder and its development. Areaof rectangleABCD =
arca of curvedsurfaceof cylinder. AB Mequal to the perimetorof thé cireular
cross-section. C) occupiesposition A on the cylinder and on its development.
(,'«!is at J. Ct, C;, Cn are on AD whenthey occupy their "normal" positions;
C:, Ce, C, Ct4 arc on GH, Ca, C,, C, Cu on EF, C,, Ce,Ct,, C,. on IJ. tt
is easy to seethat the height of the cytinder is equal to 5.75times the pitch of
the main hélix. The dcvetopMcnt of this helix can be drawn. Going up
from ï to t3 the helixtums 3 thncs eomptetcly around the cylinder; from t3
to 16 wc have 3/4 of one tum. The helixcorrespondingto the atraight lino
i-6-i i.t6 wi!!p!ay an important rote in the explanation of thé periodicity of
the physical properties.
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Theconfigurationthusobtainedcorrespondstostraight-ehaincompounds
forwhiehthe ordinaryaltemationofpropertiesbetweenoddand evenmem-
bersexists. Thisconfigurationwillbeslightlymodifiedforcompoundspre-
sentinga secondperiodicityof the physicalpropertiesviz.at Ce,C*M,Cn.

Letus take firstthe caseof valericacidwhichbas a meltingpointmuch
lowerthan thoseofbutyrioand caprolcacida. Goingupfromt to 4 noheli-
coidalpropertiesappear. €5 shouldcorneaboveCt and thc configuration
thusobtainedisonetum ofthe heUx.But, consideringthewell-knownten-

dencyofCGchaincompoundsto ringformation,weshallputC, ina position
whiehrendorsit moreindependentofC4andwhiehputs it underthe influence
ofCt,i.e.thé positionSionthe heUxt-6-n. Thishelixexistain allthecom-

poundsof thé seriesand constitutesa materialrepresentationof the5-10-1s

periodicity.Theconfigurationt-3-4-s explainsremarkablywell,as willbe

shownlater,thc propertiesofvatericacid.

In chainshavingmorethan fivecarbonatomsit is possiblethat €5 lies
initsnormalposition,or apositionintermediatebetwecnthenormaloneand

theextrêmeposition§t onthe helix1-6-1,but this is not offundamentalim-

portancefor the presentpaper. It is probable,however,that in longchains
whichmayforma s-ringcompoundwitha sidechain, CGis very nearthe
extrêmepositions'. Wethink alsothat the tendencyto lactoneformation

dependsalsoon thefaet that certaincarbonatomsare inabnormalpositions
in ourhelicoidalsystem. In the configurationspreviouslyproposedfor thé
carbonchainsit has usuallybeenassumedthat the anglesbetweenthé lines

:-3, etc. arevery nearlyequalto the tetrahedralangleioo"28'. In our

model,withthe dimensionschosen,thisangleisequal to too"4o'only,as is

shownbelowby simplegeometricatreasoning. It must beemphasizedthat

thedimensionsofourcylinderareonlyapproximateand thata slightvariation
ofitsdiameterhasa greatinfluenceonthe valueof the angle. If thcangle

!-2-3must reallybc equalto too"~8'the diameterof the cylindercan be

changcdaccordingty~ The calculationof the angle t-3 givenbelow

iltustratcssimplythat ourhelicoidalconfigurationis nota randomarrange-
mentofcarbonatomsbut onthe contraryhasa realmathematicalbasis,that

variousmodificationsandextensionsof the principlesinvolvedarcpossible.

Calculatioaof the Angle1-2-3

Fig.2 is a verticalprojectionof the chain !-2-3 togetherwiththe cor-

respondinghorizontalprojection. Bya rotationof thc planet- arounda

hortisontalaxis passingthrough i and perpcndicularto the verticalpro-

jection,wefind the exactsizeof the triangle !-9-3 in the hortizontalpro-

jection,t''t*3*. Werequireanglea.

In the trianglet'* 2*3' orA B Cwehâve:

AB'
+ BC< AC~

Cos<.=––––
(.)
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Catlingp the pitchof the helix,tg~ its stope,d thediameterof the cylinder,
wehave:

But P = ao/3.75 5.33À
~dtg~'=pp

d-4Â

Thustgp = 0.4:4
In the trianglet*3*D wehaveD~ p/z *= :.66 À

v
pr -d= 4 À

i' + 2.66' = 4.8A

In ABC AC t"3* = 4.8À
BC = t/2.AC< + AE'

But AE== d = 4 À
HenceBC==j.t: À and AB=' BC==3.12À

Applyingformula(t):

Cos<.=~=-o.~2X3.tz*
Hencoa = 100°40'.

It is thereforeobviousthat thisangle may be ohanged,if dcsired,by a i
suitableadjustmentof the magnitudesupon whichit depends. Moreover,if
thécarbonskeletonliesona long,narrow,etUpticatcytinderthis arrangement

mayleadto a planezig-zagas an approximation.
With the patternweproposeit is obviousthat moleculesarc in contact

witheachotheralonggeneratinglinesof their respectivecytindersand that
cohesionin the solidstate resultsfromthe numberof pointsof contact be-
tweencontiguousmoîecutes.Thèsecontactsexistbetweencarbonatomsand
wcobtaina systemof pointscorrespondingto Tammann's"pointsof high
latticeenergy. Assumingfurther that in the n-fattyacidseriesCa,Cte,Cn

stayon thé spinalcordon thé moleculewhateverthe lengthof the molecule

maybe it is possibleto calculatethenumberof thesepointsof contact. It
is easilyseen that there are four possibititiesfor the arrangementbetween
molécules:generatingline i is in contactwith generatingline i of another

motecute:2 with 3 with3, and 4with 4. A secondpossibiUtyis i with 2

and3with 4. Athird possibilityia with3 and 2with4, anda fourthpossi-
bility i with 4 and2 with 3. Otherarrangementsaremixturesof the fore-

going. In thiswaywe findthat fatty acidsexistin fourdifferentformsbut

that threeof theseformahave the samestability. If weconsidernowforms
of the samestabilityas physicallyidenticalwecorneto the conclusionthat
evenacidsin thesolidstateexistin twoforms,andwearriveat thcsamccon-

clusionfor oddacids but the stabilityof one of these formabeingrather
smallerthan that of the other three,a smallerquantityof this formshoutd
be présent.Theseconclusionsagréewith Tammann'sideason this subject.
It canbe shownthat the numberofpointsofcontactincreasesregularlywith
the total numberof carbonatomsin the chain but inflectionsappear in thé

neighborhoodofC:, Cto,C~. For instance,the numberofpointsof contact
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forvalerieacidisequalto tbatfor butyricacid. Thismeansthat thecohesion
in thesolidstateis relativelysmallerthan forbutyrleoroapro!cacidandthat
thereforoa minimummeltingpoint shouldbeexpectedfor thisacid. This in
fact is foundto bc thé caœ. Our pictureof the mechanismof thetransition
fromthé solidto the liquidstate is somewhatas follows:The toa(;'chain
compound,saya nonnatfattyacid,iHhe!din the space-latticebythedirected
"t,o. e"o t,w. ;a;a~e~ wnh1nn,n~cohesiveforcesbetweenindividualmolecutes
and the meltingpoint is thé temperature
at whichthosecohesiveforcesareovercome

by thermalagitation. In thé liquid, espc-
ciallynear the meltingpoint,a strong ten-

dencyto lattieeformationexists; but there
is an equilibriumbetweenagKrenationtiof
moieculesheldtogetherbythedirectedforces
of residualaffinityandthe individualmotc-
cules. Thisequilibriumis very dependent
onthe températureandonthé lengthof the
carbonchain. At highertempératures,e.g.,
at the boilingpoint, a randomdistribution
holds sway. Thé smaller oscillationsof

physicalproperticsin the liquid state and
their rapid decadencewithinereaseof tem-

pérature are thoreforedue to the gradua!
departurc from the space-iatticetype of
distribution.Thé soapsmelt to anisotropic
liquidsand finally becomeisotropicat a

highertempérature. Howeverthere must
exista tendencyfor thc crystal lattice to
fonn even in the isotropiestate. The idea
that fragmentsof the crystal space-lattice
exist in thé liquid state received support
fromthe workof Tammann,~Beutter,~and
recentinvestigationsonthc diffractionof X-rays by pure organieliquids.!'Cecntinvcstigationaonthe diffractionof X-rays by pure organicliquida.
Beutlerassumed that a liquid has a tendency to rcproduccthé cr)'stat
structureof the corrcspondingsolid,and used this idea to accountfor the

dyingout ofthe oscillationswith inereaseof temperature. The electronie

explanationof Cuy~ is of an ent!retydifferentcharacter,but it accounts

remarkablywellfor thcaltemationaofpropertiesbetweenthéoddand even
membersofthe chain.

A fewapplicationsof the helicoidalmode!to experimentaldata follow.
Theproperticswhichwchâve investigatedarc groupedintothreeclassesfor
conveniencc.

Group II lists someproperties important in capillaryand interfacial

phenomenawhichappearto be intermediatebetweenthe so-ealledphysical
propertiesof Group1and the decidedlychemicalpropertiesin GroupIII.

Onlya fewofthe moreimportantdata willbc givenhereas i)!ustmtion.

a E

e 2
Detennin~tionofthéAngteC)C,C,

d
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1 il III

MeltingPoint Surfacetensionof

solutions

BoilingPoint Emubifyingagents Dissociationconstants

Mo!ecutarVolume Monomolecularfilms Vctocityconstants

X-raydata (Spreadingcoefficient, Heatofncutralizatlon

surfacepressureand

electricalproperties.)
Dietcctricconstant Workofadhésion Complexmolecular

formation

Opticalactivity Staticfriction Esterificationand

Magncticrotation Heatof wetting Hydrolysis

Refractivity Solubility Ringformation

Heat ofcrystallisation Foamstability
Heat ofcombustion

Viscosity For furtherdetailsseea papcrentitled:

Specificheat "PeriodicAnomaliesin the Propertiesof Long

Surfacetensionofpure Chain Compounds,"Trans. Faraday Soc., 33,

h'9)uds Part 6 (1927).

.MfMt'~7~M<.Figs. 3 and 4 showthe variationsofM. Pt. withchain

length for thé n-paramns,their related normalsaturatedfatty acids and

primaryalcohols,and the dibasicacidsof the oxalicacidséries. The alter-

nationbetwecnoddand evenmcmbcrsis well-knownbutattentionisdireoted

to the veryproNouncedtninimain theM. Pt. curvesforthen-fattyacidsand

the dibasieacidsat (,'6. Thereis atsoa tendencyto a minimumat Ct in the

alcoholseries,whereasthis effectis practicallynon-existentin the paraffin
scries. The meltingpointsalsotend to a minimumat Ct<and Cnin the n-

fatty acidand aieohots,but this effectat CIoandCn is againnegligiblefor

thé paraffins. Howcverthé specifieheats of theparaffinsCt to Cninclusive

have beendetcrminedby thé sameinvestigator"over the rangeo"-so"and

there is a clearminimumat Ci. whichis outsidethe experimentalerrorfor

thesedeterrninations.Summarisingwemaysaythat anomaliesexistat Ct,

and probablyat C)oand Cx, in the propertiesof the solidcrystal. The

paraffinhydrocarbonsin the solidstate do notexhibitat all clearlythe C~,

C'to,Cn pcriodicitywhereasin themonobasicanddibasicacids,andalcohols,

it is evident.

BoilingPoints. For all the aboveseriesthe"altemations"bavealmost

diedout at the hoilingpoint. Theonlyexceptionof importanceisa distinct

flatteningof thecurveat Cn in thé B. Pts. of then-fattyacids.

~fo~cM~rFo~KMe.Thé molecularvolumesof the n-fattyacidsat the

M. Pt. alternateconsideraMyas mightboexpectcdonourtheory. Thealter-

nationsof molecularvolumefadeawayrapidlywithincreascof température

as anticipated. In completeaccordwith this, GamerandRyder"findthat

thé molecularvolumesat 50"C of the Q., (~ .C, andCuchainacidsdonot
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Fto.3a

Melting Point of

(a) OxaUcAcid Series

(b) N-fftttyAcitb.

FM. <t

Mettiag Point o(

(a) Methy) AtcohotScries.

(b) N-tMHtMna.
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attentatcand if any fine distinctionis to be drawnon the basis of their
mpasurpntpntsthe mo!ecu!srvolumetends to a minimumat C~.

~tt~cf T'cnMo~and TotaltSM~aceA'tMTj~.The resultsof Huntenand
Maass~forthe total surfaceencrgy(ergs)for n n-fattyacidsare plottedin

t'to.S5
Total Surface Knerftyof X-fatty Acide.

Fto.66
SurfaceTfMionofKqui-motar8<)ttpSolutions

(TypicatCurveobtainedby !<aM'May/.
<

Fi);.5. Whatwecallthe "bmkeeffect"of Cson the curveis clearlyshown,
i.e.:at Ct, the carbonhelixbeginsto contre!thesurfacetensionof the series.

Hèrethe changeat Ctis évidentin the uqutD state. Definitechangesat Ct.

and C\s,mayexistalthoughthis conclusioncannotbedrawnwithcertainty
hère. In somecarlierwork,DrOekcr~foundthe interna!pressure(bothat

25°andat 35°)todiminishfromformicto valerieaeid. Theinternatpressure
of the(,'t tiquidacid<eM~to bc somewhatlowerrelativelyto C),0~, C),C<,
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andthis is to be expectedif the latticestructurepersistato someextentin
the liquidstate, forminimumcohesionin the liquidthencorrespondsto the
minimumofM.Pt. ofvalerleacid.

TheSurface?*et)M<M!of SoapSolutions.Fif;.6showssomeof Lascaray's"
resultafor thé surfacetensionof equi-molarsolutionsplottedagainstmole-

cutarweij;ht. Foratt suchcqui-motarcurveaa very strikingminimumsur-
facetensionis foundat C~ (sodiummyristate). Herewehâvemaximum

adsorptionand somefundamentalchangein the residualaffinityof the
moleeuleoccursat C~ witha correspondingchangein theetectricmoment

1

F)u.77

De~fK~)x')nwthé Mettinf;t'oint at
whichSurfaceSolutionbegins

(\-fa«y AcHs~.

Il e t) H? ? )T If

Fta.88

Spreadint; Cocmcicnt(a< M.Pt.) of
X-fttty Acide.

of the interfaceair-adsorbedfilm. (Electricalmeasurementsby Frumkin"
of monomolecularfilmssupportthis view). We see that theC~ soaphere
actsas a brakcon thc tendencyof the soapsC'~to C~ to becomeabnormal
withrespectto the first 10membersof the homologousseries. (A recent

paperby Traube"statesthat thé so-caHcdTraubc'sruteaccordingto which
the surfacetension!owcr:ngof homologoussurfaceactivesubstancesin

aqueoussolutionincrcafipswith increasingmolecularweightin the ratio

i :3:3*onlyholdsto aboutthe gth tcnn ofa scriesand fromthc ioth tcnn
the solutionsbceomesurfaceinactiveand the substancedissolvescolloidally
dispersed.)

".SM~acePremMre"and "SpfMA'H~Co<c!'<'H<< The equilibrium
pressuresof thén-fattyacids(C)tto (~<)onwaterandtheiraltemationwith

temperatureweremcai'urt'dby Cary". Thé ordinaryfluctuationsof bulk
~f. Pt. betwcpntheoddandcvcnmembersarc inappreciableornon-existent
in thèsemonomolecularfilms. Hefoundthat no measuraMeloweringofthé
surfacetensionof the wateroccurreduntil a woit-dcnnedtemperaturewas
reachcd. WehaveplottedCary'sresultssoas to showthénumberofdegrecs
belowthéM.Pt. of thebulkphaseat which"surfacesolution"beginsagainst
thenumberofC-atomsinthcniolecule. (Fig.y) Thercisastrikingminimum
at en. Asimilarminimumoccursat C~onplottingCary'smeasurementsof
thé spreadingcoefficicntsat thé M. Pt. againstmolecularweight. (Fig.8).
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Workof/t~cit:'M).Aninterestingapplicationofour theory to interfacial

phenomena,whereoneof the phases iasolid,is to befoundin thepaperof

Nietz," whomeasuredthe workof adhesionof the n-fatty acidsto water.
4

(SecFig.9). TheoddmembersofthehigherfattyaoidscanexistintwoBotid
fonns (a and~). Thethick linesshowtheregularalternationbetweenthé

evenand a-odd forma. The upper dottedline is for the a-oddacida,the

lowerdotted line for the even and ~-oddfonns. The <3-oddC); and Cn
membersareindicatedonapecialdotted lines. The workofadhesionshows

a strongminimuminthe régionCi;<oCx. (ActuallyNietz's towestvalueis

Fto.99
WcrkofAdhésionofX-fttttyAcidetoWater.

for Ct<). The différencebetwecnan evenand the next higheroddacid is

attributed to a changein the crystal structure. Nietzsays: "Thegeneral
trendof theresultshoweverwitha definiteminimumin thencighborhoodof

C't,forthéevenacidsandC~forthe«-oddacidsand inparticularthémarked

increasein the workof adhesionfor the higheracidsis entirelyunsuspected
anddinicu!ttoaccountfor." Again,"it isMievedthat theeffectofthelength
of the chainmust insomepart beresponsiblefor théresultsobtained." We

considerthat Nictz'sresultsconstituteoneofthe bestdemonstrationsof the

configurationin apaceof the carbonchains. Thereis a aharpchangein the

residualaninityof themoleculedue to its configurationat C~. Hèreagain
Cn acts asa "brake."

MolecularKo<ar~Power. Thefollowingextractfroma paperbyKenyon
and SneUgrove~is significantin relation to our helicoidalconfiguration.
"The specificand molecularrotatory powerofcthylvinytcarbinotwhichare

the highestof the seriesare in agreementwiththé predictionofFrantdand

(J. Chem.Soc., 75,868( t88o))that someirregularity(maximumorminimum)
in rotatorypowermightbeshownby that memberofa homologouaseriesof

compoundswhichcontainsfivecarbonatoms." "Theresultis analogousto
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that shownby d-methyl-n-propyl-carbinolin ethyt-aloohoUosolution;the
moleculeofeachof theseatcohotsconsiatsessentMIyof a chainoffivecarbon
atoms.

DissociationC'<KM<QM~,CAe~co!Reactivity,etc. F!g.10showsOatwaM's"
valuesforthe dh-tsociatioKconstantsof the lowernormalfattyacidaat 25'.

<t~T~e<<jM cr B M

FM.

RelativeChemicalReactivityofAlkylChlorideswithPotassiumJodide.

HèretheeffcctofCt isillustratedinsolution.Afundamentalrelationnaturally
existabetweenthe dissociationconstantsof thé n-fatty acids,their spatial
configuration,and the strength of the variousbindingsin the molecule.
Severalinvestigationsof Sudborough"on esterificationconstantstogether
withthoseof McBainand Hay~on the hydrotysisof soapstendsupport to
theviewthatmyristieacidis a strongeracidthandecoie,laurie,and palmitic
acids. Acorrespondingeffect is foundat Cain theoxalicacidseries. Fig. it
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illustratesthe relative"chemicalreactivity"of the alkylohtorideain inter-

actionwith potassiumiodidein absoluteacétonesolutionat 6o"C.(SeeRice:

"TheMechanismof HomogeneousOrganicReactions"(t9~)). Wousethe

tenu "chemicatreactivity"hère,as mostohennstshave donc,inconnection

withthe speedof the reactionratherthaninrelationto theextentto whicha

reactionprooecds. Therelativechemicalreactivitycurveshowsa maximum

at ('6.
Théordinaryaltemationofphysicalpropertiesbetweentheoddandeven

members,even in the liquid statc, is well-knownand basbeen taken for

granted. The s.!o-ts pcriodicityin the physicaland chemicalproperties
ofthé n-fatty acidsandsomederivativesbasbcenillustratedin the crystal-

lattice, the liquidstate, and in solution. Thérelativeimportanceof thèse

positionsin the chaindependsupontheparticularconditionsor environment.

It is facts such as the prccedingwhichareaccountedforby our heUcoidat

configurationof the molecule.

Summary

Assumingin principlethe weli-knowntheoryof Baeyerrelatingto the

readyclosingofa chainof 5or6carbonatoms,a newhelicoidalconfiguration

for long-chaincompoundsis derivedand its tnathematicatbasis is bricny
iUustratcd.

It is then shownthat this helicoidalmodelof thc moleculeaccountsfor

manyimportant physicaland chctnicatproperties. Thédimensionsof the

moleculeproposedfor païtniticacidare of the samcorderof magnitudeas

thoscdeducedfrommodernworkin surfacechonistry,andfromX-mydata.

In addition to thé well-knownalternationof physicalpropertiesbetween

oddand evenmembersofthe fattyacids,thereisgoodévidencefora distinct,

5-10-j5 periodicity. Thisperiodicityisoffundamentalimportancein relation

to the theory of chemicaland interfacia!actionsand, ingeneral,ordinary

physicalpropertiesalsotend to a maximumorminimumat C:, C~,andC~.

Thesercmarks applyin the firstinstanceto the normalfatty acidsand thé

soaps,the nonnai dibasicaiiphaticacids,and probablyto certainother

simplehomologousseries.
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ENTROPY AND PROBABILITY

BYW.8. KIMBALL

It is well known that the entropyS of a gas is related to the probability
Wof the state of the gas by Boltïmann's relation;

S = k logW + Constant (i)

whereA-is Boltzmann's constant. This subject has been treated by two meth-

ods. One is the method of collisionsor kinetic method involvingBoltzmann's
H Theorem.' The second is the statistical mcthod that consists in applying
the laws of dynainics to détermine the behavior of an ensemble of systems,
cach System itself composed of atoins and molecules, whose state is deter-

inincd by their positions in phasespace.*
The present paper is a new derivationof (i) and the known expressions i

for entropy and the chemical constants for, different types of gas. The !i

method is cssentially distinct from (a) the method of collisions,and (b) the a
statistical method. On the onehand molecularimpacts are never discussed.

On the other hand phase space is never referred to (except for purposes of

comparison) and no such inquiries are made into the behavior under dy-
namical laws of ensembles of systemsof molecules in phase space as char-

acterize statistical inochanies. The present method is thus not statistical as

the term is uscd by Gibbs and Maxwell.

Furthermore there is no mechaniesin the present treatment except that

which is implicitly included in the probability axioms themselves. AHthe

mechanics concemed with entropy is concentrated into thèse axioms which

might properly be called:

i
Six Mechanical Axiomsof a Priori Probability t

I. The probability of a particle's having a position in ordinary space

equals thc probability of its havingany other position in ordinary space.
II. The probability of a particle's having a position in velocity space

oqualsthe probability of its havingany other position invelocity space.
III. The probability of a particle's having a position in momentum space

equals the probability of its havingany other position in momentum space.
IV. The probability of a particle's having one orientation equals the •

probability of its having any other orientation.

V. The probability of a particle's havinga position in angular momentum

space equals the probability of its having any other position in angular
momentum space.

VI. The probability of a particle's havinga position in action spacoequals
the probability of its having any other position in action space.

1Jeans:"DynamicalTheoryofGasea,"ChaptersIl, III.
'Gibbs: "StatiaticalMechanics,"Introduction;Tolman: ".StatisticalMechanics,"

ChapterI.

t
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Thotncthodofestablishing(t) willbetobuildup fromthèseprobability
axiomsan expressionforW the probabilityof the state of a gas, andBub-
stitute in (i) and showthat the result basthe characteristicpropertiesof

therniodynamicentropy. The procedureis characterizedby elementary
probabilitymethodswithoutregard to collisions,statietics,or mechanical

laws, Emphasisis laid on géométrierelationswhiehare involved. The

keynoteis to measureprobabilityby therangeof whatevertype ofspaceis

beingconsideredthat includesa partiole,treatingeach degrecof freedom =

ofeachmoleculeseparately. Andthen to takethe produetforalldegreesof
freedomforailmoleculesto gettheprobabilityof the stateofthe gas.

No. 1. TheProbabilityAxiomnare supportedbyLiouville'sTheorem.
It is wellknown' that Liouville'sTheoremimpliesthat the volumein

phasespaccthat includesthe pointsof a mechanicalSystemdoesnotchange ?
altho the boundingsurfacemaydo so,andthat all microscopicstates hâve
the sameprobabilityfora givenenergycontent. Thisleadsto the familiar
methodof measuringthermodynamicprobabilitybyextensionin phasespace.
(Gibbs:"StatisticalMechanies").Thusfora smallelement:

dW = A(dpidpsdpndqt dqn) (2) j

whereA isa proportionalityfactorand thep's and q's are the momentum
and configurationeoordinatesthat go to makeup phasespace. If N is the
numberofmolecules,thenn equals3N, SNor6N accordingas weare treat-

ing withmonatomic,diatomicor polyatomicmolecules.The probabilityof
a particularmicroscopicstateofa gasasgivenby (2)accordingto Liouville's
Theoremmeasuresit by a volumeelementin phasespace whiehélément
itselfis nothingbut theproductof thc elementalrangesof the threeto six
dimensionalmomentumorconfigurationspaceforail N moleculesmultiplied
together. Andthis is proeiselythe productthat wou)dbeobtainedifeach
dimensionofeachmoleculehad its probabilityscparatelymeasuredby the

rangedplor dql that includesit accordingto the aboveprobabilityaxioms
and then the several probabilitiesmultiplicdtogether accordingto ele-

mentary theoryas appliedto independentprobabilities. Thus the estab-
lishedtnethodof measuringprobabilityby extensionin phase spaceis a

necessaryconditionthat followsfrom theprobabilityaxiomsand the inde-

pendenceofa priori probabilityfor eachdimensionof eachmolecule.The
argumentcanalsobe tracedbackwardsassumingindependenceof probabili-
ties, and hencethat foreachdimensionfor a moleculethe probabilityis
measuredby the rangeof momentumanddisplacementthat includesit,
and hencethat the aboveaxiomsmust holdand are a necessaryas wellas
sufficientconditionfor measurementof a prioriprobabilityby extensionin

phasespace.
AxiomVIisseento bea gcneralizationoftheotherfiveaxiomsandcovers

the situationwherethe momentumrangeandspacerangeareconsideredto-

gether for each dimension.

>Tolman:"StatistiealMechanics,"Clmpter111.



1560 W. 8. K1MDALÏ,

No.2. Relathntyanda priori Probability.
It is tobe notedthat the secondprobabilityaxiomaboveisinaccordwith

the prinoipleof relativity. Accordingto the specialrelativitythe lawsof

naturetake the samefonn whenviewedin referenceframesmovingwith

différentrelativeuniformvelocities.Thusthereis"democracy"amongsuch

framesin that one isnot to be preferredoveranother. Thusif weconsider

particlestravellingat differentspeeds,anobservertravellingalongwithone

of themin a movir.greferenceframe,mayrightfullyconsiderhimself"at

rest" accordingto relativity. If no referenceframeis to bcpreferred,the

probabilityof a frame'shavingonevelocityisequalto the probabilitythat

it willhave any othervelocity,and likewisewith the particlesthat travel s

alongwithit. ThusAxiomII and AxiomIII in likemannerare supported

by the specialrelativity.
Theshortcomingsof the Theoryof Relativityin regardtorotationsare

wellknownand no attemptis madehèreto showthe eonnectionbetweenit

and the aboveprobabilityaxiomsthat dealwithorientationand rotation. c

Ontheotherhandit is shownin No.zothat AxiomsIVand Vwhichimply
the measurementof probabilityfor internatdegreesof freedomby orienta-

tion rangeand angularmomentumrange,are conséquencesofAxiomsI, II,
and III appliedto measurementof probabilityof thc constituentatomsin

their coursesabout the molecularcenterof gravity, just as the ordinary
méchantesof rotationsfollowsfromNewton'slawsdealingwiththe trans-

lationeffects.

It is noteworthythat the foregoingargumentappliesonly to a priori

probability(TypeA,seeNo. 4) andnot to probabilityof TypeC givenby

(15)whichcorrespondsto a Maxwelliandistribution. Althoughsuch a dis-

tributionmaximizes,as is wellknown,the a prioriprobabilityof TypeA as

showninNo. 9, yet it doessosubjectto the specialconditionthat the total

energyis constant,and this résultain havingmoremoleculeswithinequal

velocityrangesat onepositionofvelocityspacethan at another,in seeming
conflictwiththeaprioriprobabilityAxiomII. Therelativityprincipleapplies
to theapriorisituationto whichnoreferenceframeis relatedina specialway.
The conditionfor a giventotal molecularenergyrelated to temperature,
or that the moleculesare all includedin a givenvolume,are localoutside

effectsthat modifytheapplicationofthea prioriprobabilityaxiomsandthe

relativityprinciple.
1

No.S. The Ratioof theProbabilitiesofTwoTeneperatureStatesof a Gram

Moléculeof PerfeclCasal ConstantVolumeis givenwhenEquilibriwn

premilsin Termsof theTwoRootMeanSquareVelocitiesby:

Wo/W- (Vo/V)3N

In this sectionweassumea Maxwelliandistributionof velocities,cor-

respondingto equilibriumconditions,andcomparean equalamountof per-
fectgas(N molecules)at twodifferenttempératures.

c
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Accordingto Maxwell'adistributionlaw,it is weUknownthat foragram

moléculeof gas at a given températureT thé numberof moléculeswith

velocitycomponentsln the x directionbetweenu andu + duisgivenby:

d~V
N

e-tula)=du = y du. (3)
v «<*

wherea is the most probablevelocitycorrespondingto that température
and is relatedto vthe root meansquarevelocityby:

v « a y/JJÏ. (4)

If weploty -iL
e-c^»' y*»1 (5)

v *a

againstu the total area under the graphextendingto infinitywillevidently

equalthé numberof moleculesin a grammolecule:

Nowgrapha distributionforthesame

number(Nmolecules)occupyingthe same

volumeat a lowertemperatureTotaking

note that the decrease in température
increasesthe magnitudeof the constant

yo in (s) as well as reducing the de-

nominatorof the exponentof e:

Nowfixattentionon any variableu suchas that shownin Fig. i, andlet it

be relatedto the u"s shownin F»g.2 so as to makethèsetwovariablespro-

portionalto the correspondingconstantsa andao:

u/u' = a/ao (6)

If weconsideronlysuchvariablesu as satisfy (6),it is clearthat thediffer-

encedu betweentwo of themisalsorelatedto thedifferencedu' betweenthe

twou's in the sameproportion:

du/du' = a/a* (7)

If attentionis tumed to the y definedby (s) it is seenthat the variablepart

(theexponentialpart) ofy equalsthat of y' to whichit correspondsaccording
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to (6), whereasthe constantcoefficientsof the exponentialsare inversely
proportionalto the a's. Thus the y's willbe Inverselyproportionalto the
a's to whichthey correspondaccordingto (6):

y'/y œ/ao (8)

SincedN « dA ydu and dN' dA' » y'du' wehavefrom(7)and (8)
at oncethat:

dN » dN' (9)

prtmdedthe velocitylimitsbetweenwhiehthetwogroupaofmoleculesof (9)
are includedcorrespondaccordingto (6).

Sincethe functionsare continuouswemayintegratethedifferentials(0)
betweenvelocitylimitsthat correspondby(6)andget:

lu lu'

M
= ydu y'du' «

M' (10):\1

Ju.u.

ydu

Jv,1Uo:'<lu'
M' (10)

whereM and M' representthe numberof moleculesfor thecasesofFig. i
and Fig. 2 respectively,includedbetweenany velocitylimitsprovidedthat
theselimitscorrespondaccordingto (6). Ofcoursewhenthe lowerlimitsof
(io) are zéroand the upper limitsare » the correspondence(6)maystill
holdand then eachM becomesN the Avogadroconstant,sineceachcase
considered,refersto that numberof molecules.Sincethe limitsof (10)cor-

respondby (6) wehaveinviewof(4):

u Ue a v (II)
u'-uo'~«0~vo;

(II}
0 0 0

1

Kq.(11)regardingthe limitsof (ro) showsthat any tworangesofvclocities
correspondingby (6) willincludeequalnumbersof moleculesandare pro-
portionalto the rootmeansquarevelocitiescorrespondingto the twotem-
peratures.

Thereasonforchoosingvelocitiesandvelocityrangesthatcorrespondby
(6) is to make the numberof moléculesincludedbetweenchosenvelocity
limitsthe samefor the two gasesat températuresT and To respectively,
(or the samegas at diffcrenttemperatures),accordingto (9) and (10). If
the numberof moleculesis thesameforthe twogasesbetweenpairsof cor-
respondu^velocitylimits,thensincecachgas is taken to includethesame
entirenumberof moléculesN, it followsthat the probabilitythat a molécule
amongthe N at températureT shallbcwithina givenvelocityrange,equals
the probabilitythat a moleculeamongthe N at temperatureToshall be
withinthe correspondingrange. Thèseprobabilities,however,whichare of
TypeC (secNo. 4) referto moleculesalreadyincludedamongthoseat tem-
pératureT or Toanddo not referto thea priorigreaterprobability(ofType
A) that a moleculewillbc includedamongthose at températureT than
amongthoseat a lowertemperatureToas isabout to beshown. The true

interpretationthen for the equalities(9)and (ro) is thenas follows:If a
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moleculeisamongthoseN at temperatureT andanothermoleculeisamong

thoseN at temperatureTa then the probability(ofTypeC) that the first

moleculcbe includedwithinany rangeof velocities,is equalto the proba-

bility (ofTypeC) that the othermoleculebc ineludedwithinthe rangeof

velocitiesthat correspondby (6). In otherwords,barringdifferencesin a

prioriprobability(TypeA) that a moleculebe amongstthoseat tempera-

ture T or To,the probabilities(ofType C) areequalthat it be ineludedbe-

tweenvelocityranges that correspondby (ti) for the two temperatures. j
This meansthat if wefixattentionon moleculesthat are includedbetween

rangesof velocitiesthat correspondby (u) then the onlydifférencesin

probabilitywillrefer to a priori probability(TypeA) that they be among

those at oneor the other of the tcmperaturesin question. Thus wemay

investigatethe comparativeprobabilitiesoftwotemperaturestates.

In accordwith the elementaryfact, AxlomII, notedat the outset of this

paper,the a prioriprobabilityofa molecule'soccupyingonepositionin ve-

locity spacewillequal that probabilityfor any othersuchposition. Thus

for the x componentof velocity,u, the moleculeisas likelytoberepresented

by one positionalongthe horizontalrangefromo to w>in Fige, i and2

asby any otherposition-that is,apart fromthe superimposedtemperature

conditionsrepresentedby thosographs. Accordingly,the probabilityof a «

molecule'sbeingwithinonerangeof velocitiesas comparedwith the prob- =

abilityof itsbeingwithinanotherrange isin directratio to theextent ofthe

twovelocityranges,just as the comparativea priori probabilitiesofa mole-

cule'sbeingwithintwo linearspacerangesare directlyproportionalto the

extent of the two ranges. Insteadof considcringany twovelocityranges,

let us fixattentionon the two rangesof (u) whichincludeequal numbers

ofmoleculesand whosevelocitylimitscorrespondto eachotherby (6). The

probabilitiesthat a moleculewillbe withinoneor the otherof the ranges

indicatedsatisfy the ratio:

W u Uo y_ (12)
Wo u' u0' v0

If the rangesofvelocitiesgivenby (11)areextendedindefinitelytakingthe

lowerlimitsu = u' «=o, and representingthe upper limitsby the infinity

symbol, and maintaining the correspondence(6) during thc extension

process,the relation(12)still holdswhilethe rangeof velocitiesineludesin

each casethe total numbcrN ofmoleculesconsideredfor the two tempera-

tures T andTo. Thusthe comparativeprobabilitiesthat onemoleculewill

have a u amoung the N moleculesat temperatureT, and that it will

havea u' amongthe equalnumberat Toareproportionalto the root mcan

squaresofthe agitationvelocitiesat the twotemperaturesasshownby (12).

Likewise,withthe y and z componentsofveloeities.Wcassumein accord =

with the fundamentalprinciplesof probabilitymentionedat the outset of

this paperandas usualin kinetietheory, that the probabilitiesof x, y and z

componentsof velocitiesare independentof oneanother. Then the com-

parativeprobabilitiesthat onemoléculewillhave the threc componentsof
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its velocityamongthe velocitiesof those N moléculesat températureT
and that it willhavethem amongthe equalnumberat Toare proportional
to the productofthreeratios like(12),oneforeachdimension:

W/Wo (v/v,)« (13)

If vieconsidera perfectgas orelasticsphèrewhichlia»onlythreedegreesof

frcedom,then the abovethree velocitycomponentscompletelydetermine
the kineticenergystateof the molécule. Hence(13)givesthe comparative
probabilitiesthat onemoleculewillhave a kineticenergystate likethose
includedamongthe Nmoléculesat temperatureT shownin Fig. 1,and that
its energystate willberepresentedamongthoseN moléculesat température

1To shownin Fig. 2. For two independentmoleculesthe comparativeprob-
J

abilitieswillbe givenbythe squareof (13)and forN independentmolécules
wehave:

W/Wo (v/vo)3K (14) c

for the comparativeprobabilitiesthat N moleculeswillallhave their energy j
states representedbythe N moleculesat temperatureT showninFig. 1,and
that their states willbe like thoseof the N moleculesat températureTo
shownin Fig. 2. Thisamountsto saying that (14)givesfor perfectgas
(three degreesof freedom)the comparativeprobabilitiesthat N molécules
willbe at temperatureT and that they willbe at temperatureTo,assuming
that they occupyequalvolumes.

No.4. TheThreeTypesof ProbabilityofMolecitk's EnergyState.
If two différentbodiesof thesametypeof gashaveN moleculesand N'

respectively,and occupyequal volumesand are at the sametempérature,
thonthe probabilitythata moleculewillbc includedin the onegascompares
with the probabilitythat it willbe within the other in proportionto the
numberofmolecules,sinceall otherfactorsare equal. Wereferto this type
of probabilitywhichdépendsonthenumbersof moleculesinvolvedas Type
Ii probability. |

A differentthoughrelated type of probabilityis givenby the familiar
Maxwelldistributionfunction:

dX i e-ltt/a)Idu (iS)
N y/Ta

whichwereferto as TypeC Probability.
It is to benotedthat in the last sectionthe twotempératurestatesofgas

whosegraphswerecompared,referredto the samenumberN of molecules
in each case. Thiswaspurposelydoncso as to ruleout considérationof

TypeB probability.The methodofthe last sectionalsorestrictedattention
to moleculesincludedwithin velocityrangesthat 'corresponded'according
to (6). Thisalsowasdonepurposelyso as to ruleoutofconsiderationType
C Probabilitygivenby(15) for it is readilyseenfrom(7), (8)and (9) that

(15) is the sameforvelocityrangesthat correspondaccordingto (6).
Thus the onlytypeof probabilitywhichin the lastsectionwasnot ruled

out of consideration(with referenceto the velocityor energystate of the
3
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gas) J»the type whichdépendsonandismeasuredby the rangeofveloeities

that includcthe moleculesconsidered. Werefer to this as TypeA Prob-

ability,and tako notethat this is the a prioritype ofprobabilitythat de-

pendson AxiomII stated at the outsetof this paper,and correspondsfor

velocityspaceto theelementaryprobabilitywhichis measuredby ordinary

spaceorvolumerange.

No.6. EntropyDifferencesfor a GrainMoléculeofPerfectGas.

If Wand Woof(14)are substitutedin (1)and the constantremovedby

subtractionwehave:

S 80 k log(v/Vo)3* II log(v/vo)s R log (T/T,)W (16)

for entropydifférencesat constantvolumefora grammoleculeof gaswith

threedegreesof freedom. Sineethe ratioofthe probabilitiesfora particle

that it willoccupyvolumeV or Voisgivenby V/V, aecordingto Axiom1,

we may,assumingindependenceof probabilities,multiplythis ratio raised

to theNth powerby(14)and obtain:

W/Wo (v/v,)jN (V/VO)H ('7)

for thecomparativeprobabilitiesthat N moleculeswilloccupya volumeV

in ordinaryspaceat the same «me they occupya range in velocityspace

correspondingto T, as comparedwith occupyingvolumeVoin ordinary

spacetogether witha range correspondingto To in velocityspace. Here

againif wesubstitutethe W's of (17)in(1)andsubtract,thereresults:

S S» = k log(v/vo)* (V/Vo)N II log (T/T.)»" (V/V.) (.8)

whiehis the generalexpressionfor entropydifferencesper grammolecule.

If wetake So = oandadd the constantfromwhichentropiesaremeasured

(18)takes tho familiarform for perfeetgas:

S = R log(T3/aV)+ constant. (19)

No.6. RealGasesandSymmetryNumben.

In comparingprobabilitiesofstatesofperfectgasrelianceisbasedsolely

on AxiomsI and II sincedifferencesin massdo not enter. In caseof real

gases,however,whercthe measureof probabilitydépendson extensionin

momentumspace,the analysismustrelyonAxiomIII sinceAxiomII does

notapplyexceptasbetweenmoleculesof thesamemass.

AxiomIV is notconcernedwithmonatomicmoleculesbecauseonlyone

orientationis possiblein a physicaland mechanicalsense for an elastic

sphère. Adiatomicmolecule,on theotherhandmayhave differentorienta-

tionswhereits axisof symmetryrangesthrougha solidangleav. If, how-

ever,it is a symmetricdiatomicmoleculecomposedof two identicalatoms,

its solidangularrangefor 'différent'orientationsin the physicalsenseis re-

ducedby one-half.Thus for diatomicmolécules4ir,'<rmay bc taken inall

casesto measuretheangular range(<r= i or2)ofpossibleorientations.

Withpolyatomicmoleculeswemaytakeany axisthroughthe centerof

gravityandget ingeneraldifferentorientationswhilethis axisrangesthrough

a solidangle4* likethe axis ofthediatomicmolécule.Xot onlyso,but the

unsymmetricpolyatomicmoleculewillwhentumed about thisaxis,in any
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particularposition,givea successionof neworientationstatescorresponding
to a rotationthroughan anglesir. Thus2ir.4ir » 8* is the angularrange i
for theunsymmetricpolyatomiemolecule.In general,theangularrangefor
the orientationstates ofthe polyatomicmoleculeis givenby 8w»/crwhere<r
is the symmetrynumberofthe molecule.Thusfor Methane(CH4)withan
H atomat eachcornerof a tetrahedron,the angularrangeis 8ir7ia, since
the symmetrynumberis ta. (Foursymmetricaxescouldbechosen,and in
rotatingaroundany oneofthese,threepositionsofsymmetryare found).
No.7. ThermodynamicProbability,Weight,ActionRange.

We have heretoforediscussedcomparativeprobabilitiesonly, because
the denominatorof the probabilityratiois unknown. Wenowfixattention i(
on the numerator,havingregardto the third lawofThermodynamicswhich

impliesminimumunit probabilityat theabsolutezéroifBoltaman'sequation
(i) stillholdsin that region. Thus if the minimumprobabilityis unity to
whiehothersare referred,thenumeratorofthe probabilityratiowillactually

l

be the thermodynamicprobability,and whensubstitutedin (t) givesthe
absolutevalueof the entropywithoutthe addedconstantthereshown,be-
causetheonlyrequiredconstantswouldthen be involvedin the probability
expressionitself. i

The uncertainty in regard to the exact mathematicalexpressionfor C

thermodynamieprobabilitymakes it desirablefrom the point of view of
rigorto introducesomeexactlydefinedquantitywhiohshallbeproportional
to the probabilitythroughoutthe domainof physicsunderdiscussion,which
in the presentinstance,is restrictedto gaseswith fullyexciteddegreesof
freedom. Ehrenfesthasfeltsostronglythis needfor rigorwithreferenceto
so elusivea quantity as thermodynamicprobabilitythat in a recentpaper
by himand Trkal1tho wordprobabilitydoesnot appearat all. We shall
followtheseauthors in defining'weight'as the numeratorofthe probability

1ratio, towhichthe probabilitiesof thestatesofthe gaseshereconsideredare
proportional. The presentdefinitionof weight,however,is based on tho
foregoingsixaxiomsof probabilityand is the actionrangeof oneor more

,i
molecules,accordingas wcconsiderthe weightof oneor moremoléculesof
gas. Althoughapproachedfroma différentangle,this definitionof weight
is fundamentallythe sameas that ofthe aboveauthors,sincethe foregoing Jaxiomsare in accordwiththe résultaof Liouville'sTheoremwhichaffords
the basisof thedefinitionofweightgivenby EhrenfestandTrkal. Werely
on this proportionalitybetweenprobabilityand weightto extendthe appli- n
cationof the probabilityaxiomsandtherebycomparethe entropyand the
states of différenttypes ofgas havingdifferentnumbersof molecules,in-
stead of restrictingattentionas in No. 3 to comparisonsbetweengases
havingineachcasethe samenumberofmolécules.

Thisextendedapplicationof these probabilityaxiomsrequiresa more
refineddefinitionof 'range'than previouslyused. For ordinaryspace,the
three dimensionalrange is the volumeoccupiedby the gas. But this may

Ann.Physik,(4)65,609(iqai)..
'i
y
]
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beanalyzedby takingthe reciprocalof thedensityi/n, the volumeoccupied

by one moleculeas the range of a particularmolecule. Andthis range

rneasuresthe weightor probabilityofthevolumestateofthis molecule.But

thereare N moleculeswhichare equallylikelyto be withinthisvolumeso

that N times the volumei/n is the weightthat measurestheprobability
that a moleculewillbewithinthis volume.ThusN(i/n) = Visthe weight

per molecule. Andthe weight for N moleculesso far as theirpositionin

ordinaryspace is concemedis VN,beingthe productof N weightscorre-

spondingto the N molecules.

Byanalogousreasoningwe definetherangeofa moleculeat a particular

placein velocityspace,as thc reciprocalofthe numberof moleculesincluded

in unit lengthof velocityspace there. Just as the aboven isa continuous

funetiontaken inthis caseto be constant,soin velocityspacethedistribution

functionis taken to bea continuousfunetionso that the definitionof range
abovegiveninvolvingthe reciprocalofthedistributionfunetion(SeeNo. 8)

is uniquelydeterminedeverywherethroughoutvelocityspace. Likewise

the momentumrangeper moleculeis uniquelydefinedthroughoutmomen-

tumspace.Andtheactionrangepermoleculeisalsodefineduniquelyforeach

dimensionthroughoutaction space,and is the product of the range per
moleculein ordinaryspaceand the rangeper moleculein monentumspace.

No.8. TheMaxwellianDistributionof Vekcitmis mostprobable.
Wemay assumean unknownandcontinuou8velocitydistributionfune-

tionreferringto N molecules:

dN N f(u)du (20)

whichgivesthe numberof moleculesbetweenthe velocitylimitau and u +

du. Then:

dN/du N f(u) = i/r (ai)

is the number in unit velocityrangeat positionu in velocityspace. The

reciprocalof (21) givesthe distancetherein velocityspacebetweensuc-

cessivemoléculesin the x direction:

r =
-L-

ni+, -UI' (22)
r Nftj

Ul+' (22)

andit is this lengthin velocityspacewhichwetake accordingto No. 7 to

definethe rangeof a particularmoleculeat this positionin velocityspacc,
andit is the weightthat measuresthe correspondingprobability. If there

are N moleculesand all are cquallylikelyto be in the rangein question,
thenthe probabilitythat one ofthemwillbein thisrangeis Ntimes(32)

w «
jr:

(23)
f(u)

whichgivesthe weightper moleculewherethe velocityis u. Ifthe N mole-

culesare alikeand haveconstantx componentof totalenergywe have the

restrictingconstant:

E* » <§m(u,!+ u,4+ +UN' (24)

wherethe u's are the componentsof the agitationvelocitiesof separate
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molécules. Thus the weightthat measuresthe probabilitythat a molecule
willbc in the ith.rangecorrespondingto (23)is

wc 1
f (m)

(25)

Sincetheprobabilitythat a moleculewillbe in onerangeis independentof
the probabilitythat it willbe inanyotherrange,wehaveforthe total weight
the productof Nsuch expressionsas (25):

W = ï W
f(Ui)f(Ui) f(UN)

wherethcu's are independentvariablesexceptforthe restriction(24). Now >

apply the Lagrangemethodforconditionalmaximaand formthe funetion

whereXisan arbitraryconstant:

F = W+ XE. (27)

and take the partialderivativesfor N independentvariables: t

|? “ -W A logf (u.)+ Xmui o (28)
OUi1 dUl

1

|E w 4 log f (u,) + Xmm« 0
ou; dut

losf (u~)-i-~muc= o

whereit isreadilyseenthat thefirsttenuontherightisthepartialderivative
of (26). If W/mXis climinatedbetweenanytwoor moreof these N eqs.
we have:

d/dm (hgffîu,)) d/dut(log(f(m)) = rax/w (29)Ut Ut
The u'sdeterminedby (28)and (29)area setofconstantsthat givethe maxi-
mumvalueofW. If weset therightmonterof (29)equalto – 2bthen thèse (
X constantsmustail lieonthecurvewhosedifferentialequationis:

7-
logf (il) « -2bu. (30) r

du

Integrating:

f(u) = ee-bltl = -e-««' (31)
a~

weget the distributionfunction,a curveonwhichall the u's determinedby
(28),(29)mustlie,whereontheright theconstantsare expressedin termsof
a the mostprobablevelocitylicingrclatedto temperaturein the usualman-
ner. Whenf(u) given by (31) is interpretcdin connectionwith (20), (21)
and (22) it is seen to déterminea uniqueset ofconstant values (the ab-
scissasshownin Fig.3) of the u's that givethe maximumvalueofW. Thus

3

we mayplot (20)taking y = Nf(u)*= ±/– e "<«)* as ordinatcand u as
ay/w11'
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abscissa,and then equatareascorrespondto equal numherKof molécules,
and weobtainthé areacorrespondingtocachmoléculeifwedividcthé total
arca intoN equalareasbyparallelordinatesas indicated:

The base of these areas is the r given by (22) corresponding to the molecule

at that place in velocity space,and thé sum of i of these r'.sstarting from the

left gives the vcloeity Uiof the ith molécule to the same approximation that

a continuous velocity distribution fits a gas of finite number of molecules.

Although the finite number ofequations (29) doesnot uniquelydétermine the

differential equation (30) involvingthe continuous variable u, yet the num-

ber of u's involved in (29) canbc increased indefinitely till ail possiblevalues

of u appearing in (30) are represented. Thus the distribution function (31)
is uniquely determined since N the number of ordinates shown in the graph

(the number of molecules)may vary indefinitely without altering the fonu

of (*<;) (30) and (31).
The same resuit is obtained if we take account of (22)and expressW as a

product of différencesbetween successiveu's:

W NNttM, (ui ui ) = Xx(rjr, ts). (32)

This is the same identical Was given by (26) expressedexplMtly in terms of

the u's. Now use the Lagrange method for conditional maxima with this

W and fonn the F correspondingto (27) and take the partial derivatives as

(28) and obtain equations correspondit)?;to (29):

= aamlog (UI u!_i) (Uj-i-! mi =ab1
Ul

2 ). 33

Thèse N équations may 1» solved for the X constants ui un which

détermine the maximumof (32). On the other hand we may takc

(UI ui_,) (ui+, m) = (n)2 (34)

as tho square of the différence of veloeities between successive molécules

at the place UIin velocity space, to thé saine approximation that a continuous

function represents a distribution of a finitc number of molecules. Then in

viewof (34) and (22), (33) is the sameequation as (29) (when the arbitrary
constants are adjusted), so that the velocity différencesof (33) correspond
to the velocity distribution law (31) and the set of u's given by (3O is the

same as that of the distribution law shown in Fig. 3.
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An advantage is gained by expressing W as (26) in terms of the unde-

termined distribution function f(u) instead of the equivalent explicit form

(32) in that we obtain the distribution function directly as the condition

for maximum probability, and this distribution function is tho essence of the

problent and itself of course uniquely détermines the set of u's that give

the maximum value of W.

Although wehave here only shown that (31) satisfiesthe necessary condi-

tion (28) for the maximum of W it is well known that the Maxwell distribu-

tion is the one of maximum probability and satisfies the sufficiency condition

also. Thua it may be shown that d*W/âin*is negative by taking W in the

form (32) and letting Ukbe the dépendent one of the N variables resulting r
from the condition (24). Then the first and second partial derivatives of

}
uk with respect to us are readily obtained from (24) and when thèse are 5

substituted in a*\V/dut*and account taken of (33) wherc b is positive, the 1

resulting expression is seen to be negative according to the requirements of

the sufficiencycondition. v1

Xo. 9. The Maximum Probabilityfur a Distribution of Moment».

Formula (26)gives the weightfor one dimension of a velocity distribution

of X molécules. It is based on AxiomII and measures the weight for a mole- f

cule by its velocity range, and combines them by multiplication. More gen-

crally we hâve secn according to Axiom III, that as between different types

of molecules the probability and hence weight is to bc measured by the

momentum range. Thus we may proceed just as in (8) using a distribution

of momenta like (2o) instead of velocities and obtain the weight of the dis-

tribution in onedimension of momentum space instead of (26)

W (35)

f<Pt)f(ps) f(PN) t

This expression of course does not include the probability of distribution >

in ordinary space. If we evaluate this formula for the equilibrium state of a

maximum probability as treated in No. 8, we have for f(p) the Maxwell
j

distribution funetion:

f(p) ï e-(Px'p)' (36)
1

(27rmkT)|
e-(Pfep)l (36)

which when substituted in (35) gives: >

W (2W-mkT)N''2ea'p)W+p'+--Psl) = (2irmkT)N/2cE*'kT
(37)

where E, is the x component of the total energy of agitation. If we note

that Ex NkT/2 wecanwrite(37) in the form:

W = (2iremkT)N/2 (38)

If all molécules had the same momentum range it would be for a certain

average molécule and is given by the Nth root of (38):

W (27rcmkT)è = Vïc" mo (ajrmkT)1'2ekT/2kT (39)

which is readily seen from (23) and (36) to be the momentum range of the r

14



ENTROPr AND PBOBABILITY *57* 5

moleculcwhoseenergyis kT/2 and hencewhosevelocityinthe root mean

squarevelocityfor the distribution(36). r;

Jma* « kT; v» 3/2* (40)

Remcmberingthat everymoleculehaskT/2 for its averageenergyper de- ]

greeof freedom,wesecthat (39)is the momentumrangeofeverymolécule

whenin its averageenergystate, andthis is veryproperlymferredto as the

weightper moleculeper translationaldegreeoffreedom,sofaras mornentum

stateis concernedandas themomentumrangeper molecule. j

No.10. The Weightof Monatomic,Diatomicand l'olyatmicGan. ?

Sincethe velocitydistributionsin the y and z directionsaresimilarto

the velocitydistributionof x components,the expressionsfor the weight

thatmeasuresthe probabilityBtatcoftheothertwodistributionsofmomenta

componentswillbe the same as (38)and (37)exceptthat Exis replaced

by Eyor E,. Andthe productofthesethreegivesthe weightforthe three

translationaldegreesof freedomso far as momentumis concerned.If we j

multiplythis productby VNweobtainthe total weightforthe threetrans-

lationaldegreesof freedomas the productof the spacerangeV by the

momentumrange(39)of the moleculewith meanenergy,all raisedto the »

"Vt.lipower:
Wm!=VN(2irmkT)3N'2eE/kT=.VN(2)remkT)3N/2.(41) j

whichis the weightthat measurestheprobability(at its maximum)ofa dis-

tributionof N monatomicmoleculesinvolumeV at temperatureT.

Fordiatomicandpolyatomicmoleculeswehavetoconsiderthemomentum

rangeand spacerangeinvolvedin the internaidegreesoffreedom.These

rangesmay be calculatedfromAxiomsI, II, and III withoutrelianceon

AxiomsIV and V, by consideringseparatelythe spacerangeand transla-

tionalmomentumrangeof cachatomaboutthemolecularcenterofgravity.

Thustirri wouldbethespacerangeofanatom(atomnumber1)ofa diatomie

moleculein the circularpath aboutthe molecularcenterofgravity(ri being

the distanceof the atomfrom thispoint),as the moleculerotatedaboutan

axisnormal to its ownaxis. Andalsojust as in No. ç, (39)in the form

Vie rmaigivesthe translationalmomentumrangealongthiseircularpathof

theatom with correspondingmeantranslationalenergy. Andthe product

of these two rangesgives:
WI= mlal (42)wi = aa-n-vVemm W)

the actionrangeof oneatom (inthe averageenergystate)aboutthe mole-

cularcenter of gravity for one degreeof frecdom. If weadd to (42) the

actionrange of the secondatomat distancer, fromthe centerofgravityof

thediatomicmoleculeweget the totalactionrangeforoneinternaidegreeof

freedomof the diatomiemolecule:Likewiseforthe secondinternaidegreeof j
freedomfor the firstatom:

w«« an vîfe n>t«i (43)

Herethe spacerange involvedis iti insteadof 2inl sincethe atomis not

alwaysat distancer, fromthc axisof rotationof the secondinternaidegree
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of freedom but varie»betweenthis distance end o accordingto the position

in the orbit of the first internal dcgrce of frcedoni,and in such a way as to

makc tho range 2rt. If we add to (43) the correspondingexpression for

the other atom we obtain the total action range for the second internai de-

gree of frcedoni (forthe atom with mean encrgy). If thèse two action ranges

are multiplieii together we get the total action range for the two internat

degrecs of freedom together:

wi = (2\/ire~in1ria1+ 2\/irë'm«rjai) {tr-y/nemitiai + svy/ire m8r»as)

= (aVâiire Iw) (27r\/2ireIw) = 4v(y/îiro I«)s = 4ir(sireIkT). (44)

Here (n«)s = ai1;1!is one third the mean square velocity corresponding;to

v in (40) and likewisewith the second atoni. Also^Iw*=kT/2. The above

expressionsshow the action range of the two internai degrees of freedom of

the diatomic molecule (in average energy state). The first form gives it in

tenus of linear space ranges and translational momentuiu ranges of the

separate atom» about the molecular center of gravity and was calculated

from Axiouis I, II and III. The last form gives it as the product of 4T the

orientation range of a diatomic molecttle (Sec No. 6) and the square of

(îirelkT)' which latter is the angular îuomentum range for the molécule

in its mean energy state per degree of freedom,being the sameas (39)except
that I replaces m. The last formis thus the sameas wouldhave bren obtaincd

by rclying solely on AxiomsIV and Vand multiplvingthe orientation range

41, by the angular momentum range above obtained directly like (39) in

Xo. 0 from the most probable distribution of angular momenta. Thus

(44) illustrates that the angular momentum range and orientation range
for internal degrees of frecdomcan be calculated directly front reliance on •

Axioms IV and V or indirectly by applying AxiomsI, 11, and III to thr

t mit tuentof atomic spaceranges and translational momentumrangesabout

the moleculttr center of gravity, in much the same way that the ordinary
mechanics of rotation, torque, etc. can bc established by application of

Xewton's laws to the translationnl effectsconcernedin the rotations. Sincc
j

it is always possibleto obtain the expressionslike (44)from applying Axioms

I– III to translational momenta, etc. or on the other hand by applying
AxiomsIV and V to rotationaleffeets, wc secthat the latter axiomsarc sup-

r

port cdby the first threeaxiomsand followas a conséquencefrom thenr.

When the weight per moléculefor the two internai degrees of frecdom

given by (44) is raised to the Xth power and multiplied by (41) taking M

instcad of m for the mass of diatomic molecule, we get the total weight
for X diatomic moléculesincludingtranslational as wellas rotational dcgrce.s
of freedom:

\Vd Ut/9 V(2irekT)s"M3"l]N (45)

flere the symmetry number et generalizes the formula to takc carc of the

symmetric diatomic molécule. (Sec No. 6). 1

The calculation of the weight for the internal degreesof freedom of the

polyatomic molecule is like that for the diatomic molecule. We may rely

;i
3
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on Axioms I, II, and III and calculate the space and momentumrange of

each atom separately ln its course about the tnolcoular center of gravity
and combine as donc for the diatomic moleculeto get the internai action

range which turas out again to bc the product of the orientation range for

the polyatomic molecule: 8ir*/<rby the angular momentum ranges for the

three rotational degrees of freedom,just as if reliance had been placed on

AxiomsIV and V, and the angular momentumrange calculated as in No. 9
for the moleculein average encrgystate givenby the formula corresponding

to(39):
wi grl/«(2reIikT)'(2relikr)""(29el3kT)1/3 (4(»wi <=8jrV<r(îircIikT)I/'(aireI,kT)l/2(ï)rel3kT)"il (46)

Each of the radicals appearing in (46)can be obtained exactlyas (39) was in

No. 9 except that the p's of tliat section are to be replaced by angular mo-

menta for one of the three degreesof internai freedom, and the corresponding

relation between rotational energy and temperature is used. When (46)

is raised to the Nth power and multiplied by (41) to include translational

degreesof freedom, we have the total weightfor N polyatomicmolecules in =
ternis of the action range of the moleculein average energy state: j

WP Jtor»/»V(a«kT)»M|(liIiI«)I'*]M (47)

No. 11. Entropy and Weight.
To obtain the expressionsfor entropy of monatomic, diatoraicand poly-

atomic gas, wc substitute (41), (45)and (47)respectively for w in (1). The =
constant of (i) must then bc retained since these expressions for weight

only purport to be proportionalto thermodynamicprobability. Thus taking

N as the Avogadro number:

Sro = R log [V (ajremkT)3'1]+ C = K log[V (ajrmkT)3"] + E/T + C.

Sa K log UirV/V (2irckT)s"Mî/a I]+C = II log [4irV> (*irkT)s'*M»
'2

I] + K/T + C. (48)

S,, R log (8*«V/ff (a«kT)»M*(ItItIi)l/1+]G H log [8jr'V/<r(2irkT)s

M3'3(hhl3y"] + E/T + C.

Here the second expression for entropy in each equation is obtained by re-

plaeing H loge (wherei is the numberofdegreesoffreedom)by its equiva-

lent E/T where E is the total energy.

No. 12. Incorporationof thc QuantumThcory.

It is to 1» noted that AxiomsII, III, Vand VI conflictwiththe quantum

theory if they are interpretcd as being exact, according to what seems to be

the requirement of the relativity principle,as explained in No. 2. The whole

theory herein, howevcr, which is built upon the foundation of AxiomVI

(which ineludes the other axioms)can be made to fit the quantum theory J

exactly if we shift the foundation on which it rests so that AxiomVI which

is that foundation, will exactly fit the quantum theory perhaps at the ex-

pense of its exact adjustmcnt to the relativity prineiple. Thus the revised

fonn of AxiomVI wouldbe:
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AxiomVI1:TheProbabilityfor eachDegreeof Freedomthata Molecule

willhaveActionequalto a GivenMultipleof k is equalto the Probability

thatit mil haveActionequaltaanyatherMultiple1ofh.

Hereh is Planck'sactionconstant,and itis understoodthat onlyintégral

multiplesof h arepermitted. For largescalephenomcnathis Axiomandthe

otherswhichdependonit willevidentlyapproximateverycloselytheabove

theoryand applicationof AxiomVI throughoutthis paper. It willbe im-

mediatelyseen that accordingto this AxiomVI' the probabilityor weight

is measurednot by the rangeof actionor mornentum(for eachdegreeof

freedom)but by the numberof multiplesofh involvedin that range,tsince

only integral multiplesof h are admissible.Thus if vVe rnaxistheaction

rangeper moleculeforonetranslationaldegreeof freedom,thenViremorx/h

is the weightorprobabilityto be assignedto it, sincethis is thenumberof

integralmultiplesofh that it involves. It willbe observedthat theabove

weightis a pure numbersincethe numeratoris action as wellas the h.

Althoughthe methodof obtainingthe aboveactionrange fromMaxwell'»

distributionlawwouldnot in generalgivearangethat wasan intégralmul-

tipleof h (in viewof themethodofaveragingquantitiesthat maybe taken

to bemultiplesofh),yetanylittleproperfractionofh leftoverafterdividing

Viré max by li wouldbe negligiblecomparedto theapproximationsto the

quantum theory involvedin Maxwell'sdistributionlaw. Thus for each

degreeof freedomwchaveinsteadof (39)theweight:

y/Ho max (i(.\w' =
–– h

– – v49;)

Theexpressionsforweight(41),(45)and (47)willbeadaptedto thequantum

theoryaccordingto (49)whenthe actionrangefor eachdegrceof freedom

is dividedby h. Thenthemeasureof the weightwillnolongerbetheaction

range,but the numberof multiplesof h includedin that range,whiehis

comparativclyspeakinga very closeapproximationto the previousex-

pressions,althoughabsolutelythe changeissignificant,in that weightisnow
f

measuredby a purenumber,insteadof anactionrange: 1

(\'(211'cmkT)3/2f'¡
Vm (V(."ffT)'»>?

V

(4I)'

1`'a (4~V(~ekD~M~I~ (4.5)'Wd=
<r h'

(45)

w
T(«tr'V(arckT)' M^XUtl»)1^ Ujy

""°-––h<"
(47)' ¡

Xo.18. TheChemicalConstants.

Whenthese quantizedexpressionsfor weightarc used in (1)insteadof

usingthe previous(41),(45)and (47) wehave for the entropyof a gram

moleculeof cachtypeof gas: >'

1ThisisinaccordwithPlanck'*recentsuggestion:55.Physik,(4)35,IS5(»9»5)-*«
alsoTolman:"StatisticalMcchanics"section394.

ii
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8. il log [V (aaeykT)am }+C Ii log
(VT)/'a.) + + C.

Saa Rlag (aQV(z'r hb )~ 1/Malp~-f-C= lt log (~Cs"aa) Z; ~f- C'.
(50)

8, R
log (211'ek1')1 a a = Il 109(VP a,)

I,
+ C.Sp'" Rlog

[-¡- ho
VMIIII2h]+ C II log (VT ap) T

+ C.

In the right hand members the so-called'ehernical constants' are represented

by the a's:by the a's:

c; (y'2;k)a

a, h

0
(5.) J

a. = 8cp l~MaI,IxIa`l~hrk>c

These results agree with tbe expressions for the eliemical constants given

by 1,'hrenftstand Trkalt (who introduce an extra k since pressure is used

instead of volumein the entropy formula, and their notation is different).

Sec also Tolmanl: Statistical Mechanics, eq. 317.

ATO.14. The Relation of Ylanck's Characteristic H'2utctiunand ~Surnrnation

Slate ofa Afalcculcto IsntropUand ActionRange.

The writer has not attempted to show that the expressions (48) are char-

acterized by the properties of thermodynamic entropy, because it is well

known that the entropy of gas in the equilibrium statc of maximum proba-

bility is given by the right members of (48). Thus the entropy of a gram

moleculeof gas is given in the form:2

S = R log Z + E/T + C + E/T + C. (52)

where Z is the part ineluded inside the logarithn) of the right members of

(48) and is knownas thc "Zustandsumme" after Planck, or summation state

of the molecule,being the result of carrying out the intégration indicated by

his "Zustandsintegral." Thus for example, in case of monatomic gas we

have:

Z", = Y(211'mk1Y" fe-c'/a'dpx dxdpydydp.dz (53)

Planck's "f'haractcristic Function" is also shown in (52) and is seen

= It logZ = (H-8T/T) == -A/T. (54)

to be related as indicated by (54) to Gibb's function tl = (R-ST). Thus

the formof (48)is in accord with wellknown entropy theory.

Wc may compare the summation state given by (53) with the action

range of the monatomicmoleculefor threc degrecsof freedom (in its average

energy statc) given by the Nth root of (41). This action range is seen to

Ann. l'bvsik,65 600 (1921);al80Tolman:"StatiMica)Mecham<s,"Cbaptl'rIII.
=HaralbuehderI>nY8lk,JO(ArticlebySchroedinger).
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fc k. «a l'a a ft » ai ljtl'll__xl
le the product Zme3 Le., the summation state multiplied by the square

root of e, once for each degree of freedom. Likewisofor thc diatomic and

polyatomic rnolecules, it is readily seen that the summation state multi-

plfod by the square root of c, once for each degree of freedom, gives the

action range for the fiveor six dimensionsin the form of the Nth root of (45)

or (47). We may examine this relation in more détail by dropping the V

from (53) and then extracting the cube root, thus consideringonly that part

of the summation state that refers to momentum in one dimension. If this

is itiultiplicd by the square root of e we have like (39):

y~

w =
(îTemkï)"1- (2irmkT)l/VT/«=e"« e (sj)

J -«-0:

which shows that the summation state for onedimensionof momentum is to

be multiplied by the square root of e to give the momentum range of the

moléculein its average energy state per degreeof freedom.

Note that the part of the "Zustandsintegral" on the right of (55)represents

a momentum range that is weighted by multiplicationwith the exponential,

and that this weighting factor is thruout the integration always between i

and o in magnitude. This naturally reduces the momentum range that the

intégral represents bolowthe average and so this has to be offset by mul-

tiplying it by e' (greater than i) to bring it up to the range of the mole-

cule in its nieanenergystate as given by (55).

Thus in every case Planck's summation state Z is to be multiplied once

for cach degree of freedomby the square root ofc to give the action range and

hence the weight defined in thé present paper. And furthermore, the weight

so obtained gives the entropy when substituted for W in (1), (in the cases

of maximum probability here treated) where the substitution of Z gives

Planck's characteristic function.

Xo. 15. Comparinunof the GtametricalExpressionfor Weigktwith the Statits-

(icat Expressionfor Weight.

The expressions for wcight (26) and (32) may be shown equivalent to

the more familiar expressionused in statistical mechanics:

W =
-r-r^- (w.)n W(«>)m (Wk)"k. (56)
ni!ns! nt!

Here thc w's are smallvolumes in lM-spaee"(of6 to 1 2 dimensionsaccording

as we refer to moléculeswith three or six dcgreesof freedom) including the

corresponding number n of molectiles. And their product (when each is

raised to the indicated power) gives the elcmentary volume in so called

•y-spacewhich is knownas the geometrical part of the weight Rivenby (56).

The numerical coefficientinvolving the factorialsof the n's is the statistical

part and indicates the number of distinct arrangements in this y-space. We

may compare (56) with (26) and (32) the more simply if we restrict the w's

to one dimension say of velocity space, and then they will refer to a velocity

i
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range ineludingthe corresliondingn molécule»,whiohwecan referto ass. r

If weusethe

approximation: logN! »NlogN-N. (57)

then the statistical part of (56), Ia, the factorialsb readilyseen to bc

equivalentto: NN/(n»n'n^ nrt, » that <56)canbe written:

w
– r

ww (so"
(58)

w
ni"!»»"1 nk"k k

whichreferslike(a6)and(32)to theweightofN moleculesforonedirnenion

in velocitvspace. Nowit is noteworthyin connectionwiththis theorythat

the w's(andhencethe s's)areentirelyarbitrary,(exceptthat in the quantum

theory they are intégralmultiplesofh)andit is in connectionwiththis fact

that the presenttreatmentdiffersfromthe statistiealone,for the prevailmg

modeis to choosethe «'s asall equal(orat leastconstant)andthen it iseasy

to employthe familiarmethodusedby Boltzmanof maximmngW with

total energyconstantandtherebyderivethe Maxwell-Boltzmandistribution

law. It is equallypermissible,however,to keep the n's constantandlet

the w's whichare the geometricalpart of (56)vary insteadof Botsmn 1s

tncthodof keepingthe <o'sconstantandlettingthe statisticalpart, i. e., the

n's vary. Andinparticularwemaytakeeachn equalto unity, therebyre-

movingthe statistical aspectentirelyandthen if wereferto (58)insteadof

(56) the s's whichcorrespondto the «'s willbc the rangein velocity»pace

correspondingto the separatemolecules,that is, the veryr's givenby (»»)

whichwereusedin derivingthe geometricalexpressionsforweight(26)and

(ta) Thus it is readilyseenthat (58)reducesto therightmemberof 32

whenwetakesi = ri andni n2= na = nk = 1. Wethu.seewhy(.6

and (32)are géométrie,i.e.,sineethe variablevital part is thegeometrical

actionrange includingeachparticle. Onthe otherhandthe variablevital

part of (S6)and(58)isstatisticalbeingthen's, necessarilyintegersassociated

with arbitrary constantcompartmentsof ji-space.

In the quantumtheorythe w'sof (56)arcreplacedbySi = mih,integral

multiplesof h, whichcorrespondto the energylevelsfor differentquantum

states in M-space.The prevailingmodeof keepingthe ws or g's constant

and maximizingWby varyingthen's,requiresthe variationof Wto depend

on quantitieswhichare intrinsicallyintegerssinceeachrefersto a particular

numberof molecules.It seemsmoreappropriatephysicallyto keepthen'ss

constant (and eachequalto unityas above)and let the w'svary (bymulti-

ples ofh in the quantumtheory). Thissuggeststhat perhapsthe quantum

aspectsof actionand energymightbc traceablebehindsomephysicalnus-

conceptionto the intrinsicintegralnatureof distinctnumbersof particles

like the n's of (S6)whichperhapsshouldhavethe quantumaspectsof some

experimentsattributed to themratherthan to the u's.

Moregenerallythe equivalenceof (56) (26) and (3a) appears in that j

each whensubstitutedfor W in (1)givesthe sameexpressionfor entropy

of gas in the cquilibriumstate. Thus:

S k log W» k(Nlog N+ Nlog w S ni log ni) (59)
t
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Herewehave usedSterling'»approximation(s?) (and tho last termcancels

off),and all of the «'s of (56)havebeentakenequalto « and ofcoursethe
sumof the n's equalto N. Nowusethe distributionlawin the form:ni »
Xu/Z e~(''kT) correspondingto the equilibriumstate, whereZ is the sum-
mationstate givenby(52)andciis the energyof the moleculesin the com-

partment w of phasespacethon:

S = k(N logN + Nlog« Sm(logN + logw logZ et/kT.)) (60)
i

RlogZ+E/T+ C.

whichis the sameas (48),(50)and (52). AlthowehavereliedonSterling's

approximation(57)to showthe relationbetween(56)and (60),it is well
knownthat this isnotnecessarybut merelyeasyand convenient. Likewise
the equivalenceof (56)and(26)and (32)is generaland the samephysical
expressionforweightcanbegiveneither(followingBoltzman)astheproduet
of equal ranges (w's)includingdifferentnumbersof molecules,or as the

productof differentactionrangeseachincludinga singlemoleculeas treated
herein.

No.10.AdrantagesofthePrésentTreatment.
Theadvantagesof (a) the methodof collisions,and (b) the methodof

statisticalmechanicsarcwellknown. In contrastto thèseit is to benoted

that there is nokinetiesinvolvedin the presenttreatment. Andyet it is in
accordwith mechanics,sincethe axiomsthemselvesare mechanicalaxioms.

Secondlythe presenttreatmcntinvolvesnostatistiealmechanicsexceptwhere
the axiomsare comparedwithLiouville'sTheorem,and wherethestatistical

expressionfor weightis comparedwith the newgeometricalexpressionin
the last paragraph. AHreferenceto phasespace,or inquiriesinto the be-

haviorof ensemblesofsystemsofmoleculesunderdynamicallawsisabsent.
Oncethe axiomsare laid downto buildon, the subsequentprocedureis
free fromstatistical1(as that term is usedby Gibbsand Maxwell)or me-
chanicalinquiries.

A notable departureis madein concentratingall the mechanicsthat

appliesto the subjectintotheSixMechanicalAxiomsofAPrioriProbability,
and then in buildingon thesebyelementaryprobabilitymethods,wherethe

keynote is to measureprobabilityby the rangethat ineludeseachparticle,
doingit separatelyforeachdegreeof freedomofeachmolecule,and taking
the productto get the probabilityof the state of the gas. Sincethe vital

pointabout the presenttreatmentismeasuromentof probabilitybyvariable

rangethat includeseachindividualpartic1e,ratherthan by variablenumbers
of particlesincludedin arbitraryfixedranges,it seemsto be esscntiallya

geometricalrather than a statisticalmethod.
Thewriter is speciallyindebtedto Prof.G. E. Uhlenbeckof the Uni-

versityof Michiganfor valuablceriticismand discussion:and alsoto Prof.
Slaterof Harvardforvaluablecriticism.

1SecGibbs:"StatisticalMechanics,"Introduction,alsoTolmnn:Chap.I.
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^UPERHEATINGAND THR INTENSIVE DRYINGOF LIQUIDS*

BY BAMI.ENHER

In connectionwith workon the intensivedryingof Uquids,the writer

has had occasionto investigatesomeof the conditionswhichfavor super-

heatingofliquids. It wasfoundthatdricdliquidsboilat the normalboiling

pointwhensuperheatingiseffectivelyprevented.»Théexperimentsdescribed

in this paperwillshowthat ordinaryliquidscan besuperheatedan amount

equal to the risein boilingpointattributedby H. B. Baker to intensivelyy

dried liquids,2or liquidssubjectedto electricalpotential,3under as nearly

as possiblehis experimentalconditions.

The conditionsfavorableto supcrheatinRin boilingpoint measurements

are of moregeneralinterestthan actualdegreeof superheating,for super-

heating, being an unstable condition,is not quantitativelyreproducible.

The firstcondition,and onewhichis too wellknownto discusshere,is the

positionof the thermometerina boilingpointmeasurement.Whenheating

is carriedout witha bath (asin Baker'sexpérimenté)it isalmostimpossible

to preventsuperheatingwhenthe temperatureis measuredona thermometer

immersedin the liquid. The writerhas heated purifiedbenzene(boiling

point 8o.s°measuredin the vapor)in fiasksand tubes of differentshapes

usingfroms to 20ce. ofbensene,withthe thermometerbulbimmersedin the

liquid, and boilingpoints as highas 1060hâve beenobtained. In these

expcarimentsthe vesselswereopento the air and werenot sealedby tubes

dippingin mercuryas in Baker'sexperiments.The vesselsand the ther-

mometerwere carefullycleanedbeforean experiment. Boiling,when it

beganat the elevatedtemperature,wassometimesquiet and regular,and

wassometimesviolent. It wasfoundthat liquidwhichhadbeenboiledonce,

and wasair-free,couldbesuperheatedmorethan theunboiledliquid.

In one instanceit waspossibleto reproducean apparatusin whichin-

tensivedryingwascarriedout by Smits»and in whichan elevatedboiling

point was deduced. This apparatusis describedas follows:8"Two wide

tubes, A and B, 2 cm. in diameter,cachcontainingtwothermometers,one

for readingthe temperatureof the liquidand theother for readingthat of

the vapour,wereconnectedby a tube iH cm. widein H-fonn. In the

présent experimentordinarypurebenzenewas used without any drying

•ContributionNo.18fromtheKxnerimenUlStationofE. 1.duPontdeXcmoui*

andCo.
LonherandDaniels:Proc.Nat.Acad.Sri.,M,606(i9ï8).
H.B.BakerandM.Baker:J.Chem.Hoc.,101,2339<»9«>î«• »•lîaker-121,568

(1922);Smits:125,1074(19*4).
»Baker:J.Chem.Soc.,1928,1055;Smits:1928,2407-
Baker:J.Chem.Soc.,121,568(1922).

»Smits:J.Chem.Soc,12S,1074(1924).
Smits:J.Chem.Soc.,125,1071(1924).
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agent. The apparatus wascarefully cleaned. The followingquotation frorn
Smits paper (1924)gives some of his observations on driecl benzenein this

apparatus:

"During the distilling of the boiling benzène, the température of the

liquid rose to 86.6°,whilst thé temperature of the vapour was 81.8. There
was still one-quarter of the original quantity of the liquid, but tho bulb
of the lower thermometer was no longer coverod by the liquid. The dis-
tillation was continuedand when nearly one-eighthof the original liquid was

left, the ternperature of the vapour had risen to 87.70. If I could havedeter.
mined the temperature ôf the small quantity of the liquid whieh was stlll

boiling, it would certainly have been nearly 89°. During this visit
Professor Baker was kind enough to sacrifice, at my request, a small frac-

tionating flaskof driedbenzène,in order to seeif, as 1 had already predicted,
a séparation of the pseudo.eomponents by distillation could be realized.

• Therewas a thermometer in the vapour only and although the liquid was

evaporated, before boiling had begun, the temperature of the vapour rose
from 8 1°to87°.

"This experiment showed that distillation effected a separation of the

pseudo-components.
"The experiments made in my laboratory and described above confirm

the results obtained in eo-operation with Professor Baker, and moreover

they prove that this resultcan beobtained after one year of intensivedrying."
The writer bas observed the same phenomena in this apparatus with

ordinary benzene. The tube containing benzene was heated slowly in a

Nujol bath. As the bath was heated, the temperature of the liquid rose

slowly from 80° to 900over a period of thirty minutes with no signof boiling,
or bubble formation; the température of the vapor remained at 80.2°. On

further heating the température of the vapor rose slowly over a period of

twenty minutes to 89.s°C. There was evaporation from the surfaceof the

benzène, and the vapor distilled and relluxed, but the liquid did not boil.
The bath was well stirred, and the apparatus was tapped and even shaken
with no appearance of boiling. Finally, after an hour's heating, the tetn-

perature of the liquid was900,while the température of the vapor was8g.s°.
As the température of the bath was 1 io°, or 200 higher than that of the

benzene, it isclear that the maximumtemperature attainable in thisapparatus
was limited by the removalof heat as latent heat of vaporization of benzene.
This experiment showsthat the supposed fractionaldistillation of intensively
dricd benzène into its pseudo-componentscan be observed with ordinary
undried benzene in a similarapparatus and it is concluded that what Smits
and Baker obscrved was not a separation of benzene moléculesin the sup-

posed différent states of association, but that they simply noted the phe-
nomena associated with the superheating of benzene.

A phenomenon was observed in the above cxperiment which was also
noted by Baker (1922) in boiling dry benzene, and which ho interprets as

evidence for different molccularspeeles in the liquid and vapor phases. In

boilingdry benzene,Baker noticed that a dropfalling from the thermometer
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in the vaporon the surfaceof the hot liquidformeda globule12 mm. in

diameterand s >«'«•deepwhichpersistedfor morethan a minute. He

noticednoincreascin pressureor otherdisturbaneewhenthe dropcoalesced

withtberestofthe liquid. Inone instancein theexperimentdescribedabove

a dropfallingfromthe thcmioineterremainedonthesurfaceof the benzene

for ten minutesand increasedin sizewith time. Thi»drop was7 mm.in

diameterwhenit coalesced. A seconddrop swamon the surfacefor five

minutes beforecoalescing.The stability of thèse drops is undoubtcdly

causedbya differenceinsurfacetensionbetweenthehotliquidandthedrop

fonnedin thocoolervaporwhichgivesit a teinporarystability,and is not

«lueto anyrealdifferenceinthe statcofbenzenemoléculesin thevaporand

in the liquid.
Usingthe apparatusforthe experimentswithbenzene,tho superheating

of carbontetrachlorideandof waterwasstudied. It wasfoundthat carbon

tetrachloridecouldbe easilysuperheatedas muchas 300,and that water

couldbesuperheatediî°. Whenboilingdid begin,it wasnotalwaysviolent,

but wassometiniesquietandregular. Theredidnotappearto bean upper

limit to the superheating;theamountofsuperheatingdependingon the rate

of heating,the cleaningof the apparatus,and absenceof motesor foreign

particlesfromthe liquid. Waterwasrelativelydifficultto superbeatbut the

organicliquidsinvestigatedweresuperheatedwithcase.

AsecondconditionwhichobtainedinBaker'sboilingpointmeasurements

and whichis favorableto superheatingis the useofa heatingbath. When

heat is suppliedby an clectricallyheatedwircin theliquid,superheatingis

effectivelyprevented. It bas beenshowndsewhere1that the boilingpoints

of intensivelydried liquidsshownoanomalywhenheatingis carriedout in

this way.
Athirdfactorwhichisfavorableto superheatingistheremovalof nuclei

in the liquidwhichact as centersto start bubblefonnation. Allowinga

liquidto stand with a flocculentsolid,suchas phnsphoruspentoxide,and

distillationof the liquidtendto freethe liquidof foreignparticlcs.»
q

A sampleof dust freebenzènewaspreparedbydistillingbenzeneunder

highvacuumin a doubleami tube usingMartin'stechnique.'Thisbenzène

examinedin the cardioidultrnmicroscopeby thowriterincollaborationwith

Dr. E. 0. Kraejnershowedthe benzèneto be practicallydust free. The

benzèneboiledat 1060whenheated in a Xujolbath witha thermometer

immersedin the liquid.
S'orneifnot ail of theconditionsfavorableto superheatingoutlinedabove

obtained in the boilingpoint measurementsdescribedby Baker (1922).

Baker'scriterionof boilingis the formationofbubblesin the heatedliquid.

Thisisnota truecriterionofboilingpoints,as a boilingpointis the tempér-

atureat whiehthe vaporpressureofa liquidisequaltotheatmosphericpres-

sure. Theformationof bubblesin a heatedliquidis conditionednot only

'LcnheramiDaniels:Proc.Nat.Acad.Sci.,14,606(1928).
»Spring:Rcc.Trov.chim.,18,233(1899}.
«Martin:J. Phys.Chem.,24,478(19*0).
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by the pressureandtemperatureof the liquidbut alsoby the présenceof
nucleiin the liquidwhichactas centersfromwhiohbubblescanbeevolved.
If therearenocentersto start formationofbubblesina liquidat itsboiling
pointtherewillmerelybcevaporationfromthesurfaceof the liquldandthen
it willnot boilin thesensewhichBakermeanswhenhe speaksof boiling
liquids. Untilit hasbeenshownthat the vaporpressureof driedliquids
doesnot equalatmogphericpressureuntil a températureabovethe normal
boilingpointis reachedit cannotbe maintainedthat the boilingpointsof

1
driedliquidshavebeenraised.

The writerhas shownelsewhere1that the apparentrise in boilingpoint
ofbenzenewhiehhadbeensubjectedtoan electricalpotentialisduetosuper-
heating.2It mustbenotedin this connectionthat Baker's(1928)surface “
tensionmeasurementson benzenesubjectedto a directcurrentpotential, M
whichunfortunatelyhedoesnotpublish,ledhimto believethat themolecular
weightofthebenzenehadbeenincreasedtwotothreetimesthatcorresponding (
to the formulaC»H«.Smits3hasalreadypointedout thedifficultyinaccept-
ingthese surfacetensionmeasurementsin viewof the faet that the direct k]
currentpotentialhasno measurableeffecton the vaporpressureor boiling 1
pointof benzene.It seemsto the writerthat thesedata throwdoubtonthe

accuracyof the surfacetensionmeasurementswhichBaker(1922)madeon
his intensivelydriedliquids. Thesemeasurements,whicharedescribedas

preliminarydéterminations,indicatedthat the molecularcomplexityof the
liquidshad increasedon drying. Thesesurfacetensionmeasurementsto-
getherwithsomelatervapordensitydéterminationsare theprincipalbasis
for the hypothesisthat the degreeof associationofa liquidis changedon

drying. Briscoe,Peeland Robinson4haverecentlymeasuredwithgreatcare
the densityand surfacetensionof intensivelydriedbenzeneand findno
changewhiehwouldjustifyanassumptionofa changeindegreeofassociation
on drying. The writerhas recentlymeasuredthe boilingpointand vapor
densityof intensivelydriedcarbontetrachloride6andhas foundno change i
whichcouldbeattributedtodrying.

otimui&Ty a
B

It has becn shownthat ordinary benzene,carbontetrachloride,and
r

watercanbcsuperheatedasmuchas 300abovethenormalboilingpoint in 1
reproductionsofapparatususedin intensivedryingwork. 1

The conditionsfavoringsupcrhcatingof liquidsarediscussed.
r

Objectionsare raisedto thehypothesisthat the degreeofassociationofa
liquidis changedonprolongeddrying.

v

11-enher:Xature,123,907,(1929).
»SinccthispaperwaawrittentheauthorhasseenthepaperbyJ.W.Smith:J.Chem.

Soc.,1929,788,inwhiehSmith'sexpérimentaleadtothesameconclusion.
>Smits:J.ChemSoc.1928,2407.
Hriseoe,PeelandUobinson:J.Chem.Soc.,1929,368.
Lcnhcr,J.Am.Chem.Soc.,tobepuhlishedinOotober,1929.

Wilminglon,Delatrare.
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STUDIESIN PHOTOGHAPHY*

II. The Rôleof SensitizersinPhotographyand theLatent Image

13YFRANK K. E. GEHMANN AND DZU-KUN SHEN

TheBehaviorof SensitittdSilverIodidePlaies, In a recentarticleGer-

mant)and Shen1have shownthat thcsilveriodidegrainsof a photographie

plate roade of a silver iodide-gelatinemulsionhave the same sensitivity

irrespectiveof «ze. This wasdemonstratedby makingplates from the

largeand smallgrainsrespectivelyofa centrifugedemulsion. It wasaiso

shownthat the maximumpercent. ofgrainswhichweredevelopableinany
casewasof the orderof 17%. Withlongerexposure,the periodof reversai
wasentered. Emulsionswereofsucha dilutionas to giveonegrain layeron

the photographieplate.
When onc of thèse platesconsistingof grainswhichwereonly if/v

developable,wasbathed ina oneper cent.solutionof citherhydroquinone
or pyrogallol,priorto exposure,it wasfoundthat the numberofdevelopable

grainsincreasedwith timeofbathinguntil 100%wasreached. Prolonged

bathingin the sensitizerproducedno furthereffect. The sensitizedplate,
after beingthoroughlywashedin runningwater,doesnot résumeits initial
state of low percentagedevelopability,a fact confirmingLuppo-Cramer's

earlyobservations.2Mctol,glycin,andamidolwerealsotriedas sensitizers,
and werefoundto act thesameas metolandhydroquinone.Fig.3 isa com-

positeofmanycurvcsandshowstheirinterrelationshipbetterthan wouldbe

possiblewithsingleones. In caseswherethe sainecurvebasvariousnum-

bers,not all pointsaregiven,as therewouldbetoomuchoverlapping.With

the scaleused,praetieallyailof thepointsfallonthe curves,and the various
curvesrepresentedby oneareidentical.ThusPlatesI, II, andIII, whichare

reproducedfromthe experimentsofourfirstpaper,all yieldidenticalcurves,

givinga maximumdevelopabilityof about 17%. Plates IV and V were

sensitizedfor tenminuteswith1%hydroquinoneandpyrogallolrespectively,
and driedwithoutwashing.The pointsat 4096,and 8192secondsshowing
reversai,belongonly to IV,the maximumtimeof2048secondshavingbeen

adoptedfor all other experiments.PlatesVI and VII wercsensitizedfor

ten minutesin 1% pyrogallol,the onebeingdriedand then waqhedin run-

ning water for two hoursand againdried,the other havingbeen washed
for twohoursimtnediatclyaftersensitizingandthen dried.

In orderto findthe relativeeffectofsensitizerson largeand smallgrains,
PlatesVIII and IX wereprepared. PlateVIII consistedof the large-grain
fractionpreparedby eentrifugingtheemulsionas previouslydegeribed,and
Plate IX the small-graincdfraction. Bothwercsensitizedwitha 1%pyro-

ContributionfromtheDepartmentofChcmistryoftheUnivetxitvofColorado.
1GermannandShcn:J. Phys.Chent.,33,864(1929).
1Liippo-Cramer:Phot.Korrcspondonz,38,1^8(iqoi);40,25(tqo.^).
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Kallulsolutionfor ten minutes,and driedwithoutwashing. Thus Plate II
beforosensitizingcorrespondsto VIII after sensitizing,and similarlyPlate
III correspondsto Plate IX.

t
The powerof sensitizingsilveriodideplatesis not limitedto the usual

developers,as is shownby PlatesX to XVinclusive.PlatesX andXI were
sensitizedfor ten minuteswith0.3 and 0.5 per cent. solutionsof acétone
semiearbazonerespectively,and dried withoutwashing. Plates XII and
XIII wercsensitizedfor ten minuteswith i and 5 per cent. solutionsof I
sodiumnitriterespectively,anddriedwithoutwashing.PlateXIVwassen- I

sitized for ten minutes in a i per cent. solution of sodium sulphite and dricd
without washing. Sodium nitrite and sodium sulphite, although much

st rongerhaiogen absorbers than the usual developersare not such goodsen-
sitixers. Plate XV was sensitized for ten minutes with a 1per cent. solution

5

of sodium bisulphiteand dried without washing. It is seen to be as effective
r

a sensitizer as are the usual developers. ,j
Sensilivityand Speed. The cun'e.«in Fig. 3 are similar to the charaoter-

istic curves for the various emulsions,Mincethe percentage of dcvclopablc t

grains is proportional to the density of the plate. When the middle, or t

straight line portions of thèse curves, which represent the range of correct

oxposure, are projected until they eut the exposure axis, it is seenthat they
intersect at a common point marked (i). This point has been called the
inertia of the emulsion by Hurter and Driffîeld, and may be taken as a
tncasurc of the speed. Obviously,the greater the inertia the less the speed
of the emuMon. Sinceail thèse curves intersect at one point, it is obvions
that the sensitizershave had no effecton the */>«< but have merelyincreased

L
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tbe developablllty of the grains. Sensitivity is measured in terms of the

arnount of light that will make the grain developable. A change in sensi-

tivity involves, therefore, a vertical displacement of the curve without

changing the value of the inertia (i), while a change in speed involves a

horizontal shift in (i). By sensitivity of a grain we mean that the grain is

developable if a suffieient exposure is given. Speed represents the degree

of sensitiveness. Obviously we can not state that ail the grains of a given

emulsion hâve the samo speed, but the averageof all speeds is proportional

to the reciprocalof the inertia.

The terms sensitizers and desensitizers should, therefore, be assigned to

those substances which increasc or decrease the developability of the grains.

Substances which increase or decrease the speed should be called acceler-

ators and retarders respectively.
The Sale of Sensitizers. Assuming that in a given emulsion we have a

wido rangeof speeds of the various grains, it is obvious that the grains pos-

sessing the highest speeds would be developableafter a very short exposurc.

If the exposureis prolonged,then we enter the period of reversai for the fast

grains, whileat the same time making some of the slowergrains developable.

A wide range of gpeedswouldaccordingly yielda plate of low maximum per-

centage developablegrains, If something canbe added to such an emubion

which will prevent the reversai of those grains which have become develop-

able, without interfering with those which have not become developable,

then it shouldbe theoretieally possible to make all the grains in an emulsion

developable if given a long enough exposure. This apparently is actually

what happens when a sensitizer is added. Whenthe sensitizer is not washed

off, but allowed to dry in excess on the plate, the percentage number of de-

velopable grains inercasesto 100% in somecases, and remains at that value

for a considérableoverexposure. Finally, whenthc exposure is very long, the

scnsitizerseems to be exhausted, and the periodof reversai is entered. When

oxcess sensitizer is washedoff, reversai comesquickly. The rôle of a sensi-

tizer thus appears to be that of preventing or dekying reversai. If, therefore,

sensitivity is merely a case of inhibited reversai,it is very possible that many

substances which arc at present regarded as insensitive to light may be made

sensitive when suitable substances are found to prevent their rapid reversai.

The insensitivity of pure silver iodide emulsions is probably due to the

existence of a wide range of speeds among the grains, combined with the

phenomena of quick reversai. There might not be any inherent différencein

scnsitivity between grains, but we must admit that grains in a given emulsion

possessdifferent speeds. The constancy of the percentage number of develop-

able grains in the normal unsensitized silver iodide emulsion throughout a

wide range of exposures may bc explained by assuming that by a given

exposure thosc which have higher speeds may be reversed, while others are

just made developable. Equilibrium may finally bc rcached when the num-

ber reversed per unit of exposure equals the number made dcvelopablc and

the horizontal portion of the curve rcsults. If a certain critical amount of

light energy is required to make a grain developable, and a definite small
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incrémentof that amountwouldrnakeit reverse,the curveof tho reversai
shouldexactlyrepeatthe eurveof developability,but in a reversedirection.
Thisismostprobablythecaseas indicatedby CurveNo.VIandVII, Fig.3.
Thissimplymeansthat the courseof reversaifollowsexactlythe rule that
governsthe developabilityof the grains.

Indeedit is not definitelyknownthat the photographieeffectis an in-
stantaneousoneon accountof the intermittencyeffectofthephotographie
plate;converselywehâveno right to assumethat reversaiis instantaneous.
Sincethe phenomenonof reversaiactuallytakespart evenin a normalex-
posure1ofa modemfast plate,it becomesevidentthat sucha phenomenon
cannotbe neglectedin the study of photographieprocesses.The failureof
the reciprocitylawseemsvery likelyto be due,amongotherfactors,to the
interventionof reversai.

SolarissationorReversai.Numerousthéorieshavebeenofferedto explain
the phenomenonof reversai,the questionstill remainsunsettled. If the
actionof lightis to affectthe grainsinsucha wayasto initiatedevelopment,
it is ratherdifficultto sechowexcessiveexposurecould destroythe effectal-

readyproduced. The solarizationcannot bothereversedreactionof that

producingthe latent image,becausereversiblereactionswouldcometo an

equilibriumas their ultimatestage. It is thermodynamicatlyimpossible
that a reactiongoesto completionin onedirectionand thencompletelyre-
versesto itsoriginalstateunderthe sameexternalconditions.Theviewthat
the ehemicalcompositionof the solarizedimageis differentfromthat of the
normal latent imageand that the silverhalidegrainshavingreceiveda

solarizingexposureare chemicallydifferentfrom the normalunexposed
grains, is a very debatableassumption. Argumentsof this nature will

ultimatelyleadto theever-presenteontroversyoverthe chemicalorphysical
nature of the latent image. In fact, we baveprovenexperimentallythat
solarizedgrainsare practicallyidenticalto the normalunexposedgrainsin
the caseofsilveriodideemulsionssofaras theirbehaviortowardssensitizers
is concemed.Whena silveriodideone-grainlayer platewhiehhas been

exposedto completesolarizationissensitizedwitha 1%pyrogallolsolution,
the exposure-developabilitycurvefaitsexactlyonthat of thesimilarilysensi-
tizednormalplate. Thisis shownby PlateXVIof Fig.3 whichwasa one-

layersilveriodideemulsionexposedtwentyminutesto a 150Watt incandes-
cent lampat a distanceof meter, then sensitizedwitha 1% pyrogallol
solutionforten minutes,anddriedwithoutwashing.

Photo-Retrogre&sion.Another interestingcharacteristicof the silver
iodideplateis its rapidphoto-retrogression.Ononeoccasion,a silveriodide

platewasexposedandleftundevelopedfor twelvehours. Ondeveloping,the
maximumpercentagedevelopablegrainswasreducedto haitofwhatit would
havebeenhad the plate beendevelopedimmediatelyafterexposure. The
natureof photo-retrogression,thoughverylittleunderstood,isprobablydue
to thesamecausesasreversai.

1Svedberg:Phot.J.,64,373(1931).
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Actionof OzidmngAgentsonSenaitivityandSpeed. Thespeedofa very
fast plate maybe reducedby washingin a solutionof chromioaoid. The

latteri8 consideredtobea solventforthesenaitivitymaterial' It isnotonly
a goodoxidizingagent,but isalsoanexcellentsolventforsilver. Thesilver

iodideemulsionwasfoundto haveconsiderablerésistancetowardstheaction

of chromioacid. Boththe speedand sensitivityof a normalunsensitized
silveriodideplate undergoverylittlechangewhenbathedin ohroinicaoid

fora short timewithor withoutpre-exposure.Theactiondoesnotbeginto

-» <n« <^J<WfSfm-
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beappreciableuntiltheplatebasbeenbathedforthreehours,andit becomes

a maximumafter bathingfifteenhours. The action on largeand small

grainsis identical.

In Fig. 4, PlatesI, II, andIII wehavereproducedthecurvefornormal

unsensitizedsilveriodideplates. Wehavealsogiventhe curveforPlates
IV and Vwhichhadbeensensitized. ThecurveforPlateXVIIwaspro-
ducedby takingthe normalunsensitizedsilveriodideplateandbathingit

in a solutioncontaining0.5%CrO»and 0.2%HgSO4for fifteenhours,fol-

lowedby washingfor threchoursin runningwaterand thendrying. The

curvefor PlateXVIIIresultedwhena platelikethe abovehadbeenbathed

for the samelengthof timein the samesolutions,washedfor threehours,

dried, and then sensitizedwitha 1%pyrogallolsolutionfor ten minutes.

It wasfinallydriedwithoutwashing.Theprojectednormalexposurecurves

showthat bathinginchromicacidshiftedthe inertiavaluefrom(i) to (i'),
thusreducingthespeed. Hereagainweseethat thesensitizerincreascsthe

developability,butdoesnot bringthespeedbackto the originalvalue.

Clark:l'hot.J.,63«30(1923);«4,9t (19*4);Thuw.FaradaySoc.,», 309U923);
Sheppard:J. FranklinInst.,198,507(1924).
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77i<;Meckaniamof LatentImageFormation. Trivelli,l in a récent paper,

proposesa theory eorrelating the photo-electric property and the formation

of the latent image. It is assutnedthat when llght falls on the silver halide

grain containing specks of silver sulphideor silver, the greater photo-electric
effeetof silver sulphide or silver compared with that of silver bromide pro-
ducesa differencein potential and that the photo-conduetivity produced by
the action of light causes an electrolytic deposition of silver in the neighbor-
hoodof the speck. This inereasesthe size, and in consequencethe develop-

ability of the grain. If the sensitivity speck consists of silver sulphide and

silver,an elementary photo-electriccircuit ispossible,silverbeing the cathode,

silver sulphide the anode and silver bromide the solid electrolytc, thus in

this cell:
+

Ag AgBr AgsS+
<

the elemontary clectric current runs through the silver bromide towards

thc silver cathode, hence the silver cations from the silver bromide move

towardsthe silver cathode. The silverspeck, therefore, inereasesin sizeuntil

developabilityis reached.

This theory is plausible in itself. Unfortunatcly, a processof this type
cannot explain the phenomenon of reversai produced by the prolongedex-

posureto the action of light, unless some additional assumptionsare made.

Duringthc photo-electrolysis,silver cations move towards the silver cathode,

buildingup a nucleus largeenough to initiate development; simultaneously

bromineanions move towards the silver sulphide anode where a secondary

compoundmight be fonned. Accordingly,thc silver sulphide speck mcrcly
acts as a bromine aeceptor, a theory originally proposed by Hickman.1 The

accumulationof bromine, whichmay either cause partial or complete polari-

zationof the cellor fonn a compoundwith the silver sulphidehaving a lower

potential in comparison with that of silver, would only resuit in a statc of

cquilibrium,and not a cellhavingits current flowingin an opposite direction

so as to bring the system to its originalcondition.

In order to overcome this, we might, however, assumethat the substance

actingas an anode in such a photo-electrolysisis not pure silver sulphidebut

a substance which is photo-sensitiveitself and undergoescontinuous décom-

positionby the action of light with the production of a less photo-sensitive
substance having a lower potential in comparison with that of silver, then

during the exposure to the action of light, two simultaneous processcstake

place according to the followingscheme:
–––––––––––––~

(1) A AgBr Ag

(2) B AgBr Ag

1Trivrlli:J. FranklinInst.,204.649;205,1 11 (1927).
Hickman:Phert.J., 67,34(1927).
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whereA représentatheoriginalsensitivityspeckand 13its photo-deeomposi-
tion product havinga lowerpotential than that of silver. Duringthe ex-

posure,the rateofelectrolysisin the cell (i) willat firstgraduallyfalluntil

a pointis reachedat whichwehavea stateofequilibriumcorrespondingto a

completepolarisationof the cell. Sineethe transformationof A into B is

independentof the eell(0, this transformationwill proceedas longas the

lightis acting uponit until allof Ais destroyedand the resultingreversed

cell(2)will workat its fullcapacity. A completercversalresults.

Now,in the caseofsilveriodideplates,the sensitizermay bcconsidered

as an iodineacceptorin accordaneewith theabovepoint of view. It isnot

a halogenabsorberin the senseof a chemicalreactionbecausestrongerhalo-

genabsorberssuchassodiumnitrite,etc.,donotact in the sameway. With-

out the presenceof the scnsitizer,the photo-electrolysiscannottake place,
and henceundevelopabilityof the grains. Thespeedof the grain,however,

dépendson the originalsizeof the silverspeckupon whichmoresilvercan

bc depositcd throughthe processof pboto-electrolysis.The greater the

originalsizeofthesilverspecksthe lessthelightenergyrequiredtobuildup a

nucleuslarge enoughto initiatedevelopment.The sizeof the silverspecks
in thegrains issolelydeterminedat the timetheemulsionismadeandcannot

bcalteredbyanymeansofsensitizing.Thisexplainsthefact thatsensitizers

onlyaffect the developabilitybut not the speedof the grains.

Thefact that a silveriodideplate whichhasbeenbathed ina solutionof

the sensitizercouldnot bc broughtback to its originalconditionby pro-

longedwashinginrunningwaterseemsto indicatethat chemicalcombination

takesplacebetweenthesensitizerand the silveriodideor somethingtherein.

Beforewe havedefiniteproofof any chemicalcompoundbeingformed,thé

retainingof a smallamountof the sensitizerby the silver iodidecrystal

maybeassumedto bca caseofadsorptionin the senseof Langmuir'smole-

cular layer.1 Whetherthe molecularcomplexthat is formedbetweenthe

sensitizerand silveriodideitselfor the chemicalcompoundbetweenthe

sensitizerandsomethingelsecontainedin thesilveriodidecrystalisoperative

duringthe process,isa questionwearc notyet able to answerwithabsolute

certainty. Sincedevelopmentstarts at pointseven in the unwoshedsensi-

tizedgrains, it appearsprobablethat onlythèse points in the grainsare

susceptibleto the actionof sensitizing. The originalpoints in the silver

iodidegrains maybeof sucha nature that they are unableto functionas

sensitivespecksuntila newcornplexis formedwith the sensitizer. Thesize

of the sensitivespecksthus formedwilldependupon the amountof the

sensitizeractuallyin contactwith them in one or moremolecularlayers.

Duringwashingof the sensitizedplate, the outer layers of the sensitizing
materialcan bewashedoffeasily,whilethat layerformedat theirmolecular

interface,beingheldby the forceof the secondarychemicalvalenceof the

crystallinesurface,canberemovedonlywithdifficulty.

1Langmuir:J. Am.Chem.Soc.,37,1163(1915);38,2221(1916);39,1848(1927)1
Trans.FaradaySoc.,17,607(1922).
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In the case of the unwashedsensitizedplates,the presenceof an ex-

cessiveamountof the sensitizertendsto preventthe occurrenceof reversai
to an extent proportionalto the amountof the sensitizerattachedon the
surfaceof the grain,that is,the morethe amountof the sensitizerpresent,
the laterthe reversaitakesplace. Thiscanonlybeexplainedbyassuming
that the amountof the sensitizeris continuouslychangingduringthe ex-

posure It appearsprobablethat the sensitivelayerundergoessuccessive
destructionby the actionof light outwardsfromtheir molecularinterface;
inotherwords,freshsensitusingspecksarecontinuouslyformedat theexpense
of the sensitizingmaterialprésentuntil allof thesensitizingmaterialisde-

stroyedandthe reversaitakesplace. In thisway,thelengthofthehorizontal

portionofthe curverepresentingcompletedevelopabilityofthegrainsisseen
to bedependentonthe numberofmolecularlayersofthe sensitizingmaterial
situatcduponthe sensitivespecks. Furthermore,withthis theory,it is not
difficulttoexplainthe factthat solarizedplatescanbesensitized,afterwhich

theybehaveexactlyas thenormalunexposedplates.

Yariousattempts madeto increasethe sensitivityor speedof the silver
iodideemulsionbyripeningor by varyingthe proportionof reagentsusedin

makingthe emulsionseemedto bc unsuccessful.Theemulsionmadewith
anexcessofsilvernitratefoggedverybadlybychemicaldevelopmentwithout

any appreciableincreaseinspeed. An emulsioncontainingncithcrcxcess
of silvernitrate nor potassiumiodidehas little differencein photographie
propertiesfrom the one fonnedwithan excessof potassiumiodide,gives
grainsoflargersizesand containsfewerclumps.Thelowspeedofthe silver
iodideemulsionappearsprobablyto be due to the reluctanceof the silver
iodideto bereducedby theorganiecompoundspresentin gelatin;hencetherc
is littleincreasein the sizeofsilverspecksin theprocessof ripening.

TheSpectralSensitivityof SilverIodideEmulsions.Thequestionnaturally
ariseswhetherthe actionofthe sensitizerson the silveriodideplateseffects

any changein spectral sensitivityof the silver iodide. Thesensitizcrs
usedare ingêneraireducingagentsandsomeareactivedevelopers.It may
bearguedthat the increaseinsensitivitymaybedueto silvernucleiproduced
bytheactionofthe reducingagentsuponthe silveriodidegrains. Thiswas,
however,provednot to bethe case,sincethe sensitivityof the sensitized

platescouldbc reducedtosomeextentby washingwithalcoholbeforeex-

posing. Thisweknowdoesnot dissolvemetallicsilver. Thefact that the

spectralsensitivityof thesensitizedplatesis identicalwiththat ofthe normal

plateseemsconclusiveproofthat silvernucleiarenotproducedbysensitizing,
becausecolloidalsilver is knownto act as a panchromaticsensitizerof

photographieplates.'

SpectrographsNo. i to 5 weremadeby exposingthe multi-layersilver
iodideplates to a carbonarcspectrumin a Hilgerquartzspectrographand

developedin pyro-sodadeveloper,followedby fixingin an acidfixingbath.

1 Lûppo-Crumcr:Phot.Ind.,18,37(1920);22,983(1924);l-'ajansandFrankenburger:
Z.physik.Chem.,105,255,33911933);Z.Klcktrochemie,28,499(1923).



STUDIESINFHOTOGRAPHt rjOI

Theemulsionwasmadeinthe samemanneras that forthesinglelayerplates.
Afterbeingwashedit wascoatedon glassplateswithoutfurtheradditionof

water.

SpeetrographNo. 1 Silver iodidenormalplate.

SpectrographNo. Silver iodideplate sensitizedwith 1% pyrogallol
solutionfor tenminutes,driedwithoutwashing.

SpectrographNo. 3 Silveriodideplatesensitizedwith1%hydroquinone
solutionfor ten minutes,driedwithoutwashing.

SpectrographNo. 4 Silveriodideplate sensitizedwitha solutioncon-

tainingi pyrogalloland1%sodiumcarbonateforten minutes,driedwith.

outwashing.

SpectrographNo. 5 Silveriodideplatesensitizedwith 1%sodiumbi.

sulphitesolutionfor ten minutes,washedforonehourinrunningwaterand

dried.
These plates,whichare not reproducedhere,all havepracticallythe

identicalspectralsensitivityas the puresilver iodideplate,in the région

300-460pp. Alkalidoesnot affectthe spectral sensitivityas shownby

SpectrographNo. 4. The theoryof Fajanslof the hydroxide-body,appar-

entlydoes notapplyin this particularcase. The panchromatizingeffectof

sodiumbisulphitefoundby Capstaff*is not operativein the caseofa pure
silveriodideemulsionasshownbySpectrographNo.5. It isgenerallyknown

that the speedofan emulsiondépendsonthe alkalinity. Herc,sodiumbi-

sulphiteis an activesensitizerwhilesodiumsulphiteis inactive.

The antagonistieactionof lightofdifferentwavelengthshasbeencalled

the Herscheleffect. It might be arguedthat the insensitivityof silver

iodideplates is duc to thiseffect. Thisassumptionwastestedand proved
to be false by exposinga plate undera light filter (CorningglassG985B)

transmittinglightof wavelengthsfrom240to 480/»/».The developability-

exposurecurvewassimilarto thoseoftheplatesexposedtowhitelight. This

leadsone to the conclusionthat the latentimagecan bedeutroycdbylight
of the same wave lengthas that producingit. In agreementwith this

Renwick4foundthat thereversingrayswererestrictedto the région430to

480^/ifor silveriodideemulsions.

Summary
(1) It isshownthat by theuseofchemicalsensitizersmoreof thegrains

ofa silver iodideemulsionmaybe madedevelopablein certaincases. Pyro-

gallol,hydroquinone,metol, amidol,glycin,and sodiumbisulphitceffect

100%developability,whilesodiumnitrite, sodiumsulphite,and acetone

semicarbazoneare less effective.

1l'ajaiisandFrankenburger:Z.phvaik.Chem.,105,255,329(1923);Z.Klektrochcmie,
28,499(1922);FajansandStcincr:Z. physik.Chcro.,125,307(1927);Liippo-Cramer:
Phot.Ind.,22,357(1924).

2Capataff:Brit.J. Phot.,67,719(1920);J. FranklinInst.,190,87(1920);"Silver
BromidoGrain,"Monograph,p. 53(192D.

Uftwling:Phot.J.,66,495(1926);67,42(1927).
4Kcmvick:J.Soc.Chcm.lnd.,Î9,156T(1920).
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(2) The use of the terms sensitivityand speed is discussedand tho

ternis sensitizersand desensitissersare suggestedfor thosesubstanceswhich

increaseor decreasedevelopability.Sinnlarlythe terms acceleratorsand

retarderaaresuggestedforthosesubstanceswhichincreaseordccreasespeed.
(3) The rôle playedby sensitizersis discussedand rather conclusive

experimentsare givento showthat the actiop is merelyoneof preventing
or retardingreversai.

(4) It bas beenprovedthat solarizedgrainsare practicallyidenticalto

1unexposcdgrainsin thecaseof silveriodideemulsions. Acompletelysolar-

izedplate canbe sensitizedwith one of the varioussensitiaersused,and its

exposure-developabilitycurvecoïncideswith that ofa sensitizedplatewhich

has not beensolarized.

(5) Theeffectofchromicacidon normalsilveriodideplatesis studied,
andit isfoundthat boththespeedand sensitivityis reduced. Hcsensitizinu
sucha plate restoresthe sensitivity,but doesnot restorethe speed,thus

showingagnin that the actionof sensitizersis that of increasingdevelop-

abilityonly.
(6) Trivelli'shypothesisof the latent imageis modifiedinorderto eorre-

late the phenomenonofreversaiwith the mechanismof latent imageforma-

tion. It is assumedthat the sensitivespecksconsistof silvergermsand a

molecularcomplexof the sensitizerwhichfunctionas an iodineaccepter

duringexposurc. It is the presenceof this sensitivecomplexin the grain
that makes the developrneutof the exposedgrainspossible. The speed
of the grains,however,dépendson the size of the silvergcrmswhichare

forniedat the time the cmulsionis made and can not be altered by any
methodof sensitizing.The sensitizingcomplexis assumedto undergoa

continuousdecompositionby the actionof light, and thus causesthe phe-
nomenonofreversaito takeplacewhenthe sensitivitymaterialiscompletely

destroyed.

|p|(7) Thesensitizersarenot opticalsensitizers. The spectralsensitivity
of the sensitizedplateisidenticalwith that of the normalsilveriodideplate.

(8) It is shownthat the insensitivityof silveriodideemulsionsis not

due to the antagonisticactionof light of differentwavelengths,knownas

the Herscheleffect.
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Mellor1and Friend*both includein their text-booksgooddiscussionsof

the early workon inducedreactions.In gênerai,F. Mohr»has received

credit as beingthe first to noticesucha phenomenon.He noted,overa

centuryago, that an aqucoussolutionof sodiumarsenitedid not undergo

any perceptiblechangewhenshakenwith air, whilea solutionof sodium

sulphitewasoxidizedrapidlyunderthe sameconditions.Further,he found

that whena mixtureof sodiumsulphiteand sodiumarsenitewastreated in

this mannerboth salts wereoxidized.Variousnameshave beenused to

designatethis typeof reaction,suchas chemicalinduction,auto-oxidation,

sympathetie,coupled,and inducedreactions. Kessler'appearsto havebeen

the first to studythe subjectsystematicallyand he introducedthe term,

inducedreactions,and theothernomenclaturewhichisusedmostcommoniy

at the presenttime. He calledthe fastest reactionthe primaryréaction;i

the inducedreactioneauscdbyorhelpedalongby thechangethe secondary

reaction;the substancewhichtakespart in both reactionsthe actor; the

substancewhichtakes part in the primaryreactionthe inductor;and the

substancewhichtakes part in the secandaryreactionthe acceptor. He

foundmanyexamplesof inducedreactionsbut madenoattempt to explain

them. Sincehistime,numeroustheorieshavebeensuggestedto explainthe

nature of thèsereactions. Themostimportantof thesewillbe mentioned

brieflyin this article.

Manchot'sPeroxideTheory»:–In every processof oxidationthere is

formeda primaryoxidewhichhaa,ingeneral,thecharacteristicsofa peroxide.

The peroxideis formeddirectlyfromthe reagents,and intermediatestates

are passedover.

aFoO+ n()j = FejO,+, = Fe2 0» + (2n i)0

He believedthat the fonnulacouldbededucedfroma déterminationof the

inductionfactor,whichis the proportionin whichthe actordividesitself

betweenthe inductorand theacceptor.

InductionFactor
Amountof acceptoroxidized

Induction
Faetor « Amountonnductoroxldiml

Luther and Schilow'sClassification'They believethat information

on thenatureofthe intermediatecompoundfonnedcanbeobtainedby suit-

>Mellor:"ChcmicnlStatic»andDynamics,"333.
Fricnd:"TextbookofInorganicChemistry,"7 I,55.

» Mohr:"LehrbuchderchcmMchen^nttlj-tisehonTitricrroclhodcn,"271(1855).

« Pogg. Ann., OS, îi6 (1855); 119, îi8 11863)-

» Manchot:Ann.,32S,93,105(1902).
LutherandSchilow.Z.phyrik.Chem.,46,777(1003^
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able variationof the reagents. "Observationsof the occurrenceor non-
occurrenceof inductionwhenthe reagentsarevariedsystematicallyenables

one,therefore,to a certainextent to décidewhiehof the substancesplaya

specifierûle in the reaction." Thenatureof the classificationis as follows:
1

ClassA,the induetoris 'spécifie'andtheactorandacceptorare 'non-specific'
ClassesB andC, the actorand the acceptertake the placerespectivelyof
the inductorin ClassA. ClassD, both the acceptorand the inductorare

'spécifie,'and the intermediatebodymustberegardedasa complexderived
frombothof them. ClassesE and F, the inductorandtheactor,or theac-

ceptorand theactorare'spécifie'respectively.
Miller'sClassification1.–Heprepareda classificationbasedon kinetic

measurements.Accordingto this, the inducedreactionsarc dividedinto
threeclasses.

Classi Casesofoatalystscombinedwiththedestructionofthecatalyzer.
Class2. Casesin whichthereactionbetweentheactorandthe inductor

is the samewhetherthe acceptorbe presentor not. Thé peroxidotheory
wouldcorneunderthis heading.

Class3. Casesin whichthe reactionbetweenthe actor and the in-
ductorchangeswhenthe acceptoris présent.

Thisclassificationof courseinvolveskineticmeasurementsand thecom-

paringof the ratesat whichthe actor reactswiththe inductorandacceptor

separatelyandcombined.
In additionto these threeclassifications,a numberof hypotheseshave

beenadvancedtoexplaintheparticularréactionorgroupofreactionsstudied.
Schônbein*in 1858attemptedto explainthe formationof hydrogenperox-
ideorofozone,whenmanydifferentsubstanceswereexposedto atmospheric
oxidationon Brodie'sassumptionsthat the oxygenmoleculeconsistsof a

positiveatomunitedto anegativeatom. Undertheseconditionsheargued
that the métalwouldunitewith the negativeatomand the waterwiththe

positiveatom. However,he couldnot substantiatethisviewwithanyex-

périmentalevidenceand, as a consequence,it bas not beengenerallyac-

cepted. Hoppe-Seyler*suggestedthe formationof nascentoxygenduring
the oxidationofa substance,whichthenunitedwithwaterto givehydrogen
peroxide. Traube*wouldnot acceptHoppe-Seyler'sexplanationand ex-

pressedthe viewthat, sincewaterwascssentialfortheoxidation,theoxygen
used by the substanceundergoingoxidationcamefrom the water. The

hydrogenthus liberatedwouldreactwithmolecularoxygengivinghydrogen
peroxide. Thistheorywasmodifiedsomewhatby Bach'andby Englerand

Wild,*whoheldthat theoxygenmoléculecouldcombineasa wholewithsub-

Miller:J. Phys.Chcm.,11,91(1907).
SehOnbem:J.prakt.Chcm.,75,99(1858).
Brodie:J.Chem.Soc.,4,194(1852);7,305(1855).

<Hoppe-Seycler:55.phymol.Chem.,2, 222(1881);Ber.,16,117(1883).
Hoppe-Seyclor:Z.physiol.Chcm.,2, 222(1881);Ber.,16,117(1883).
Bach:Compt.rend.,124,951(1897).

»KnglerandWild:Ber.,30,1669(1897).
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stancesotherthan hydrogen,givingriseto higherperoxidesof the inductor
whichthenreactwiththc acceptor. Schilowlmadeuseofstableandinstable
intennediatecompoundsto explainthe mechanismof the reactionswhich

he studied. Miss Benson*developedwhat she calleda "Ferro-iod-ion

Theory,"assumingthe formationofan intermediateeompoundto explain
the mechanismof thereaction,chromicacid,ferroussulphate,andpotassium
iodide. Winther*suggestedshort-waveradiationas an explanationof re-
actionsof thiskind.

Eachoftheabovehypothèsesmayapplyto a limitednumberof induced

reactions;but it is rather difficultto be surejust whereanyparticularone

may apply. Manchot'aperoxidetheoryapparentlydoesnot holdfor all
inducedreactions,accordingtoresultsasshownby MissBenson,andfurther,
it seemsthat thc peroxidowhichhepostulatesmust vary in composition,
withoutanyreasonbeinggiven,in orderto accountforthe reactionswhich
he studied. The classificationsby Miller,as well as thoseby Lutherand

Schilow,aregeneraland couldperhapsbe appliedto ail inducedreactions.
In manycases,however,the applicationwouldbe somewhattediousand,
evenafter theclassification,the truemechanismof thereactionwouldstill
be indoubt.

Withthèsefacts in mind, ProfessorBancroft4hasdevelopedand intro-

ducedthefollowingtheoryofinducedreactions. LetAbeanoxidizingagent
(actor)whichwillnotreactor whichreactsveryslowlywitha reducingagent
C (acceptor);but whichreactswitha reducingagentB (inductor)andwith
C inpresenceofB. TheratioofC oxidizedbyA to BoxidizedbyAiscalled

the reductionfactor.
Casei. B maycatalyzethe reactionbetweenAandC. If so,the in-

ductionfactorwillincreaseindefinitelywiththe relativeincreaseofCincase

oneaddsAtoa mixtureof B andC. The inductionfactorwillapproximate
zéroincaseoneaddsB to a mixtureofAandC so slowlythatB is usedup
practicallyinstantaneously.B willbe specificand wc cannotsubstitute
anotherreducingagent for it. Eleetrolysiswill not necessarilyaccélérât?

the reactionbetweenAand C.

Case2. C mayreactwitha lowerstageofA. ThusHBrO,– HBrO*
whichreactswithC. Slowadditionof B to a mixtureof Aand C should

giveapproximatelytwofor an inductionfactorwithbromicacidas A. Addi-

tion ofbromicacidtoa mixtureofB andC willgivean inductionfactorof

approximatelyzérowhenB is in largeexcess,and a valueof twowhenC is

in largeexcess.WithdifferentB's theinductionfactorwillvaryforanygiven
concentrationof BandC. Ais spécifie;but Bmay beanysuitablereducing

agent.
Case3a. C mayreact witha stableoxidationproductofB. Solongas

thereisanexcessofC, Bwillremainappamntlyunchangedandthe induction

1Schilow:l. ph.vsik.Chcm.,42,641(1903).
»Benson:J.Phys.Chem.,7,356(1903).
>Winther:?..physik.Chcm.,100.566(1922).
Bancroft:J. Phys.Chem.,33,1184(1929).
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factor will beinfinite. Withan excess of A the inductionfactor willbc deter-
minedby the actual ratio of C to A. A case of this kind is A 0», B » HI,
and 0 = SOt. This is whathas been calleda consécutivereaction.

Case 3b. C may react with a higher instable stageof B. Thus Fe" –
Feu whiehreacts with C. If B is added slowlyto a mixture of A and C, the

limiting induction factor should be obtained. If 13is added to A alone, it
should be possibleto get more reduction of A than corresponds,for instance
with the formation of stable Fe111(évolution of oxygon). B is spécifie;
A may be any suitable oxidizing agent. One might perhaps substitute
but a suitable anode forA.

Case 4. 13 andC form a complex (hydroquinone or aldehyde with sul-

phite) which reacts withA. If we add A to a mixture of B and C containing
so much C that there will be no free B, we shall get a limiting induction
factor provided the rate of reaction of A with C is negligible. Addition of
B to a mixture of A and C will give approximately zéro for the induction
factor if the rate of reaction of A with B is high relatively to the rate of
formation of the complexof B and C. B and (.' are spécifie;but A may be

anysuitable oxidizingagent. A suitable anode may be substituted for A.
C'ase5. Nos. 1-4 may occur simultaneously in any combination. This

will usually show itself by positive tests in at least two of thc preceding
cases. Kaeh problemwillthen have to be consideredon its own merits.

The order of the reaction velocity equation for A and B may be normal
for Nos. t and 4, whereasit may bc abnormal for Nos. and 3, being neces-

sarily abnormal for A in No. 2 and for B in No. 3. With Nos. 1, 2and 3, the
order of the reaction velocityof A and B will be independentof C; but this
willnot be truc of No. 4. The effect of temperature should be studied. The
relative stabilities of the various intennediate compounds may vary con-

siderably with changingtemperature. One difficulty here will be that at
the higher temperatures A may react with C at any annoying rate even in
the absenceof B.

Experimental Part

ChromicAdd, Arsenious Acidand Tartaric Acid

Amongother reactions, Schilow1studied the inducedoxidationof tartarie
acid by chromicacid in the presence of arsenious acid. The reaction was

previouslyobserved by Kesslerwho had verified this induction in the cases
whereAS2Oj,FeSO4,K4Fe(CN)0,Sb2O,,SnO,and SOsactedas inductors. The
results of Schilow'sinvestigationarc given in Table I, and Figs. ta and ib.

He obtained a maximum induction factor of 2.8with increasing sodium
tartrate concentration and hence with an increasing ratio of tartrate to ar-
senite concentrations. He further showed that the induction factor was in-

dependent of the concentration of the arsenious acid provided the ratio of
the concentrations of tartrate and arsenitc were kept constant. When he

1Loc.cit.
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no. ru

TABLEI

RéactionMixture: 10ce N/100 KjCrjO?; 10ce X/10 HsSO4;5ce X/100

AsaO»;sec of Acceptor.Titratcd with N/aoo NajSjOj andK/200 Ij Solutions.

Conc.Aec. Cone.Act. Conc.Ace. Cône.Arc.

Molar Ind.Factor (,'onc.lml. Mollir Ind.Factor Conc.lml.

1/2000 0.25 i(– o.îo) 1/200 1.70 10.

1/1600 0.30 1.25 1/150 2.02 13.2

1/1400 0.34 1.43 1/100 2.32 20.

1/1200 0.40 1.65 1/50 2.69 40.

1/1000 0.46 2. 1/30 2.79 66.

1/800 0.58 2.55 1/20 2.80 100.

1/600 0.75 3.3 1/15 2.80 132.

1/400 1.07 5 l/lO I.79 200.

'/300 1.39 6.6
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increasedthe concentrationof the chromicacid the déterminationsbecame
difficultto carryout dueto spontaneousor voluntaryoxidationof the tar-
tarie acid.

Consideringtheseresultsin the lightof the abovetheoryit wouldseem
that the natureof thisreactionwasdescribedby Case3. Namely,that the
tartarieacid(acceptor)mustreactwitha lowerstageofchromicacid(actor)
sincethe arseniousacid(inductor)wasnotspecifieandcouldbereplacedby
variousother reducingagents. Under these conditionshoweverwith the
maximuminductionfactorof 2.8 as detenninedby Schilow,the formula
for the lowerstage of chromioacid would be eomplexand improbable.
(Cr6On,etc., dependingon just howone postulatedthe reactionto occur.)

TABLEII

Solutions:N/100K,Cr,Oï;N/10 H1SO45N/100Asa0,;N/2ooNa,S«O,;
Ni/200Ij andMolarNaKC4H4O,(Fromwhichthe necessaryconcentrations
for the accepterweremadeby dilution). Timegivenfor reactionto take
place1-24hrs. II-96hrs.

Temp.22°C(Room).
ControlRéactions:
t. 10ceKîCr*07* 20ceNajSjOj
t. 10ceKîOjOj = 5ceAsjO, = to .1ceNasSï0a
3. io ceNajSjOj = 10ceIt

4. 10ceKîCr4O7+ 5ceN/10 NaKC4HAi= 20ce NajSjO,
5. io ceK-îCrsOj+ toceH5SO<+ 5 ceNaKCJ^O*=> 1-6.$ ceNajSjOj

II-OccNa, SSO,
ReactionMixture:10ce KaCrjO?;10 ce HsSO4;s ceAsjOjand s ce

Ace.as indicated.
K.Cr.O, K.Cr.O,K,Cr,O7K,Cr,O,

Titre Titre uœdby usedby I.F. (by
Xo. Ace. I Il Ace. Ind. I.F. Schilow) Agent
1 M/1200 6.1 5.9 4.1 10 0.41 0.40 NajSjOj
2 M/400 0.2 0.2 jo.3 9.8 i.os 1.07 It
3 M/100 3.9 3.8s 14. 6.11 2.29 2.32
4 M/20 4.5 4.6 14.6 5.5 2.8 a.8

5 M/10 4.3+ 4.2+ 14.3 5.7 2.5+ 2.8 6

6 Molar Fading end-point
7 25 ce Molar

Tfxtraatitan irtnn»Kf+l>n+ft\« maaa+(s\»\tv^ï^Vk*'Ua» «AiMl.inntiAH*t /rt«~_It was then thoughtthat the reactionmight be a combinationof Cases
i and 2 orpossiblyCase4 inthe abovetheory,theformerhoweverbeingthe
mostprobable. If thiswerethe solutionthen an increascin theratio of the
concentrationof the acceptorto the concentrationof the inductorshould
give rise to a considerableincreasein the value of the inductionfactor.
With this in viewSchilow'sworkwas repeatedand an attemptwas made
to work at higherconcentrationswith the acceptor(tartaricacid). His
methodswere followedthroughout. Namely,definitequantitiesof potas-
siumdichromate,arseniousacid, sodiumtartrate and sulphuricacid were
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allowedto react at roomtemperature. Aftera time sufficientmixedand allowedto react at roomtemperature. Aftera time sufficient
for the reactionto go to completioneither the excessarseniousaoid was
titrated with iodinoin an excesssodiumbicarbonatesolutionor the excess
chromioacid by meansof iodineliberatedfrompotassiumiodidein acid
solutionwith sodiumtbiosulphate. This was doncby addingan excess
of potassiumiodideand 10ceof2Nsulphuricacid,thenafter twoor three
minutesthe solutionwas dilutedand titratedas rapidlyas possible. This
methodwasshownto be satisfactoryby Schilow.

Themethodusedto calculatethe amountsof chromicaoidusedby the
acceptorandthe inductorwasas foliovs:

1. ExcessChromicAcid,M/iaoo Ace.
UsedbyAce.io.i– 6 « 4.1pts.

"Ind.20.1– io.i <=10pts.
2. ExcessArseniousAcid,M/20Ace.

UsedbyAce.10.1 + 4.5 14.6pts.
"Ind. 10 4.5 » 5.5pts.

Thedata obtained,as seenfromTableII, eheekedSchilow'sresultsin a
verysatisfactorymannerfor aUconcentrationsof the acceptorup to the
tenth-molarsolution. In all caseshoweverwherethe concentrationof the
acceptorwas tenth-molaror above,checkscouldnot be obtained. Ac-
curatetitrationscouldnot bemadebecauseof fadingend.point. On stand-
ing,potassiumtartrate wasprecipitatedfromthe solution. Further it was
noted that K.Cr,07oxidizedNaKC4H4O«directlyand to a considerable
extentin an acidsolutionas isshownby the fifthcontrolreactionin Table
II. Thesedifficultiesbave beeninvestigatedand willbediscussedin more
détail.

InvestigationofTartrates

Thefollowingtartrates wereexaminedwiththe ideaof tryingto findone
whichwouldnotreactwithchromicacidor onewhichwouldreactonlywith
theslowestpossiblerate. 10ceofa molarsolutionof the varioustartrates
weremixedwithio ceof N/ioo KsCrA and 10ceN/10HjSO4. The time

requiredfor the completereductionof the KsCraOiwasusedas a meansof

comparison._r.

Xo. Tartrate Time
i. Recrystallized NaKC^O» (washedwithalcohol) 12hrs.
2. Kahlbaum's NaKC^O, 12

3. pwd. 6
4. Baker'a 18-24
S. recrystallized (not washed) 188
6. Kahlbaum's H2C4HA 10 minutes
7. BandA KtC«H|O« 19hrs.
8. Merck's 244
9. B and A NaAHA 188
10. Mercks 23
11. Prepared NaKC4H4Oe 20-23
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The rochellesalts weremade as indicatedby the followingequations using
Merck1» potassium tartrate and C.P. sodium carbonate. (Na»C0, for

analysi»),

K,C«H40«+ HîSO,– ~KHC«H40«+ K4S()<

2KHC,H,0, + Na2CO,– ~2KNaC«HA+ H,C0»

The acid tartrate crystals were washed thoroughly and dried. Calculated g
amounts were then dissolved in water with sodium carbonate. After the 1

reaction was completethe rochelle salts were cry8tallizedfrom the solution. |
From the tests it was concluded that chromicacid would oxidize slowly

any pure tratrate. Further, that Merck's sodiumtartrate would serve best

in the induced reaction under considération since its rate of oxidation by g
chromic acid waslower than that of any other tartrate, with the exception H
of Merck's potassiumtartrate, and its solubility wouldbe sufficient to pre-
vent the precipitation of the acid tartrate in acid molecular solutions of the >

salt. <

Investigation of the Fading End-point ?

In the foot-notesof his article Schilowmade mention of this fading end-

point and stated that it was probably due to the reduction of the iodine by
the oxidation products of the tartrate. He howevermade no allowance for 1

this in his iodinetitrations.

Since goodend-points wereobtained in the casesof low tartrate concen-

trations two methodsof obtaining good end-points in the case of high tar-

trate concentration seemed possible. First, precipitate the tartrate in the

form of acid potassiumtartrate, filter and titrate the filtrate. Second, after

the reaction had conic to equilibrium, dilute thc desired amount and make

the titration. Xeither of these two methods howeverproved to be satis-

factory as fadingend-points wereobtained in both cases.

Solutions of varied composition were then titrated with iodine in an

attemipt to locatethe cause of the fadingend-point. The concentration of the •
solutions used were,molar XasCjHjOj, for the rest the same as used in the t

previousexpérimenta.
il

Xo. Solution ccI,Titrc Kud-puint “

t. 5 ceAsjOj io.2a Does not fade

2. + s ce KaiC'JïtOa + ioccHjSO4 io.ir Fades very slowly '']

3. ioccAs2()j+ 5CcKsCr2Oi+ ioccHïS04 10.3 Does not fado |j
4. s ce XasC<H,0«+ 5 ce KiCr^ + iocc HîSO4 3^

d
(after chromicacid was reduced) 16.6(in 1hr.) Fadcsrapidly

5. 10ce XatCJI^Oi + 10 ce HjiSOi Fades slowly

From these titrations it was évident that iodinewas slowly reduced by the

acid sodium tartrate solution alone, (Xo. 5). t*g;.&«

Further, that this reduction took place much faster if the tar-

trate solution was tirst partially oxidized by a small amount of chromic

u

)
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acidas shownby the titration resultsof solutionNo.4. Thisshowedthat
the solutionofthe difficultymust liein the oxidationproductsof the tartrate
or the reductionproductsof the chromate. Thiswastested by notingthe
timerequiredfor the reductionof a limitedamountof iodineby solutions
ofsodiumtartrate andsulphuricacidcontainingsmallamountsof the oxida-
tionproductsof tartaricacidsuch as, oxalieacid,fortnicacidand glycollie
acid. Noparticularoneof thesecouldbe saidto causethefadingend-point
althothoyall servedto makethe tartrate a bit moreeasilyoxidizedby the
iodine.Theadditionofchromicsulphatehadlittleor noeffecton the time

mquiredfor the reductionof the iodine. Thereremainsa possibilitythat

glycollicaldehydemaybe the materialwhichcausedthe trouble; however
nonecouldbeobtainedandthis test has beennecemarilyomitted. Bunsen
and Roscoe»in their articleon "Photo-ChemicalRcsearches"investigated
the reactionbetweendilutesolutionsor bromineand tartaric acid. They
notedthe auto-catalyticnature of the reactionand concludedfrom their
workthat the causeof increasein the speedof the reactionas it progressed
didnot liein any peculiaritywhichlightpossessedbutrather to the modeof
actionitself. In other words the reactionwas autocatalyticbecauseof
chemicalinductionand not becauseof photo-induction.They howeverdid
nottry to explainthecauseof this chemicalinduction.

It waspossiblehoweverto do awaywith the fadingend-pointas far as
concernedin this particularinvestigationby a slightchangein procedure.
Namely,by workingalwayswithan excessofchromicacidand thus making
it unnecessaryto titrate arseniousacidin the presenceof partiallyoxidized
tartaricacid. Thisprocedureprovedto besatisfactoryand was usedin all
theremainingexperiments.

DirectOxidationof SodiumTartratebyChromicAcid

Theoxidationofsodiumtartrate wascarriedoutat varioustempératures,
ioo°,72°and 22°(roomtempérature)in orderto deteminethe amountof

oxygentakenup permolofsodiumtartrate. Thereactionwas allowedto
runfor a definitetimeafterwhichthe excesschromicacidwas determined
byaddingpotassiumiodideand sulphuricacid,and titratingthe iodineliber-
atedwithstandardsodiumthiosulphate. Theoxidationat.ioo°Cwascarried
outby boilingthe reactionmixtureundera refluxcondenserfor the required
timeafter whichit wascooledin ice water for fiveminutes,then titrated

immediately.For the oxidationat ?2°Cthe reactionmixturewas brought
to 72°Cin boilingwaterasquicklyas possibleaftermixing,then placedin a

dryingovenand heldat that temperature. At theendof the requiredtime
it wascooledin icewaterfor fiveminutesandthenthe excesschromicacid
wastitrated immediatcly.

Fig. 2a, b andc showsthe variationin the amountofoxygenusedper
molof sodiumtartrate, per unit timeat the varioustempératuresas given
inTableIII. Fromthisworkit wasapparentthat thespeedof thereaction

1 BunsenandKoscoc:Phil.Trans.,147,399(1857).
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TABLKIII
Heaction Mixture: 5 ce M/ioo Na»C\H«O«;10 ce M/io HsSO4and 50 ce

M/iwKjCrsO,
Pt. 1 Oxidationat ioo*C. o

Xo. Timein Execss KiOtOj Oxvgentisctlp«
hrs. K,CnOj iised Mol.Tart.

1 1/2 43.3I 6.69 0.67
2 1 32-7S !7-2S 1.72

3 2 21.6 28.4 2.8

4 6 iS-75 34.25 3.48

5 12 13.70 36.3 3.63
6 24 12.46 37-S4 3-75

7 48 10.3 39.7 3.96

Pt. 2 Oxidationat 72°C. <
Timein Excpss Kfit fit Oxygenuseilper

Xo. hre. KtCrtO; uaed Mol.Tart.

1 1/2 49.28 0.7a 0.07
2 I 48.37 I.63 O.IÔ

3 2 44-41 S-S9 o.56 a

4 6 33.88 16.12 1.61

5 12 17-34 32.66 3.26
6 24 16.02 3398 3.4
7 48 IS-3I 34-69 3.47
8 62 14.s 35-S 3.S4
9 86 13-99 36.01 3.6

Pt. 3 Oxidationat 22*C(Boom Temp.)

Timein Kxecw KtCrtO, Oxygenusedpor
Xo. hre. KAA used Mol.Tart.

1 2 49.79 0.21 0.021

2 12 49.28 0.72 0.07

3 24 43-47 I-S3 0.15

4 48 43.6 6.4 0.63

5 60 39-14 10.86 0.96 1
6 77 35.18 14.8a 1.48

7 100 28.90 21.11 2.1
8 432 19-57 30-43 3.047J~ a'JI u-u V "'T

it

betweenehromicacid and tartaric acidwas considerablydecreasedby a a

loweringof the temperature. Further,that under thèse conditionsfour

atomsofoxygenwas the maximumusedper molof sodiumtartrate;or, at

least, thenumberof atoms of oxygenuscdper molofsodiumtartrate ap-
proachedfourasa limit,whichmeantthat the tartratewasoxidizcdtoward

oxalate. At roomtemperature,however,the réactionsbecamedistinctly
autocatalyticand much slower. The inductionperiodlastedfor several

»

t
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hours,the speedof thereactiongraduallyincreaseduntilnearlytwoatonw
ofoxygenwerousedpermolofsodiumtartrateandthenbeganto deorease.
In otherwordsglycollioacidwaathe tumingpoint in the speedof the oxi-
dation.

The fact that the oxidationof tartaricacid by chromioacidwasauto.
catalyticin nature wasthoughtto be insomewayconneotedwiththe fading
end-pointpreviouslyobtainedwith iodinetitrations in partiallyoxidized
tartrate solutions, Further,sincethe oxidationoftartarioacidby bromine
wasautocatalyticas shownby BunsenandRoscoe,1it seemedthat the ex-
planationmust lie in the oxidationproductsof the tartrate. Thecatalytic

06vg· ru. m uuu c

effectof glycollicacid,oxalicacid, formicacid and chromicsulphatewas
tried on the oxidationof tartrate usingchromicacidas the oxidizingagent
insteadof iodineas previouslytried. The excesschromicacidwasdeter-
minedafter fivehourswheni$ ceof N/ioo KjCnO,wasaddedto a mixture
of 5 ce M/20 NaîC4H«O«,10cc 4N H»SO4and 0-10 ce M/10supposed
catalyst. In no casehowever,wasthe amountofchromicacidusedchanged
bya variationin theamountofsupposedcatalyst,whichofcourseeliminated
themas possibleautocatalystsfor this reaction. It wasknownfromthe rc-
searchesof Harcourtand Esson»and laterby SkrabaPthat in theoxidation
of oxalieacid by potassiumpermanganatemanganoussulphatewasfound
to be the autocatalyst. Hence,couldchromoussulphate,the corresponding
salt in the above reaction,be the autocatalyst? Thiswas investigatedby
reducinga M/to solutionof chromicsulphatein a Jones reductor,then
testing the catalyticeffectof the chromoussulphatethus fonnedon the
oxidationof tartrate by chromicacid.-It shouldperhapsbe mentioned
that chromoussulphateisunstablein air and is graduallyoxidizedbackto
chromicsulphate. It wasthereforcpossibleto obtaintheeffectofdecreasing
chromoussulphateconcentrationby makingrunsat differenttimeintervais
after the chromicsulphatchadbeenreduced.

Loc. cit.

HarcourtandEsson:J.Chem.Soc.,20,460(1867).
Skrobal:Z.anorg.Chem.,42,1(1904).
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TABLE IV

Mixtureput thru Jonesreductorin ordermentioned;100ce N HsSO«,

so ce M/10Crs(SO4)»,ÏOoce N H»SO4and 100ceH«0. Totalvol.450ce.

Acidityof resultingchromoussulphatesolutiondeterminedby titrating
withstandardsodiumhydroxide-.6Normal.

ReactionMixture:50ceN/ioo K»Cr4Oy,5ceM/100Na AH«0«and 2ce

of chromoussulphatcsolutiontakenat varioustime intervalsafter the re.

ductionas indicated.

Tcmp.22°C(Room) 40ce N/ioo KjCrsOï 40ceN/100NasSi03

Pt. i Timeafter reduction,s min.2ceCrSO«= 2.7 ce. KjCr»Or

No. Timeinhrs. Na,8|0, Titre

·

K»CrtO,used

1 1 47 -1 2-9

2 4 46.25 3.75

3 9 44-7 5.3

4 22 39.5 "S

5 33 35-2 H-8

Pt. 2 Time after reduction, about 12 hrs. 2 ce CrSO« = .4 ce KjCrjO?

Xo. Time in lire. Na«S,O,Titre K,CrA used

1 i 49-66 0.4

2 12 47.1 2-9

3 23 42.88 7.2

4 36 37.3 "-7

5 45 34.4 IS-6

Pt. 3 Time after reduction, about 48 hrs. 2 ce CrSO4 » Occ KjCrs0i

Xo. Timein hre. Na,StO,Titre KtCrA used

1 4 50 °°

2 8 4g. 6 0.4

3 24 47. 3.

4 33 43-33 6.7

5 48 37 6 12.4

The résultaobtainedas shownin TableIV and representedby Fig. 3
showedthat chromoussulphatewithoutquestionhastenedthe oxidation

of tartrate by chromicacid. Whetherthis wascausedby the chromous

sulphateactingasan autocatalystor bythe formationofa lowerand more

activestageof chromicacid,dueto the presenceof the chromoussulphate,
onecouldnot bc certainas eitherwouldserveto explaintheaboveresults.

Sincealmostany strongreducingagentmay causechromicacid to react

more rapidlyon tartrate and further,sincethe oxidationof tartrate by
bromineis a réactionof the samecharacter,it seemsthat the real auto-

catalystmustbe someoxidationproductof the tartrate whichis a strong

reducingagent. Theserequirementswouldbefulfilledbyglycollicaldehyde.
This wasnot tested however,for the reasonthat nonecouldbc obtained,
as previouslystated.
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Knowingthat thodirect oxidationof tartarioacidwasautocatalyticit

seemedquite probablethat the inducedoxidationof the tartrate in the

presenceofarseniouaacidwassimplya caseofcatalyids.In otherwordsthe

arseniousacidmustserveto doawaywiththe inductiveperiodin the direct

oxidationof the tartrateby the chromicacid. If thisweretruc accordingto

the theory,Case i, the inductionfactorshouldincreaseindefinitelywith a

relativeincreaseinthe concentrationof tartrate toarsenitein caseoneadded

chromicacid(A)toa mixtureofarseniousacidandtartaneacid (B)and (C)
insteadof reachinga limitedvalueas indicatedbySchilow'swork.

Variationof InductionFactorwithArseniousAcidConc.and Time

Usingan excesschromicacid, an attempt wasmade to increasethe

inductionfactor obtained by Schilowfor the M/too tartrate solution.

It was thoughtbest to increasethe ratio of the concentrationof tartaric

acidto arseniousacidby decreasingthe amountofarseniousacidusedrather

than by increasingthe concentrationofthe tartaricacidas this wouldmake

it unnecessaryto workwithsuchconcentratedsolutions.The reactionwas

allowedto run fora timesufficientto oxidizeall thearseniousacidpresent.
Theoxidationof 5ceN/100 As2Ojsolutionby 10ceN/100K«CraO7in the

presenceof 10ceN/10 H1SO4wasfoundto bccompletein the courseof

aboutonehourbyspecialexperiment.Whenthereactionhad run for the
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stated time 10 ce of approx. aN Kl and 10 ce of approx. 4N Hi8O« were

added, after three minutes the iodine liberated by the excess ehromic acid

was titmted with N/100 NasSj0».

TABLE V

Reaction Mixture: 50 ce NT/ioo KsCr»O7, 10 ce N/10 HsSO«, 5 ce M/100

Na»C4H«O«and– ec N/100 AsjO»

~rmtTtn «"f (Rnnm\Temp. 22°C (Room).
Pt. 1 Timegiven for reaction 2hrs.

XajSjOi ceKjCïjOt Ind.Factor Conc.Ace.
Xo. ceAsjO, Titre U8edbyAce. Conc.Ind.

1 5 30.85 14-15 2-8* 20

2 2 3965 8.3s 4-iS 50

3 1 44OS 5. 5. 100

4 1/2 46.8 2.7 5.4 îoo

5 1/10 49.3 .6 6. 1000

6 0 49-95
–

Pt. 2 Timegiven for reaction 3 hra.

XajSjO» ccK,OjOt Conc.Apr.
Xo. ceAsjO, litre usedbyAce. Ind.Factor Conc.Ind.

1 5 30.1 14.9 2-98 20

2 2 38-SS 9.5 47S 50

3 1 43 15 5.8 5.8 too
4 1/2 46.1 3.4 6.8 200
5 1/10 49.1 .8 8. 1000
6 o so>1x

– – –

Pt. 3 Timegiven for reaction 38 hrs.

XajSjO, ceKtCriOi Ind.Factor Conc.Aec.
Xo. ceAsiOj Titre usedbyAce. original corrected Conc.Ind.

1 5 21.5 23.5 4.1 3.88 20

2 2 26.3 21.7 10.8 8.8 50

3 1 28.5 20.S 20.5 17-4 '00

4 1/ 31-2 18.3 36.3 28.4 200

5 1/10 38.3 ir.6 116. 75 1000

6 0 45-9 4-ix – –

In TableV the amountof chromicacidusedby the inductor (arsenious

acid)wasexactlyequalto theamountofarseniousacidused in the different

experiments.The correctedinductionfactoras givenin pt. 3,TableV, was

obtainedbysubtractingfromthe total amountof chromicacidusedby the

accepterineachrespectiverun, the amountof chromioacid usedwhenno

inductorwaspresent, 4.1 ce. and dividingthis result by the amount of

chromicacidusedby the inductor. Thiswasconsideredthe apparentcor-

rectionforthevoluntaryoxidationof the tartane acidby the chromicacid.
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Figs.4 and s showhowthé inductionfactorvariedwiththeamountof

arseniousacidusedand theratio -––– respectivety. It wasthoughtat
Lonc.Ind.

first that this solvedthé problemandthat the ameniousacidwasmerely

playingthe part ofa catalyst,sincethe inductionfactorcouldbeincreased

almost indefinitelyby inereasingthe ratioof the concentrationof the ac-

ceptor to the inductor. Howeveron furtherconsidérationit becameap-

parent that, if the arseniousacid wastakingthe part of a catalyst,these

eurvesshouldcoincideprovidedpropercorrectionper unit timewas made

for the voluntaryoxidationof tartarioacidbychromicacid.

Thereweretwopossiblewaysofmakingthis correction.Eitherdevelop
and apply the propermathematicalequationsor eliminatethe reaction

betweenthe chromicacidand the tartaricacidby workingat a lowertem-

perature,as this reactionbasalwaysbeenshownto bequitesensitiveto tem-

peraturechanges. Afterdue considerationthe latter methodwasselected

as the onemost likelyto givecorrectresultsprovidedloweringthe tempera-
ture did not slowdownthe reactionbetweenthe chromioacidandthe ar-

scniousacid too much. This was investigatedhowever,at t"Cand it was

foundthat the rate ofoxidationof arseniousacidwasonlyslightlyaffected,

S ce N/iooAs.)0;+ toccN/!o H~SO~beingcomp!ete!yoxidizedby toco N/100

potassiumdichromatein two hours. Anattempt was thereforemade to

eliminatethe voluntaryoxidationof thé tartrate by the chromicacid by

workingat this température.

Variationof the InductionFactorat 1"C

First,EffectofTime:Thereactionwasallowedtotakeplaceinanlnsulated

ice bath. Potassiumdichromatewasaddedto a mixtureof arseniousacid,
sodiumtartrate andsulphuricacid. Afterthe reactionhad runfor thé de-

sired timethe excesschromicacidwasdeterminedby titrationin the same

manneras previouslydescribed.
Fromthe resultsof theseexperimentsasshownby TableVIAit became

apparentthat at this temperaturethe voluntaryoxidationofthctartrate by

TABLt!VIA

ReactionMixture::s ceN/too KtOrtOt,5ceM/ioo Na)C<H<0<,ccN/ too

As~O,and !oceN/to H<SO<.Temp. !"C.

to ceKtCr~OT= to ceAstOt= to ceNa<8:0).

ceKitCriOtusedby Inductorineachcase.
n-J. L-Correctedt ce per hr.

Timein Xa,S<0, ccK,Cr,Ot Ï.F. ccK,Cr~, ).

Xo. hm. Titre used by Ace. used by Ace.

1 2 r7.6 5.4 2.7 5 s.s

2 3 t73 5.7 ~-8$ 5-' ~.55

3 4 '7-' 5.9 ~.95 5-i 2.55

4 s ~.8 6.2 s.t S.: 2.6

S t6 14.7 8.3 4.'S 5-' 2.55
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the chromioacidwasnotquiteellminatedbutcontinuedusingabouto.2ce

ofthepotassiumdichromatesolutionperhour. Thiscorrection,whenappUed

as shownby the last twocotumnaof the table,gavea fairlyconstantin-

ductionfactorof :.s. It wasthoughtbestnot to mn the temperatureofthe

bath lowerbecauseofthepossibilityof freezingthesolutionsbut to determine

the maximuminductionfactorat t"Cmakingthe necessarycon-ectionsfor

the)!n)a!!amountofvoluntarytartrateoxidationwhichtookplace.

Second,Effectof SodiumTartrate Concentration:The samereaction

mixturewasusedas abovewiththéexceptionthat the concentrationofthe

sodiumtartrate wasvariedas indicatedin orderto findwhatconcentration

wasneceeearytogivethehighestpossibleinductionfactor. Thetimeallowed

for thé reactionto takeplacewasthreehours.

TABLEVI B

Pt. t = o.ïN Ht80<used(sameas inVI A)

Na<C,H<0. Nft,S,0, ecK~'r,0~t.F.(unconec<ed)
No. Cône. Titre uBedbyAee.

1 M/too i?.4 S-6 2.8

2 M/so 16. 7. 3.5

3 M/îo tS.i 7.9 3-9S

4 M/to !7.'S S-S5 ~-9'

5 M/s '7.SS S.4S 2-~

Pt. .4NH<80<used.

Xa~;tH<Ot N&,S~, ecK~r~. I.F.(uncon~cted)
No. Cône. Titre tMedby~ec.

i M/!00 17.2 5.8 ~-9

2 M/so t!.t 7.9 3-9!

3 M/to i~.i 'o-9 S-4

4 M/to 9.9 '3-~r ~-S!

5 M/s 7.6 '5.4 7.7

WhenN/io H:SO<wasused,a maximuminductionfactorwasobtained

with M/M sodiumtartrateas shownby Pt. t of TableTI.B andFig.6a.

It was then necessaryto explainthc causeof this maximum. Aftersome

investigationthecausewasfinallylocatedin theacidityof the reactionmix-

ture. Pt. a of TableB andFig.6bshowthe samerunsas in theprevious

caseusingo.4NH,SO<in placeoftheo.!N H,SO<fromwhichit canbeseen

that the maximuminductionfactorwith increasingtartrate concentration

has beeneliminated.Thismadeit clearthat the reasonwhythe induction

factor passed througha maximumin the previouscase with increasing

sodiumtartrateconcentrationwasbecauseofdecreasedaciditywhichwould

cause a correspondingdecreasein thc oxidationpotentialof the chromic

acidandhencclesschromicacidwouldbeusedperunitoftime. Thisbrought

toourattentionanotherfactorwhiehhadnotasyet receivedmuchconsidéra-

tion namely.acidconcentration.
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Third,Hnectof AcidConcentration:The originalreactionmixture was

usedinsofar as waspossibleand theeffectof acidconcentrationwas invcs-

tigatedat two dînèrentsodiumtartrate concentrations.Thotime allowed
for théreactionwaskeptat threehours.

i'to.oaandt)b

TABLEVIC

Pt. M/!oo Na:C<H<Otused(samcas in VIA)

H,SO, Xa,S~), ceK,Cr<0, I.F.(uncorrected)
Xo. Cône. Titre uscdbyAcc.
1 o.tN !?.!S 5.75 a.8?
2 o.zX 17.2 5.8 2.9

3 o.4N 17. 6. 3.

4 o.6N !7.! 5.8 2.9

5 o.8X 17.7 5.3 ~.65
6 N 18.6 4.4 ~-2

Pt. M/20 Na,C<H<04used.

H,80< XaiS,0. ccKtCr,0, t.F.(unco)-)-eoted) tXo. Cône. Titre usedbyAce.

1 o.tN 15 8. 4
2 o.zX 13.5 95 4-75

3 0.4~ 5.5
4 o.6N u t: 6

5 o.8N 10.3 12.7 6.3 t

6 N 9.7 13.3 6.65 h

UsingM/too sodium tartratc the induction factor was observed to pass
thru a maximumwhen o.4X H~SO~wasused as shown by pt. Table VI C

and F)f!. ya. When a more coneentrated M/zo sodium tartrate solution

was uscd however no maximumwas obtaincd with incrcasing acid concen-

tration, pt. a, Table VI C and Fig. 7b. It howevcr seemsquite possible that

at sufficiently high acid concentrations this curve might also pass thru a

maximum, provided the voluntary oxidation of the tartrate by the chromic
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aciddid notbecometoo pronounoed.Be that M it may,the fact remains

that a maximumsuch as wasobtainedin thé firstcasewassomewhatof a

mysteryandthe explanationdid not becomeapparentuntil considerably

moreresearohhad beendone. It wouldnaturallybe expectedthat as the

aciditywasincreasedthe oxidationpotentialof the chromicacidwouldbe

increasedandthereforemorechromicacid wouldbe usedpcr unit of time

due to increasedreaetionvelocity. Suchwasnot the casehoweverand the

reasonwasbecausesomeother factorhad enteredinto the reactionwhich

decreascdthe amount of ehromicacid usedas the aciditywas inereased.

Laterworkonthe solubilityof arseniousoxidein sodiumtartratomadeacid

with tartaricacid has shownthe distinctprobabilltyof theformationof an

unstablecomplexbetweenundissociatedsodiumtartratc andarseniousacid,

atsothe improbabilityofsucha complexbetweentartaricacidandarsenious

acid. If weaccept for the time bcingthat sucha comptcxexiststhcn the

abovemaximumhas anapparentexplanation,as increasingthcaciditywould

causetheremovalof tartrate ions,therpforefurtherdissociationofthésodium

tartrate, andthe formationof moreand moreundissociatedtartaricacid.

Thiswouldmeana decreasein the amountof the sodiumtartrate-arscnious

acid complexand thereforeless inducedoxidationof the tartrate, as well

as, lesschromicacid usedperunit of timeprovidedthe voluntaryoxidation

of the tartmtewas not toogreatas mightwellbe the caseat veryhighaeid

concentration.

Determinationof the TrueUamtedInductionFactor

ConsidennKthe aboveresults it seemedthat the highestlimitedvalue

of thé inductionfactor shouldbc obtainedif M/~o sodiumtartrate and

o.4N sulphuricacid wereused in the abovereactionmixturesincethèse

concentrationsgave the maximumrate of oxidationin the previousexperi-
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ments. Thecorrectionforvoluntaryoxidationofthe tartratebythechromio

acidwasofcoursedeterminedbytheamountofchromicacidusedperunit

oftimeafterall thearseniousacidhadbeenoxidized.

It maybeseenfromthe aboveTableVII that a constantlimitedinduc-

tionfactorof 4 wasobtainedfor twoconcentrationsof arseniousacidwhich

showcdthat the Inductionfactorreallywasindependentof thé arsenitecon-

centrationandhencetheratioofthéconcentrationof the acceptorto thatof

TABLEVII

Reaction Mixture: 25 ce N/too K,Cr,Or, 10 ce..4N H;SO<, 5 ce M/~o

Na,C<H<OT

Pt. i ce N/too AstO! used. Temp. i" V.

Correetedt ce per hr.
Time in Ka.S.O, ce K~)-~ t.F. ce K,Cr,U, i.t'.

Xo. hra. Titre u~d by Ace. used by Aec.

t n.9 lo.i S-OS S.t 4.OS

2 3 n.9 n.t S-SS S.t 4.05
3 4 lo.9S 12.05 6.o:s 8.05 4.:5
4 5 9.9 '3.i 6.ss S.t 4.05

Pt. 2 – i ce N/too As:0i used.

Corrected !.o3 cc perhr~

Timein Xa,8,0, ceK~r~, Ï.F. ecK~r~r
Xo. hra. Titre usedby Acc. used by Ace.

t 2 17.87 6.!3 6.13 4.07 4.07

2 3 16.82 7.t8 7.18 4.09 4.09

3 4 'S.77 8.!3 8.93 4.r 4."
4 5 '475 9.'5 9.25 4.' 4.1J "1'IJ 7"J 7'~J

the induetor,withintheselimits,providedpropcrcorrectionwasmadefor

voluntaryoxidation. In other wordsthe inductionfactordid not tncrease

h h
Cône.Ace.

withan increasein the ratio~––-– as bas been previouslyindicated.
Conc.Ind. r

However,bcforethis couldbe acceptedas the true limitedinductionfactor,
it wasconsiderednecessaryto detemunethc inductionfactor,makingpropcr t]

correctionsin reactionmixtures,usinga higheracidconcentration,a lower

acid concentrationand a mixtureusingboth a higher acidand tartrate

concentration.The inductionfactorobtainedin each caseafter correction

forvoluntaryoxidationhowever,wasfoundto belowerthan 4 asshownby
TableVIII. Thismadcit reasonablycertain thé4 was the actual limited

inductionfactorfor thisreactionratherthan 2.8as determinedby Schilow.

The inductionfactorof4as obtainedaboveruledout thepossibilitythat

theinductor(arseniousacid)actedasa catalystas wasfirstsuspectedwhen

the direct oxidationof the tartrate wasfoundto be autocatalytic. There

stillremainedthe possibilitythat a lowerstageofchromicacidwasformed

whichthen reactedwiththe tartaricacid,Case Sinceglyeollicacidwas
1
<

r
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TABLEVIII

Pt. 1 Reaction Mtxture: :s ce N/too K~C~Ot,ï ce N/foo

Aa,0,, to ce N/10 H:SO<and 5 ce M/ao N~C~H~O.. Temp. t'C.

Corrected.2re perhr.
Xa,S~), ccK,Cr,0, t.F. cc.K~C)-~

Xo. Timeinhm. Titre ueedbyAce. usedbyArc. I.F.

2 ts.a 7.8 3.g 7.4 3.7
a 3 'S. S. 4. 7.4 3.7
3 4 '4-8 S.ï s.T 7.4 3-7
4 5 '4.SS 8.45 4.M 7 4S 3-7:
5 6 14.4 8.6 4.3 7.4 37

Pt. a Réaction Mixture: 25 ce N/ioo K~OrtOT,ce N/too A~:0t, ro ce.

8NH:80<, 5 ce M/:o Na,C<H<Ot. Temp. !*C.

(.'orrBctedr.6ce perhr.
Xa<S~, ceK,C)-,OT ccKtCftO,

Xo. Timein hm. Titre uaedbyAee. t.F. usedbyAce. t.F.

1 "-3 'o-7 5.35 75 3.75
2 3 ïo-6 !4 6.2 7.6 3-8

3 4 8.75 '4~5 7- 7-~5 39:

4 S 7-35 '5-65 7.8: 7-65 3.8:
5 6 6.75 J6.75 8.37 7.55 3.77

Pt. 3 Reaction Mixture: x: ce N/!oo KtCr<0?. a ce N/ioc

A8<0<,!o ce .6N H,804 and s ce M/!o N~C<H,0<. Temp. iC.

Corrected.8ecpcr)15min.
Xo. Timein Xa,S~), ecK~rtOr J.F. ccK,Cr~ I.F.

min. Titre ueedbyAce. usedbyAcc.

5 ~6 7 3.5 6.7 3.35
e !5 14.4 8.6 4.3 7-8 3-9
3 30 '36 94 47 4-7 3-9

4 45 12.8 !0.: 5-1 7-8 3.9

5 thr. !9 n.t 5.55 7-9 3-95

less readilyoxidizedthan tartarieacidor at leastwasmores!ow!yoxidized
as shownby the directoxidationof sodiumtartrate withchromicacid at
roomtemperature,Table111Fig. the inductionfactor4mightbeexplained
bymeansofa lowerstageofchromicacidasfollows:

LetT = TartaricAcid;TO = GlycollicAldehyde;TO, = GlycollicAcid.

(GtycoUicaldéhydeisa strongerredueingagentthan tartaricacidandit was

assumedto react promptlywithchromicacid.)

~As,0,+ 6Cr,0<= 3As:Ot+ 6Cr:Ot
6Cr,Ot+ nT ==6Cr,0,+ t:TO

4Cr,0,+ t~TO= 4Cr<0,+ jeTOi
12+ 12/6= 4inductionFactor.

The onlyotherexplanationof a limitinginductionfactorof 4 for this
réactionwouldbc theformationof a tartarieacid-arseniousacid cornplex,
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Case4, as was postulatedby Schilow. This howcverseemedimprobable
sincethe inductorhas bccnshownto beoon-specinc.Howeveraa a further
test it was deoidcdto detemine the inductionfaotor for the oxidationof
tartaricacid,in the presenceofarseniousacid,bypermanganioacid instead
of chromicacid. If a compicxwereformcdbetweenthe tartrate and thé
arsenitewcshouldexpecttogctthe Na<nclimitinginductionfactor regardless
of the oxidizingagent (aetor)used, providedall other conditionswere
constant.

PermanganicAcid,ArseniousAcid,TartaricAcid

Beforean attempt couldbemadeto deterriiinethe true limited induction
factorfor this reactionusingpotassiumpermanganateinsteadof potassium
dichromateit wasnecessaryto carry out a fewpreliminaryexperimentsin
orderto determinethé natureof this reaction.

~<
DirectOxidationofSodiumTartratebyPenn<tng<micAcid

Theseexperimentswererunat roomtemperatureand thésame analytical
methodswereemployedto déterminethe excesspermanganicacid as were t

previouslyusedto determinetheexcessehromicacid. Thérésulta obtained
areshownby 'l'able ÏX andFig. 8 fromwhichit may be observedthat the
oxidationof tartrate by permanganicacidwasquitcsimilarto its oxidation
withchromicacid. Thereactionwasautocatatytioand theoxygenconsumed

pcrmolapproachedfourasa maximumvalue. In generalhoweverthe rate
oftheoxidationwassomewhatmorerapidthan whenchromicacid wasused
as wouldbcexpectedsincepennanganicacid is a much stronger oxidizing
agent.

TABLEIX
Reaction Mixture: !o ce N/too KMnO<,5 ce M/ioo

Xa:C<H40<and 10 ce N/io H:80<. Temp. 22"C (Room)
!o ce N/tooXatS~Ot =-=jo ce N/ioc KMnO<

Timeinhra. XatStO. ceKmnOtused Oxygenusedper n
Xo. and min. Titre byTartrate molof Sodium (,

Tartrate

t i hr. 49 ~4 .66 0.06

a 1 hr. 2o min. 46.38 3.52 0.3$

3 ihr.4on!'n. 3' 7~ tS.t8 1.8

4 ~hr. :s-6 ~.4 2.4

S 2 "lo min. 2:.9 ay.i 2.7
6 a "ao min. si.tS 28.72 2.87

y 2 ".}o :o.~8 20.62 z.o6
8 3 hr. ]8.6y 31.23 3-1

9 5 '7-'6 3~4 3.?
lo 6 16.76 33-14 3.3

19 13.95 36.05 3.6
n us

u
7-9 42.1 4.~

(

(



nocucECHKAcnots tûtg

MethodofAnatysis<mdCorrectionfor VctantaryOxidatioa

A numberof experimentswererun in order to determinewhetherthe

necessarycorrectionto beappliedfor thevoluntaryoxidationofthe tartrate

by the permanganatecouldbefoundin the samenianneras in the previous
reactionusingchromioacid,namely,byfindingthe amountof permanganate
usedperunitof timeafteraUof the arseniousacidhad becnoxidiiied.The
timerequiredfor the completeoxidationof arseniousacid at suehconcen-
trationsas usedin theexpérimentawasfoundto be five to ten minutes.

t'N.tt8

TABLEX

Pt. t ReactionMixture: 25 ce N/too KMnO<; s ce N/20

XatC4H<Ot;2 ce N/too AsiO, and 10ce .4N H~SO<.

Cpti'ected.8ceperto min.
Timein X(hS,Oi coKMnO, ccKMm()<u8ed I.F.

Xo. min. TitM usedbyAce. I.F. by Ace.

5 19.5 3.5 ï.7 3.i .5S
z !0 t9.t 3.9 ï.9S 3.! .SS
3 M '8.3 47 2.35 3 .S5
4 3° '7-4 56 z.8 3.a .6

5 60 t5.os 7-95 3.99 3-'5 .57
Pt. 2 M/io NatCJï<0. used.

a 5 '9 4 a 3.4 i 7
'o f8.35 4.65 2.3: 3.45 1.77

3 M !7.3 5-7 a.85 3.3 t.6s
4 30 '6.1 6.9 3.45 33 1.65
5 40 t4.8 8.2 4.' 3.4 !.?t~ **t. u.< tf* If *-< 1

Thetitrationforexccsspermanganatewasmadein the manneras forexcess
dichrontatewiththe exceptionthat carehad to bc taken in this case,that
the solutionto be titrated wasnot madetoo stronglyacidasverystrongly
acid tartratcsolutionswerefoundto Mherateiodinefrompotassiumiodide.
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Potassiumpermanganatewasfirst sjbstituted forpotassiumdtohromatcin
thereactionmixturewhichpreviouslygavethe highestinductionfactor,the

sameconcentrationsbeingusedthruout.

Thé resultsobtainedas shownby Table X werefairly constantand

satisfactorywith the exceptionthat the reactionwasso rapid that it was

rather difficultto obtainexccedlnglyaccurateresults. Neverthcless,the
resultsobtaincdabovewerebelievedto bcof sufficientaccuracyto warrant
continuationofthe investigationusingthesamemethodto correctforvolun-

taryoxidation. Thécorrectedinductionfactorobtainedwithpermanganate, B
Pt. r, TableX, wasi.ss whitea correctedinductionfactorof4 wasobtained
withdichromatein the samereactionmixture. It becamoapparenthowever
on further investigationthat 1.55was not the highestpossibleinduction e
factorforthepermanganatereactionforwhentheexperimentswererepeated
usinga somewhatmoreconeentratedsodiumtartrate solution,Pt. z, Table

X, a correctedinductionfactorof about t.7 wasobtained. Thisof course
showedthe necessityof makinga studyof the effectiveconcentrationfor
thevarionscomponentsofthereactioninordertodeterminewhatparticular
reactionmixturewouldgivethehighestpossiblecorrectedinductionfactor.

VariationoftheInductionFactorat 1"C

First, Enect of SodiumTartrate Concentration;The variationof the
inductionfactor with sodiumtartrate concentrationwas invcstigatedin
tworeactionmixtureswhichditferedonlyin thé amountof arseniousacid

présent. The objectof the experimentswasof courseto determinewhat

TABLEXI

Pt. i–ReactionMixture::s ceN/ioc KMnO<,ce N/!ooAs<0<,10ceo.4N
H<SO<andNa!C<H<0<(asindicated).

TinteofRéaction–smin. Temp.t*C.
!o ceAstO~= 10ceKMnO<= 10ceNatS:Oï.

XatHtO, Xa,S~), ccKMmO<used n
Xo. Cône. Titre byAce. I.F.(uneorMeted)
1 M/too ~t.4 1.6 0.8

2 M/too 18.8 <t.: e.rr

3 M/s 18 5. !5
4 M/t 17.1 6. 3.
S M 17.8 s-~ ~-6

Pt. 9–t ceAs~Otused.

Xa<C<H,Ot Xa,S~), ccKMnO,(Med
Xo. Cent. Titre byAce. J.F(uncorrected)
1 M/too M.8s t.tS i.!5
2 M/to 21.7 2.3 e.3
3 M/s '!i.t 2.9 2.9
4 M/2 20.1 3-9 3.9

S M 20.4 3.6 3-6



MDUCEO REACT!Otf8 t6t?

particulartartrate concentrationwouldserveto give the highestpossible
inductionfactor and whetheror not this concentrationwasaffectedby the

amountofarseniousacidpresent.
A maximuminductionfactorwasobtainedwithM/z Na!C<H<Otin both

roactlonmixtureBas shownbyTableX andFiR.9. Thisofcourseshowed

the effectof the amountof arseniousacidusedto be negligibleespecialty
at the concentrationsat whichit wasbeingemployedin thevariousréaction

.m 7

mixturesas thc maximumcameat the sametartrate concentrationin both

of the abovecases. A higherinductionfactorwas naturallyobtainedin

Pt. 2 wheretho loweramountofarseniousacidwasuscdsinceanyvoluntary
oxidationof the tartrate wouldbedoublyaseffectiveis raisingthe induction

factoras it wouldbe in Pt. i. Thefact that a maximuminductionfactor

was obtainedwith increasingsodiumtartrate conceNtrationwas believed

to bcexplainedby the sameconsiderationsaspreviouslygivenwhenchromic

_––

acidwasusedas thé oxidizingagent. Namely,with increasin~sodiumtar-

trate concentrationthe rate of oxidationof the tartrate wouldbe increased

accordingto the lawofmassaction. At thesamptimc,however,thé oxidation

potentialof the permanganatewouldbe lowereddue to decreascdacidity
whichwouldcausea correspondingdecreasein theamountofpermanganate
usedper unit of time.

Second,Effectof AcidConcentration:The variationof the induction

factorwith increasingacidconcentrationwas investigatedin two reaction
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mixturescontainingdifferentamountsof sodiumtartrate asshownin Table

XII. WhenM/z NatC~H~Otwas used in thé reactionmixturea slight

maximumwasobtainedin theinductionfactorwith.6N H<!804,Pt. i Table

XII and Fie. !oa. UsingMNatC~HtO.however,a moredistinctmaximum

wasobtainedwithN t~SCt,Pt. 2 TableXII andFig. lob. Thefact that a

maximuminductionfactorwasobtainedwith inereasingacidconcentration

in both caseswas in agreementwith thc workprevlouslydoueusingthé

dichromateinsteadof the permanganateandmaybe explainedin the same

manncr.

TABLEXII

Pt. t–Réaction Mixtures: 5 ce M/: Na,C<H<0,; t oc N/too As:0t; 2S ce

N/too KMnOtand to ce H;S04 (as indicated).

Time of Réaction 5 min. Temp. t"C.

to ce As:09 = to ce KMnO< = to ce Nt~StOi

H,SO, Xa,S~), ccKMnO,used
Xo. Cône. Titre byAce. t.F. (uncorrected)

t 0.4 3
0.6 t6.8s 6.ts 3.07

3 o.8 !7. 6. 3.
4 1 '7-05 5.95 ~-97
S 1.3 !7.S 5.S 2.7
6 t.6 17.7 5.3 ~S
7 17.9 S.i ~-S

Pt. :–Mo!ar–NatC<H40t used.

t 0.4 i7.S a.6

x o.8 i6.6 6.6 3.3

3 1 i6. 7- 3-5

4 t.6 ~7.~ S-8 2.9

5 s. i7.9 S.i ~-5S

DeterminationoftheTrueLimitedInductionFactor

Thetrue inductionfactormustbeonewhiehhasbeencorrectedforvolun-

tary oxidationof the tartrate by the permanganate. Experimentswcre

run usingthereactionmixturesinTableXII whiehgavemaximuminduction

factors,No. z Pt. and No.3 Pt. The time allowedfor the reactionto

occur was variedand an attcmptwas madeto determinethe amountof

permanganateusedbydirectoxidationofthe tartrateper unitof time. This

howevcrprovedto besuceessfutonlyin the moredilutereactionmixtureas

shownin TableXII A.

WhenM/2 Na:C<H<0.wasusedwitho.6NH,80<,Pt. i TableXII and

pt t–Fig. t a correctedinductionfactorofapproximately3 wasobtained.

Howfvcras shownby Pt. of the aametable and figure when Molar

Na:C<H.tOtand M H<SO<WMusedin the reactionmixturea somewhat

higheruncorrectedinductionfactorwas obtainedbut the correctionto be

appliedwasnot constant,dccreasingcontinuallywiththé timeof the reac-
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TABLEXII A

Pt. ta–Réaction Mixture: No. Pt. i Table XII.

Corrected.73ce
persmm.

Timetn N~8<0, ccKMnO, ecKMnO<
Ko. Min. Titre uœdbyAce. I.F. tMedbyAce. I.F.

i 5 '6.75 6.:s 3-i~ 5.39 269

!0 tg.7 7.3 3.65 s.84 a.9:

3 t5 15 8. 4. 5.Si 2.0

4 M 14 8.8 4.4 5-85 2.93
5 2$ 13.S 9 S 475 5.85 2.9:

Pt. ib–1 ccA8)OtU8ed.
Corrected.77ce

pers'ni"'
Timein Xa,8~), ccKMnO, ccKMnO.

Ko. Min. Titre usedbyAce. I.F. usedbyAcc. t.F.

t 5 90.is 3.8$ 3.85 3.o8 3.08

a 10 19.3 4.7 4.7 3-'6 3'~

3 '5 iS.s 5.s 5-5 3.19 3.'9

4 M 17.8 6.t 6.2 3.12 3-

S :5 '7. 7. 7- 3.15 3.15

Pt. ta–Réaction Mixture: No. 3 Pt. 2 Table XII

Xo. Timfin Xa<S~)t ceKMnO< I.F. Correctionin
min. used usedbyAcc. ccper5 min.

3 17.' 5-9 s.95

a 5 '5-7 7.3 3.65

3 !0 !4. 9. 4-5 ï-7

4 15 '5S 10.45 5.22 1.45
$ 20 ii.6 ti.4 5.7 .9
6 2$ 10.8 12.! 6.1 .8

Pt. tb–1 ce AstO)used.

Timein X&<8)0, ceKMnO) Correctionin
Xo. min. Titre tMedbyAcc. J.F. ceper s min.

i 3 20.6 3.4 34

2 5 '9.7 43 4.3

3 to 17 8 6.2 6.2 1.9

4 ï5 '6.2 7.8 7-8 1.6

5 20 is- 9. 9. i.~2

6 2$ 14- 'o. to. i.

tion. This madeit practicallyimpossibleto determinethe true induction

factorwith anydegreeofaccuracy. Thedifficultyinvolvedmay be under-

stoodby the fact that at such high acidand tartrate concentrationsthe

director voluntaryoxidationofthe tartraterather than its inducedoxidation
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becamethe predominantandcontrollingfactor. A seriesof runs wastried

in whichan attempt wasmadeto showhowthe correctedinductionfactor

variedwith incfeastngsodiumtartrate concentration.The resultsobtained

wereas shownin TableXIII. r

Considcringtheseresuttsas shownby TableXIII and Fig. 12it seemed

quite probablethat at sufBcient!yhigh tartrate concentrationsthat the

correctedinductionfactorwouldbe greater than 3, yet as to just what its

limitedvaluewouldbe,onecouldhardlysay. With increasingsodiumtar-

trate and sulphuricacidconcentrationsthe rateof oxidationof the tartrate
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became faster and faster. Thia necessitatcd a continuai reduction in the

time allowed for the reaction to occur and as a result the correction to be

applied for direct or voluntary oxidation becatneless and lessaccurate.

Since the true limited induction factor could not be determined with any

degreeof certainty usingpermanganate insteadof dichromate as the oxidizing

TABLEXIII

Ko. ReactionMixture CorrectedI.F.obtained

!o ce .4N HtSOt; ce N/joo KMn04; SS

5 ce M/ito Na~C<H<0~ ce N/tco As:0)

2. lo Cc.4N H<80<;!s ce N/ioo KMnO<; 1.7

Sce M/io Na<C<H<Ot;2 ce N/ioc AseO,

3. to oc .4N H<80<;25ce N/too KMnO<; t

t 5ce M/s NatC<HtO<2 ce N/ioc AB,0,

4. tocc.sNHtSO~~cpN/looKMnO~; 2.7

sec 4/10 M NatC<H<0<;a ce N/'oo AB<Ot

S. !occ.6NHt80<;ïsccN/!ooKMnO<; 3.

S ceM/a Na<C<H<0<;2 ce N/ioo AsiO,

6. 10ce .8N H,SO<;~s ce N/too KMnO~; ?

5 ce 8/to M Na<C<H40<;2 ce N/too As<0t

7. io ce N H:80<; 25ce N/ioo KMnO<; ?

Sce M Na<C<H<0,;2 ce N/ico As,0,

agent,the questionas to whetherthé mechanismof the reactionenvolved

thé formationof a complexbetweenthe tartrate and the arseniteor the

formationof lowerstagesof the oxidizingagentremainedunanswered.Fur-

thcr informationinregardto thiswasobtainedhoweverbythedeterminations

of the solubilityofarseniousoxidein acidsodiumtartrate solutions.

SolubilityofArseaiousOxidein SediamTartrate andTartaricAdd

Asa furthertestof thepossibilityoftheformationofa complexbetween

arseniteand tartrate it wasdecidedto determme~thesolubilityof arsenious

oxidein solutionsof sodiumtartrate madeacid with tartarieacid. Kahl-
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bautn's crystallinearseniousoxide(for analysis)was used for this doter-
mination. Solutionsof Merek'ssodiumtartrate and tartario acid were
madeup as indicatedin the tabk*,to whiehan excessarseniousoxide was
added. Thémixturewasthcn p!acedin a shakeruntil a saturatedsolution
wasobtained. Thétiaturationpoint wasdeterminedby takingout satnpjtcs
at variousintcrvakand titrating with 0.2 nortHatiodinesolution in an
excessof sodiuntbicarbonate,this bcingrepeated until constant results
wcrcobtained. Thisinethodof analysiswaschcckedby a fewdetcnnina-
tionsof thearsfniousoxidcin the form ofA8:S)and wasfoundto bc satis-

factory.
The pH of the varioussolutionswasdeterminedwith indicatorsusing

buffersolutionsbpforcand after saturationwith As:0a. The pH as deter-
mincdbcforesaturationwas chcckedby meansof a hydrogenctcetrodp.'
Such checkshowevercou!dnot be obtainedafter saturationduc to the

poisoningof theetectrodebythearsenicpresent.
C

potsotnngof théélectrodebythcarsen!eprésent.

TABLEXIV

Tpntp.2!"C(Room).
~o. Pto. Pta. ))tt p!!(after Sohtbitityof

XatC<H<0<H,C<H<0< Mturation)As<()}ingma. h
)X')'tOOt'C.

i yooM/s .5 M/s 6.95 4.8 t.:y6
2 So~I/'o soM/M 3.4 3. :.<;8
3 50 M/: soM/to 3.34 2.9 3.35
4 0 icoM/to ~.o8 :.o8 2.os
5 0 tooM/90 2.3 2.3 ~.03
6 So!ubi)ityofAstO~in 11:0as determined 2.08

Thcsc results showcd that arsenious oxide was tess soluble in tartaric
acid sotutions than in water. In sodium tartrate solutions made acid with
tartaric acid however,the solubility was found to be more than in water and
to incrcasc with thc amount of tartaric acid added or with the hydrogcn ion

concentration of the solution. Further, on dissolving As,03 in acid sodium

tartratc solutionthc pH wasdecreased.

The only ptausiHeexplanation of this phenomenon appeared to bc the
fonnation of a complexbetween thé arsenious acid and thc undissociatcd

t

sodium tartratc. This would explain why the solubility incrcascd with in-
ercased acidity, as the amount of undissociated sodium tartrate would show

1a correspondingincreasedue to common ion effect. Further, thc fonnation
of such a complexwouldserve to remove tartrate ions front thé aotution, as
more undissociated sodium tartrate would have to be fonned in order to
tnaintain equilibriumconditions. Tartaric acid would thcn supp!y tartrate
ions to thc solution by further dissociation and the corresponding hydrogen
ionsiibcratcd woutdcausethé observed decreasein thc pH of thc solution.

Throughthe kindMS)of Mr. L.L. !<arsonofthia(tfpartmcnt.

r
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Discussion

Considérationof the abovetacts, the limitedinductionfactor of 4 as

obtainedusingchromicacidastheactor,the possibilityofthe sameinduction

factor usingpermanRanicacidinsteadof chromicacid if correctioncould

be madc for voluntaryoxidationof the tartrate in the more conccntrated

solutions,the maximuminductionfactor obtainedwith inereasingacidity

in both reactionsstudicdandthe increasedsolubilityofAs~O,in sodiumtar-

trate madeacidwithtartaric.Mid,showedthedistinctprobabilitythat the

mechanismof thé reactioninvolvedthé formationofa complexbetweenthé

inductorand acceptoras suspectedby Schilowand that the reactioncame

undercase4of the theoryaspresented. It musthoweverberecognizedthat

thé possibilityof the formationofa lowerstageof theactor, case2, basnot

beendisprovedandthat bothmayoccur stinultancouslyin the reaction.

The reactionstudiedhasnot resulted in a beautifulconfirmationof thé

the theory presentedbecauseit provedto bemuchmorecompUcatedthan

couldbeexpectedfromthedataalreadypublishedonthe subjectducto the

fact that a reactionactuallydidoccur bctwcenthe actorand thc acceptor

andin additionto that wasautocatalyticin nature. Neverthelessthe advan-

tagcof the theorybasbeenshownby the fact that it bas led to a correction

in thé inductionfactoras previouslyobtainedby Schitowand to a more

completeunderstandingoftheréactionstudiedthan couldhavebeenobtained

otherwise. The true test ofthe theorywillcomewhenscvcralinducedreac-

tionshave beenstudiedwhichpermitequilibriumconditionsto be reached

beforeanalysis,providedsuehinducedreactionsactuallydoexist.

Summary

The resultsobtainedin this investigationmaybe sutnmarizedas fol-

lows

T. Areviewofthe varioustheoriesof inducedreactionsbas beengiven.

2. Anewandbettertheoryforstudyingréactionsas developedbyPro-

fesserW. D.Hancroftbasbeenpresented.

3. Thé inducedréaction,chromicacid, arscniousacid and tartane acid

bas bccnstudied.

(a). A reactionwasfoundto occur bctweenchromicacid and tartaric

acid whichwasautocatalyticin nature.

(b). The cxtentand speedof the directoxidationof sodiumtartrate

has bccnshownto bc dépendenton temperature,time, acid concentration

andstren~thof thcoxidizingagent.

(c). The limitedinductionfactor for this reactionaftcr makingpropcr

correctionforthévoluntaryoxidationofthe tartratebythe chromicacidwas

foundto be4 insteadof :.8asdctennincdby Schilow.

(4). Themcehanismofthcabovereaction,considering4as the induction

factor, bas beenexplainedaccordingto case2 of the theory, namelythru
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the formationofC~Otas the lowerstageoftheactor. Asstatedhowever,
it tnaybeequaUyaswellexplainedaccordingto case<t,or thrutheformation

ofa complexbetweenthe inductorand acceptor.
($). Experimentson the inducedreaction,pcrmanganicacid,arsonious

acid, and tartane acid gavean inductionfactorwhichincreasedwith the

concentrationofthé tartrate andacidpresentin the solutionandwhosetrue

limitedvaluecouldnot be determinedabove3 becauseof the pronounced

voluntaryoxidationof the tartrate by thepermanganatein the morecon-

centratedsolutions.

(6). Arseniousoxidewasfoundto be moresolublein sodiumtartrate

madeacid withtartaric acidthan in waterwhichwas believedto indicate

theformationofa complexbetweenthe arseniousacidandtheundissociated
1

sodiumtartrate.
t

(7). In thefinalanalysisthemechanismofthe reactionstudiedwasbe-

tieved to involvethe formationof a complexbetween the inductorand <

acceptoralthothesimultaneousformationofa lowerstageoftheactorcould

not bc consideredas an impossibiuty.
)
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introduction to Modem Phy~M. ByF. K. N~fr. M X 18 Mo;w. + CM.

.VfM'fo~ and /~n<fon.'.Ve~~M'-N~ Compott! MM. Price: M.OO. "The purpose of

thisbook is, franhty, pedagogical. The author bas attempted <opresentMch a discuBsion

ofthe origtn, development,and présentstatue of oomtot the moreimportant concepts of

phyaies,daMt«t<a8 M!fMa. modmt, as wiUgive to thé student a correct perspective of

the growth and present trend of physicsas a whole. Such a perspectiveis a necessary

bMis-ao the author at least betievee-for a more intensive study of any of the variom

subdivisionsof the subject. WhUefor the student whose interests are culturat, or who

Mto enter any of the professionsdireetly or indirectlyrelated to physics, auch as enp.

neering,chemistry,astronomy,or matbematics,an account of modemphysies whieh gives

the on~ of current theories is likelyto be quite aa interesting and valuable as is a cate-

goricatstatement of the theoriesthenMetvee.Indeed, in <t«brMeheaof human knowledge

the "why" is an absolutely indispensableaceompanimentof thé "what." "Why?" ta thé

proverbialquestion of childhood. "Why?" inquireBthe </)OMeM/M<(1)student in cta~room

or lecture hall. "Wby?" demandsthe venerableBeientiatwhenUateninf:to an expositton

of views held by a «otteague. Aecordingty,if thia book seems to lay Mmewhftt greater

emphasison mattcM whiehare frequenttyregarded as hietoricat,or, if bere and there a

classicalexperiment M deserlbedin greater detail than ia cuatomary,it ia with a desire

to reeognisethe importanceof why," p.VU.

The Srst three chapters are devotedto a historicalsketch: eartieattunes to !S50A.D.;

the rise of the expérimentât method, tSSO-'SooA.D.; the riseof classical physios, )8oo.

tSooA.D. The fourth chapter dea!s with the eteetromagnetietheory of light, the 6fth

with some theoremaconcemingmovingcharges,and the photoelcctriceffect. After this

comesa chapter on the origin of the quantum theory, followedby cne on thé quantum

theoryof Bpecincheats. Thé remainingfivechapters are entitied: series relations in line

epeetra; the nuelear atom and the originof apectra!!mes; the arrangement of e!ectMnsin

atoms; X.rays; thé nucleus.

"If a sodiumsurface be illuminatedby a tungotenlamp, thé intenaity of illumination

beingo.t metcr-eandle, it should require severalhundred <<o~ofcontinuous illumination

beforea photoetectriccurrent starts to flow,~t<f aMMnx:

That the photoelectroncomesfrom the atom;

a. That the atom absorba from the incident light thé energy required to expel thé

electron;

3. That each atom in thé surfacelayers of thé photoactivematerial absorba only its

ownproportionatequota ofenergy-as seemsrequiredby the wavetheory of light.

But there haanever been observedany time lagbetweenthe beginningof illumination and

the stasting of the photoelcctriccurrent. Indeed,some récentmeasurements show that,

ifthere be such a time lag, it is teMthan three bittionthaofa second. Ctearty one (ormore)

ofthese three assumptionsjust stated must bewrong,since thé experimentalfacta and thé

numericaldata on thé basisof whichthé computationismadeseemto bewell founded.

"The daMicat etcptromagneOetheory oflight, therefore,not onlygivcaus no ctueM to

thé mechanismby whichphotoelectrieémissionoccurs;but, also,it seema to be in direct

connictwith weit~staHished experimentalfacts, which facts point unmistakably to some

kindof dmcontinuityor structure to what, heretofore,we havecalleda wave front.

"tf we coulddiecusathé phenomenonof interfeMnceof lightand tho déductions there-

from, both expérimentât and theoretica!,and if, with Newton, we could retum to thé

torpuseutartheory, the difficultiesraieedin theprecedingsectioncouldbe easily explained,

at least qualitatively. Thus on the corpuseulartheory, we mightregard a beam of light

Ma'rain'ofcorpusciesofenergy. Whensueh a'shower'ofttght faits onthé sodiumaur-

face,only here and there an atom is being struck hy a corpuscleat any givcn instant.

If,now,weassume (t ) that eachcorpusnle,or 'quantum' in modemterms, possessesenergy
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hf and (ï) that by someunknownprocess,a 'coHision'between a quantum and an atom

may, under suitable circumstancesHkewiscquite unknown, result in thé absorption of

thé whotequantum by tho atom and the subséquent émission of the photoctcctron with

thé initial energyhf, wecan, at once, explainwhy onlyono atom in many millions expeis

an electron in anyparticular secondand a)so,why there is no time tag in thé photooleetric

process,"p. t73.
"Thé dinn'uttimwithsucha radial theoryoflight are many. For example,ifwo regard

ti){ht,incident onto a surface,as a 'shower' of eorpust'tesor quanta of energy, what can

possibtybe the meaningof /ffgMMCt/in conuectionwith such a phenomenon? There is

nothingperiodieabout a faUingrain drop, untesswe think of a drop as in revolution about

an axis through ite penter of ~ravity aa it fatb, thc apecd of thie angular rotation detor-

mininf;thé ftfquency,and the distance fallenduring one revotution bain):a 'wave length.'

XevMthetet!!),frpquencyplaysvery fun<tan)t'ntatrole in detennitiltig tiie energyhf ofthé

quantum, It shouldbc pointed out, however,paronthetically, that wc do not mea<ure

(<<tW<<thé frequencyof a light ray. Wt*MfMMMff(t) thé velocity c of thé ti)!htand (2)

its wave tenKth~) wt <AettjK'ttw~fwt/tf)<<<j;A<« « uwe mo<foH,and then we tow~Mtfthe

frequencyf by the équation c '= \)*. H'e/t0t'c<orely o« <A<'tfat'e </tMryo/ light fo pt'ft «~

<AffMrjyyt'a<Mf/tf«/ ~HantKMt.
"And there stut remainsthf phenomenonof interférence, whieh, sioceita discovery by

Youngin t8ot, haadcnedexplanation on any other basis than by aMuminKlight to be a

wavemotion. However,thc experimental facts cf photoctcctricity are equatty as cogent

as the phenomenonof interh'rent'p,and </<t~c«f)Ho<&<'<c/~<t'M<'<<OH</«'<'Mt.-t'~o/i/tf ~re«'K<

K-m'ft/tfory of light. Here, then, Mthe mostperplexing question of modem physies, a
t

quMtionwhiehphyaicistshâve t)ecntryinf; to answer for 2'~ centuries: Is lightundutatory
:1

or corpuscutar? In spiteof the vast amount ofdata bearing on thé suhject,we, tmtay, are

apparently no moreable to give a categoricalanswer to the question than wereHuyghens

and Xewton," p. '74.
"The universally accepted scate of temperature is thé Kelvin acate. It cannot be

utili7.edf/frtd~; but is approximatcd with fumcient accuracy for experiment by a gas

thermometer(hydrogenor, forhigher températures,nitrogen). Due to obvious timitatioM,

it ia impossibleto use gas thermomcters above temperatures of t~oo" or !4oo"C. It is

thereforeimpossibleto extend thé Kelvin scate,& MteaMo/ the gas tAfrmawctfr,above this

temperature. The scverat radiation taws–Stefan's and othera–arc choc~t experi-

mentaUyup to ~oo" or t~oo'C. by use of thc gas thermometer. Bcyond these tem-

pératures. </«'~K'<</t<-M<)ftf'Marc <Mf<<<oMtaM!<<a <t'Mt~e)'«<«)-t-seule. This procédure is

perfeettytocicat,particutartyin thé case of Stefan's law,since that law itsetf is cierived by
t

useof thé Carnot's cycle,whieh forms thé basis of the Kctvin sca!c. Jn other words, ex-
r

fepting as one mcthod may be superior to another cxtMrimcntany, it shoutd bca mattcr

of inditTerence,in rcatMn)!thc Kelvin scale,whether we use a gaa thermometer (making [
correctionsfor the aetual gas useti so as to make thé measurements conform to a ~f/tct

gassfatc, whieh,in turn, is identicatwith the Kelvin scale) or whcther wc use a radiation
1:

law, such as Stefao's whieh is based upon Carnot's cyc)e, and whieh likcwise, should,
t

providea satisfactorymeansof roalixingthé Kelvin scate," p. 202.

"It is worth commentingon thé fact that Hanek's rcvotutionary assumption < ° hf

was not bascd upon lagical reasoning followingthe ordinary tincs of ctassica) physics.

truite the contrary:<Ata~MW~tWtM'a<OM<t<t<-m~,foh'ft~ <-Mt~trt<tt/,<f)&n'Hjif</teJ<'</t<c<<utM t

ftfc~M.H'MtpA~c<t<t<MA«nno))~tf'tfA f.rpfWtKtftt.And the attempt was most aetonishingly

succeisfui,"p. 240.

"Strictty S)tea)tin({,the Ângstrom Mnot detined from the moter as a prfm«~ standard

of length. ~Hchebonand Benoist in t89S and, later (too7), l'abry, l'erot and Benoist

measuredthé wavelength of thé red cadmiumiine in terms of thc standard meter. The

two mcasurementswcre almost cxactty in agreement; thé wave kn~th aceording to thé

latter measurementbeing 6438.4696Ânxstroms. Thé International Union fur Solar Me-

seareh, in toey, adopted this value of the wave length of thé red cadmium line as the

~n)Marj/standard of wavelength,on thé basisof whiehaU thé other wave tengths were to
t

c

n
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heexpressed. Formally,this amountsto a new definitionof the Ângstrom in termsof the

wavelength ofthe cadmiumlinesuchthat this wavelength is~ae;~ 6438.4696ÂngstrOtns.

Other waveJengtbsareexpreMedin termsof thé AngatrOmso defined,"p. :ao.

"Thé ciassiea)theory, however,faib eompteteiy tu aecount for thé abHormatZeeman

effeet,in spiteof thé faet that (AftxccfM«/ t<<««nca<<Afor~tn exptainingthé normalZeeman

effeetand in derivingtherefromthecornelt~uc of «/m MfsMeo/ the very~ronj)w~ff"

for //«-~M~cf <~<Acf~f~oM,"p.

"The picture of the atom and its vibrating meehanism,whichune haBin mind in con-

sideringthe etïeet of temperatureand pressureon thé width uf thé spectrum lines,ia more

or lcas (<<~K«f~<MMf<M~ofthe c<aMM<<-on<-<<e/ the eH)M<tCKe/ radiation Mt~KCtMtV

<Mtn<. IndeM),we might regardthe explanation of thèse comparative!)' minute etfectB

M<!~u)a<tn MMp/)of ~tMm<a<tAfor~. Thèseeffeetecan bcexplainedby thé quantum theory,

but the quantum theory BUf~eetsMoptcfMffof thé radiating mechanisminvolved.

"ln this chaptcr, we havepresenteda brief outline of Borneof tho expérimentâtfactB

connected with the characteriatieline apectra of thé atome and motecuies. We have

limited the diacuaNonto thé visibleand ttear.viNMeregion of thé spectrum, omitting, for

example,attréférenceto X-rayopectra,sineethé latter can best bepresentcd in connection

Mitha cottSKUtivediscuNiot)of X-rayphenomena. We have seen that the data are very

eomptex:that a given atom mayemit hundrede or even thousanda of lines, each line in-

volving a pcrfectty definite,sharplydcnned,frequency. We have seen that the relation

between thé frequeneiesof the variouslines in the spectrum of a given element are auch

as to precludethe possibilityof their ftrMngfrom a fundamentai frequeney and its over-

tones. OaNieat physicscouldpietureno atomie mechanion eomposedof electrons and

postttvecharges and capable of vibrating !n so many different modes. In characteristic

line spectra, as in temperatureradiation,thé quantum theory succeeded,when the ftamica)

theory faitett,"p. 3!8.
"tt ahouldbeemphasitedthat weshouldnot take thia pictureofthe atom withas sevcra)

electronsrevolvingin the various'priviteged'orbits tooseriousty,at )east so far as eonft'rns

the ae<Ma<pA~tMJ'makeupofan atom. The concept of orbite andof thé 'droppingof ctcc-

trons fromone orbit ta another' is of value tnrgety in heipiog us to keep in mind thé ot).

<fft't<<phenomenaand in suggestingother previouslyunknownphenomenawhich,in tum,

suggestnewexpérimenta. !t Mprobablethat thé pietureofan atomwith a ptanetary System

i))as far fromthe realarchitectureof theatom as are 'Mnesof force' fromthe actual structute

of thé magncticHe)d. Wefindthe eoMept of lines of force very uscfut in hctpin);us to

visualize certain phenomena. We compute clectromotive forces by ascertaining the

number of lineseut pcr second. Yetweknow that, physically,thero are no auch lines in a

magnt'tieMd as wefindit convenientto visuatize. Wedo know,however, that tn-M~-fft-t

any <'ancr<-<cpictureo/th <<)-MdM)-<a MMCHf~c/ifMt'Mt'oft-Mf' tho amount of which

per unit volume nt any point wcfan computc by dividing a certain quantity char-

acteristic ofthe <ieidat thé i)artieularpoint, by 8<r.

"In a similar way, thé conceptof orbits, electron transfert!,and the tikc is a very

concrèteand usefut geometricat'pieture' <ohelp us keep in mindthé various ~a<mof the

atom. But whether thé ~dMffbc corrector not, we are reasonaMysure that the CM~

associatedwith thèse variousstationar;-states is real. Sometimesit is more convcnient

to spcak in terms of orbits; at other times,thé moregénérât phrase 'energy con-esponding

to a given state' will be more appropriate. We ahoutd atways koep in mind, howewr.

that the latter phrascutogyi!)physicattyjustincd; the former isquite artinciat," p. 384.

"The Hutherford-Bohratom M<xMwas buitt eut of raw material whieh grew in thé

field of physics. Thé atom originattya chiht of Chemistry, waa soon adoptcd by

physics and bas longciaimet)this joint parentage. tn all of our théories and thcorMing.

we must not fait to distinguiahbetweenthé real a<omand the atom M<xM.Tho ultimatc

atom modet–if such perfectionbeeverreached-must explainand agrée with the facts of

chemistrv, which facts arc just as cogentas are the facts of physics. The task of con-

structing an a<ewm'xMwhichshalldo all the things that atoMMare made to do by both
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chemists and physicista was (and is!) gigantic. A model, built and trained to aet as

marionettefora physieist, couldnot be expectedto performweUfor the chemist.

"Out of the material furnished by chemistry have been built various atom models,

which,in the main, go by the generie name of otah'catom modela,as contrasted with a

model of the Ruthcrford-Bohr type, which Ma (~Htt~'c model. Tho origin of the two

tenns il significant. The dynamicmodel bas been construeted by the physit'ist largely

ffmt informationacquired in watehingatoma in actionor, at teaat, in watcMnf!thé résulta

of their activity, sueh as the émissionof radiation, charaeteristic or Mack body, or the

scatteringof « particles, and the like. tt ia natural, therefore, that the physicist should

picture an atom as full of mof'tn~mechanisms. His one statie atom, thé Thornsonmodel,

provedinadequate. Thé chemist,on the other hand, is Bomewhatmoreconcerned with thé

atom at relit. He weighsit in findingwhat combinatioMit makes with other atoms; he

observesit apparently at mat in crystats, except for possiblethermal agitation; he thinka

of it as occupyinga definite positionas one of the constituent atoms oî various complex

mutecuies,beingheld in placeby certain interatomic forces,perhapsof eleetrostatic origin.°

It wasdifticuttto aeehowa thing so full of whirting~eehanisms M thé physicist pietured
t.h

the atom to be could keep as quiet as thé ehemist found it whenAetookedat it. Hence,

the statie atom," p. 412. ïe
"There haa been much criticismof the 'statie' atom model. Thus, ono eminent writer

us

states: "tt is true that if thé elevent~ostutates,on whieh Langmuir'etheory Mfounded,
nr

are granted, and a certain freedomof interprétation be atlowed,a great body of chemicat
°

observationis covered by this theory, but it must be observed that the postulates have

very much<K<Aoecharacter, often paying little attention to any estaMishedlaws of eleetro- (

magnetiNn." As if Bohr's postulatesor Planck's quantum hypothesispaid any attention o

to the 'previouslyestablished laws of electromagnetism'! It Mthe essenceof thé whole ai

quantum theory that ad Aocassumptions are made, ad libilum, where sueh assumptioM

servea usefuipurpose. Of course,the fewersuchassumptionsthe better. But, logically,

wemayas wellmtke a doxenassumptions contraveningctaesicattheory, as one. If atom

modeisgrowingout of the conceptof thé orbital motions of electrons, i.e., the so-called

'dynamic' atom models, hait been more successfuïthan statie atom modela, it ia because

the former have been more prolifiein explainingand interpreting physical phenomena,

rather than because of any supcriority in fundamental tenets. The gréât number of

?naM<!<<wdeduetions from statie atom models,deductions in agreement with chemieally

observedtacta, is very suggestive. But the tONtpH<aMon<~tptctrat /)'<'9«fHCtM,epett/o)' one

atem,/rom /Mn</<tmeM<«~eon<<«K<<;«/ tta<Mre« a 9«<!M<<<a<<feocMM'e<M<M<<Aa<« aK but con-

MM<tK!)t,"p. 4!6.
"At the beginningof the century, there wasa vague impressionthat thé atom consista t

of electrical charges. We )taw that Thomson's picture gave way, before experimentel
a

évidence,to the Kutherford.Bohr type of atom in which the nud~Mawas thought of as a

/MtK<charge, just as thé atom itsetf in the early chemicat théories played the part of a

point mass. Xow, thé nucleusitsetf succumbs <oanalysis, protons and eleetrons playing

the part of potH<charges in the proposed structure. Will these, in their tum, yield to

analysisand beassigned a structure? Or have wereachedthe end of the séries? "<

"Phyacs of today scems quite secure, in spite of the ehasm between ctassicat theory

and quantum theory, but perhapssome day someCopemieus will appear who will com- [a

pletely overturn our present exceedingtycomplexstructure of physical theoriea and con-

ceptsand showuaa beautiM simpticityin the tawsof nature. Mphysiescontinues to grow

at the presentgeometricaUyincreasingrate, thé physicist of a half-century hence will wel-

comesuch a revolution with openarms," p. s&t.
Wilder D. Banot~

The GeneralPropefttea of Matter. By F. ~Ve«'Ma<t<)«<<Y. M. L. Searle. X

cm; pp. 888. yeto t'ort.' T/)e~eeMMMoMC<Mtp<M~,~MC. Pnee: M.M. In the preface

the authors say: "The present book, which Mintended primarily for thé physicist, em-

bodies the rcsults of much practical experience in thé tcaehing of physics, and it is an

'n
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attempt to present a fairlycompleteeurveyof the fundamental propertiea of matter, with

the epeeiataim of developingthose branchesof the aubject, suchaa eurfaee tension,osmosis,

and viacoBitywhich verjjetowarda ehemietry,and hydrodynamica and vibrations which

aM of importance and Interest more partioutarty to the mathematieian and engineer.

By this development, and throughout the book, the aim hMbeen to emphase the essential

unit of acientitie knowledge,"p. s. -t n~
The chaptera are entitted: general principles; accderatMn of gravity; gravitation;

gyroscopic motion: etaaticity; surface tension: viacoBity:the kinetictheory of matter;

J~uner'e theorem ONnoMand dMTuMon;dynamicalbaai~-indudmK vtbrattone:equations

of motion: wave motionin liquida;unité and dimensions.

Newton'a law of gravitation "haa been regarded aa the most perfect generahMtMnof

experiencein the wholeof Phyaica,because,on thé one hand, ita range iBao wideand, on

theother, there ia sueh a vast amount of confirmatory evidenee-the dtvergeneeB,indeed,

being M few that until recently it waa thought that they were due to undiseoveredper-

turbing influencesrather than t<.a wantof exaetnesain the law. It ie nowreaiMed,however,

that serlous objectioMmaybe raiaed to the aboveenunciationas a completedescriptionof

gravitational force, although theM cannot, of course, destroy the harmony betweenthe

cverwhelming majority of expérimentai facts and thé predtctioM armng from the New-

tonian formula. Weahaii iaterdiMus the évidencein ftvour of this lawand reviewbneHy

the<'oMdeMtioMforth<.modemviewintraducedbyEiMtein."p.S9.

"Betore the outatandingdi~repancim are diMuaaed.however, there are twodifficulties

inherent in Newton'a enunelationwhichare the chief reaeoM for cnticNm. ht the first

place,the maaa of a bodyvarieswith it. velocityand weare ieft in considerabledoubt as to

what value ia the correct one for insertion in the fonnuta. Secondly, distance Mnot as

fundamentaUy simpleaa it appears to be..inM thé me~urement a~igned to a distance

dependa upon the eirounMtanceBof the observermaking the measurement. !t Mnot in-

tendedhere t. presenta fulldescriptionof Einstein'arelativity theory: but refereneeto the

Micheison-MortevexperimentwiUindicatethat the numericalvalue aaagned to the distance

between two points variesaccordingto the system of spaeeco-ordinates chosen,i.e. to the

observer makingthe experiment. The negative~uttofthisexperhnentmusuattyex~ned

by the Fittgeraid contractionofbodiesin their line of motion. hère )Bthereforea similar

ambiguity about the remainingterm in thé ~vtonian Law. These two difforencesare,

ofcourse amall; but it wasby taking them into account--an incidental consequenceof the

theory of reiativity-that the outstanding deviations fromthe Newtonian Law were ex.

plained.
"Thetwo main diffetencesbetween the pMdiotionsof the Newtonian and Ematein

Laws of Gravitation refer to the motion of the periheiionof Mercury and thé bonding of

a my of light passingcloseto the sun.

"T he differential equation to an orhit under the Einstein law M:

~"+u-L +3a,
d~" h'u'

where r '/u is the radius veetor, 8 thé other polar eo~rdinate referred to an origin

at the centre of forcea the aecelerationtowards the centre,and h ia twice the value of the

constant areal velocity of the radius veetor. Thia diners from the equation "nderthe

Newtonian Law by the term 3a whichmeasuredthé motionof the perihehon-or orbital

point nearest to thé sun-and gives the same value as that observed and whichwas pre-

viously unaecounted for.

~'° "~ray~~ haa~mass whichis appréciableby roaaonof its gréât velocity,and thus

ehouldbe deHecte-iwhenmovingin a strong gravitational field. The détections, and thus

the apparent shift of the light source,may be eaJcutatedaccording to both !aws. There N,

at present. no possibilityof making a test of thia effeeton a terrestr.at Maieowingto thé

extremely minute lateral dispia~ment in a moderatcty long ray path; but conditions are

favourable during a total solar eelipsewhen stara may be aeen in a direction ciMeto the

edge of thé aun. !n these cireumatanceathé apparent disptacement is of thé order of one
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second of arc wh!ch,with a longfocal length teleseope,Moasilymeasured withaeeuracy.
Kinstein's theory predicts a movementdouble that given by Kewtan's Law,and experi-
ment hasshownagain in thb case that the former Mverifiedas aceurately as experimental
errora permit," p. 76.

Gyfoseopiemotion Mditcussedwithout any referenceto Sperry, whosenamemightat

least havecornein under applications. !nstead, the authors say, p. 98: "Thesingletractt

train, or mono-rail,of BrennaniBstaMised by gyrostats, whitea Rimilarusa to stabilise

veMeiswassuggestedby ScMiek."

The authorseonsiderthat Jaejter'sSMondmethod whenusedwith the equationgivenby

Schrodingerand by VerN'haffettMprohablythé most accurate one for determininfcsurface

tensions, p. )S7. Since thé authorswbh to use the Gibbs equation for the changeof con-

centration in the surface filmof a solution, they introduee the phase rule in the midatof

thé chapter on surface tendon, p. 176,where it certainly does not belong,and without

stating that the equation forthé dejpfeeaof freedom doesnot apply in caseswhereaurface

tension phenomenaare important. Hardy'swork on lubricationis apparently not brought

beyond tQ:o,p. :t8.
The authori)make no distinction,p. t~, between ultra-filtereand semipenneabiemem-

branes. They are a little vagueas to whatwas done by Pfofîerand what by van't Hofï,

p. 975. They evidently haw no idea what the exact equation for the onnoticpressureis,

p. ~70. On theeamepage, p.ï75,theyhaveV thé votumeofasotution containinffoneKram.
molecule[o[the Botute?)and thé molecularvolume of the sotvent under standardpremure
conditions. Both statementt cannot be right and, actually, neither is. It wouldeimptity
matters if physiciatswho writeon topies in phyaicat chemistry,would readup the subject.

Wilder D. BoH<<

PhotethMaiMheVeKucMetmtk. Bj/y.Ho(M<A'oM'e<'ot)<<eMh~<< MX/7

cm; pp. m-t + ~7. ~tyx<~ ~odcKMxeA~Vf)-<a~(rMfM<cAa/<,~&M. ~M: .? marks;
touH<<~.<Mwarb. Some tableshave heenadded and Mmenewpièces ofapparatushave

been described;but otherwiaethe éditionhas not been changedmuch. Acompleterevision
is promitiedfor the third edition;but no date ? set. Thé subject ia pmented under five

heads: sourcesoflight; thermostatsfor photocbemiealwork;opticalmeasuring instruments;

photoehcmicatlecture ocpentnents; photochemical tables.

On page 230 the author rnys: "Ail photochemical reactions conform to three funda*

mentaltawtt. The first is that only thèse rays which are absorbed by the substancein

question can produce chemicalaction. The converse of this is not true, that every ray
which is absorbedmttst camx'chemiealaction. The second fundamentai taw is that thé

rate of a photochemicalreaftionchanges proportionally to the absorbed quantity of light
and not to thé intensity of thelight. Accordingto the third law thé light reaotionsdiffer

essentiallyin their mechanismfrom the ordinary dark reaetionsand the propertiesof the

photocatatytioreaetions are the sum ofthe dark and the light réactions."

This paragraph will have to be changeda good deal in the next edition. Thereis no

referenfe to depotarizers, in spito of thé fact that Grotthuss fonnulated the theory of

them over a century ago. 11)0universal applicability of thé second law is opento ques-
tion. Sincethe action of lighton a mixtureof carbon monoxideand chlorineis the same

in principteas the catalytic actionof charcoalor the thermal effect of a tempetatureMe,
the wordingof the third iaw shoutdbe revised. There is nothing said at ait as to thé pos-

aibilit.y nf différent wavc-tenftthsproducing different chemicat reactions with any one

organie compound.

Accorfiinj;to thé data of Berthelot and Gaudechon, p. 25), uttr&viotetlight converts

acetatdehyde very largely intoethane, hydrogen, and carbon monoxide instead of into

méthane and carbon monoxideas one mighthave expecteci.
'Theauthor claims, p. 258,to be thé first to have illuminatedan audience withstrong

ultra-violetlight (t9t6~; but thepublic iectuteaof K. W. Woodgoback of that.

Wilder D. Bn))<f<~<
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Au tntMducttea ? Modem Ofganic Chemistry. L. A. Ce«<. M X M cm; pp.

~f+~. ~«<<w;J~opm<nn,Crf<Tt<m<<Ce.e~. P~M:7<M«tH~,Npenef. This book

is intended to ho a text-book,both theoretlcaland practical, for use in the upper fonoa of

sehoois. ttfaUainto four seetions. Thé firstispartty experimental,deatingwith aleoho!

and aceticacid, and is partlydevotedto the fundamentalideas and metbode. Thé second

and third are generalaccountwof thé more uauat aiiphatie and aromatie compoundsre-

speetivety: thé descriptivematter Minterspersedthroughout with preparations. Fiaaiiy

the last chapter Is a very compressedhistory of organiochemistry.

SomewiDthink thé bookweUadapted to ita purpose; others, ineludingthe reviewer,

are ot the opinion that largemassesof organie ehenustryshouldnot be taught :n sehools,

and thls bookcertaintygoesfairlyfar; the iMmetiNaof the oximesand the syntheaie of

atitarin and indigoappear. This ia not thé place fora diaoMsionof policy; the matter M

best left by saylng that thé bookMof the type in whicha large number ofcompoundsare

discussedvery shortly.
Thé fust part of the book!e thé best. 1t h originalin its method of approachingthe

subject and has beenwrittenwith care. The historiealchapter at the end is a vaUantat-

tempt to achievethe impoMiMe,forwithout widereadingand deepthinking it will always

be impossiblefor a student broughtup with clear ideasabout atomicweightsand valency

to eaetaUthat out ofhismindand to appreciate thé etherintheory and the theory of types.

The main part of the book,a short ayoteinatieaecount of organieacompunds catb for

little comment. The reviewerMpuziitedas to the word "Modem" m the title. Thé ac-

count followathe ordinaryehannelsand where récent work might well be mentioned,

nothingMsaid. Thé author shouldrevise his sectionon thé oximesof benzaldehyde;the

facts are untrue as he statM them, and the vandity of thé HantiMeh-Wemermethod of

establiahingtheir configurations,whiehhe describesas obvions, bas been in serious doubt,

to put it miidty,for the tast eightyeaM. ln thé diMmsionofacetoaceticesteraomemention

of Knorr's simpleexperimenta(t9t!) would bc of muchgreater value than the account of

Claisen'ssomewhatdoubtfultheory as to ita formation. As a Bnaiexample, the author,

Mtowingtradition, eottlesthe configurationsof maieicand fumaricacide by an appeal to

their oxidation to thé tartaric aeids,an argument whiehmakes the reviewer's blood boi);

for tranMtddition<oa doublebond isat least as commonas ciB-addition,and one doesnot

knowwhiehone basgot until the connguratioMare known,so that the argument is a very

poorway of arrivingat the non-configurations.A phrasewhiehneeds modificationis thé

définitionof an electrolyteas a substance "whieh in solution renders the solvent capable

of conductingelectricity."
The preparationsgivenia the bookare, on the whole,very weUdonc.

T. W.J. T'o~

Photo-electricPhenomeM. By Ben~a~ Gudden. X J~ cm;pp. iz + B<fKt<

Juh'u< .S~ncer, M.?S. fnct; <HOf~;tmtKdi?J..?0M<t)- Thpbook ianot intended to

be a text.book for thé studentofphoto-etectricphenomena. It is essentiattya record ofex-

perimentalwork, and little tpace is given to theon-ticatconsiderations. This book divides

itself naturaUy into two parts, the Brntpart, consistingof thé first nine chapters, dealing

with variousaspectsofthe true photo~tectric effect,i.e. the completeejection of electrons

from matter by radiation, oftenknown as thc 'externat' photo-electrieeffectby German

writera. In this part ofthé bookmuchground is coveredand a speciatchapter ia inctuded

dealingwith the applicationof thé efTect<othe meMurcmentof light intensity by photo-

electric cctts. tn thé secondpart–thé remainingseven chapters–the author M mainly

concemedwith the'internal' photo-electrieeffect, ie., the changesin conduetivity whieh

occur on illumination,due Maomekind of 'loosening'of the eteetronswithout their eom-

plete ejection. A largepart of the author's wellknownwork on this photoclectric conduf-

tivity eneet in varioascrysttb ishorediacussed,anda specialchapter is devoted to the case

ofséléniumand the tX'h'niumce)). Over 600référencesare given,coveringthé period from

t9<4 to t9t8. The book is a most valuablo one and contains a considerableamount of

informationnot givenin the standard textbookson 'Photo-etectricity'. C. 7'ey
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BandenspektMund Ihre BedeutonjtfUrdie Chemie. B~ ?. Mee<te. M X MtM; pp.

B<r~G<&)~S<M~<wcef,~8. Pr<ce.-7.eCmorA-<.IntMaUttIemonottraphofS?

pages Dr. Meekebas brought together a lot of very useM information about a rapidly

developingaubject. By his own Ksearehesin the field of band apeotra Dr. Meekela well

qualifiedfor his task, and the arrangement and présentation of the data are attmotively

made. The bookdoeanot includeanyadvanced mathemaHeal treatment but KtvMa eteaT

and BtraiKhtforwardaccountwhichmaybe easily foUowedby anyone havingnoapeeiatized

knowledgeof the subject. SucceMtveparts of thé book deal with the theory of band

ttpeetmand the structure of ba~da,and these are foUowedby an account of thé application

ofthe knowledgeof bandapectra to the relevant proMenMofphyoieaand chemistry.Among

the latter maybemenUonedchemicalvalence,energyof moleculardissociation,the chemical

constant, botopy, and the specinoheataof gases. Within the allotted epace the author

has compressedan excellentaecount of the type of work which bas been donein thèse

variousdepartmentsof thé aubject. The mono~raph of couMOdoea not set eut to present

a detailed recordof aUthiswork whichwould indeed requite many volumes. In ite seope

and treatment it ia atso very ditterent from the Report on Motecutar Spectra in Gases.

This renders it the more valuablo. We belleve this little book wiU prove veryvaluablo

to thoae whoseknowledgeof the subject is etemeotary, and who desire an acquaintance

with its devetopmentaand its important applications. Research workem and otherswill

atoofind hère severalusefuttables of moteeutarconstanta.
?. C. Johnson

Probabilttyand its EngineeringUses. By yAorntM C. X M cm; M'f+ ~70

Netoyoft; D. Van NoittntxdCompany,M%8. PWee;<7~0. This book covetstheground

of a course of lectures deUveredat the Massachusetts Institute of Technology. Thé

ehapteraare entitted: introduction;permutations and combinations; elementaryprinciples

of thé theory of probabiuty; probabilityand experunent–BernouUt's theorem;probability

and experiment-Bayes* thecrem; distribution funetions and cont:nuous variables;aver-

ages; the distribution funetions most frequently used in engineering; curve nttmg; the

theory of probability as applied to probleme of congestion; fluctuation phenomenain

physies.
The reviewer'atraining has been unfortunately so limitedthat thé only portionof the

bookwhichappealedatronglyto himwasthe opening quotation: "Coincidenees,ingeneral,

are great atumbung-bloekstn the wayof that elass of thinkers who have beeneducatedto

knownothing ofthe theory of probabijities:that theory to whiehthe mostgloriousobjecta

of human researehare indebted for themost gtorious of illustratiun."
~Hfr D. Bancroft

ERRATA

In the paper on the "Flow ofClayFastes through Xarrow Tubes" by G. W. ScottBlair

and E. M. Crowther: J. Phys. Chem.,33, 33t ('9=9). the Miowing;correetioMshouldbe

made:-
P. ~7 lino 14,"a constant (a)" shouldread "a constant (X);"

P. 3::8Table III, the headingofthé fourth column shoutdread "c(cmHg)

P. 330Unet4, the secondterm ofthe equation should read "+wR'<~(P-a)."
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INDUCED MEACTÏON8 AND THE HIGHKR OXtDHS OF IHON

DY DANFORTH N. HALE

Introductory

The inducedreactionsin whichferrousironis the inductorhavecaused

much potheramonginvestigatorseversince1858,whenSohënbein'found

that bloodcorpuselesandferroussaltsacccleratethe decolorizationof indigo

blueby hydrogenperoxide.In thc attemptto accountfor thesereactions,

no fewerthan elevenintermediatecompoundsand radicalseontainingiron

have beenpostulated,depcndhigon theoxidizingagentand thé acidityof

the solution. Afewofthesehavesimilarempiricalformulae,buta!!aredif-

ferentin theirassumedstructure. Thetwoclassificationsproposed-theone

by Schilow(iços) basedon specificityof reagentand the otherby MiUcr

(igo7)basedon effectof reagenton reactionvelocity-are unsatisfactory,

and seemto havenopragmaticvalue. Asidefromitapurelyintrinsicinter-

est, the problemis importantas bearingon suchquestionsas the passivity

of iron, the anomalousbreakin potentiometriotitration eurvcsinvolving

ferrousiron andan oxidixingagent,andoxidationinbiologicalchemistry.

Thepurposeof theresearchwithwhichthis thesisdealsis to investigatc

the more probableof the postulatedintermediatecompounds,to sift the

evidencefor these,and if possibleto developa mechanismfor the reaction

whichwillexplaintheobservedphenomena.

Perhapsthe classieexampleof an inducedreactionis the oxidationofan

arsenitesolutionby meansofair in thepresenceofsodiumsulphite. Fried-

hch MohrcaUcdattentiontothisarsenitereactionin 1855,butto thisdayits

mechanismisobscure.Asthisis the inducedreactionmostoftenreferredto,

and one that has thé dignityofage,it maywellservehereto illustratethe

significanceofthe term. Spcakingofthestabilityofan alkalinetenth-normal

arsenitesolutionincontactwithair, Mohr~said:

"Whensodiumarscniteisallowedto stand in an openvessetwitha little

sodiumsulphiteadded,it is not longbeforearsenicacidis a!sofoundin the

solution. Whiiethe sodiumsulphiteis undergoingoxidationthe arsenious

acid is infectedwiththe oxidationprocess.1 placcdin a nasksomeofthe

solutionthat 1hadalreadykcpt tenmonthswithoutchangeinstrength,and

droppeda singlecrystalof sodiumsulphitetherein. Aftertwoweeksthe

solutiongavea red-brownprecipitatewitha silversolution,andwith mag-

nesiummixturegavein largeamountsthe characteristic,coarsety-grained,

crystalline precipitateof magnésium-ammoniumarsenate." It will be

rcmemberedthat sodiumsulphitesolutinnis rapidlyoxidizedto sulphateif

allowedto standin contactwithair.

The tworeactionsmaybewrittenseparatelythus:

0, + 2Na<80t = 2Nat80<

0<+ zNatAsO, ?NatAsO<
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wherethcfirstis the rapidreactionand thé secondis the reactionwhichap-

parentlydoesnot occurspontancouslyat all, but which occursreadily

enoughiftheother reactionis takingplacein the samesolution.

F. Kess!p!in t8&3dcvelopedthe terminologywhichwillbcusedin the

wquet:Thérapidreaction,thé oxidationof the sutphiteis the ~<M«<reac-

lion;thé slowor nHreaction,theoxidationof thé arsenite.Mthésecondary

rf<!c<«M,whiehis said to be inducedby the occurrenceof thé formerin thé

samesolution.Theoxygcn,logicallyenoug!),iMthé actor;thearseniteis the

f«'c~<or;and thé sulphite,the actual aocpk'ratingagent, is the <'M~«e(o<

Theproportionin whichthe actordividesitsetfbetweenthc acceptorandthe

inductorMcalledthe t'H~«c~'<wfactor,thé relativeamountsbcingmeasured

not in grammotecutesbut in graméquivalents.
Thestoryof the reactionsinducedby ferrousironis but a chapterin thé

historyo{thé inducedreaction,which,first recognizedabout tS; has bcen

the subjectof muchinvestigationand of varioustheoriesand attemptsat

ctassincatiou,re8uttinf;,howcver,inso8maUa bodyof definiteknowledgeand

proventheorythat theterm is rnrelyfoundto-dayin the indicesofchemistry

textbookf.Inducedreactionshavebeen likewisedesignatedas "coupled"

(W. Ostwald)'and "sympathctic"(J. W. MeUor)1reactions;but thèse

termsarequiteas raretytnet with. Wagner'oattsthe phenonienon"pseudo-

catalysis." Dhar's translation'of Ostwatd'stenu 'H"catalysisby trans-

vection."
C. F.Mtônbein"'wasprobablythe firstexperimenterto speculatcon the

actualmechanismof inducedreactions. In 1858he showedthat ozoneis

formedwhenphosphorusis oxidizedby oxygen,and that whenbenzaldehyde

or turpentincis oxidized,indigoin the samesolutioniasimultaneouslyoxi-

dizedto eolorlessisatin. He demonstratedthat the oxygenwhichis con-

sumedis dividedequallybetweenthe two substancesoxidized,andthis has

beenverifiedby van't Hoff", Jorissen",Engter~,and others for several

organicand inorganicsubstances. Schonbein'sexplanation"(tSôo) was

that duringthe oxidationan oxygenmoleculebreaksup into twoatomsof

oppositecharges,and that thesenaturallywouldtend to oxidixedifferent

substances.

Engler"ealls this phenomenon"autoxidation"or "auto-oxidation''–

aetuaUya misnomcr,sinee,althoughthe reactionis an oxidation,neitherof

thc substancesoxidizedhas the powerof oxidizingitself as, for instance,

potassiumhydrochloritehas. Theterms,however,are in thé literatureand

thédictionaries,andmustbercckonedwith. Atany rate the phenomenonM

an inducedreaction. In the phosphorusexperimentthe oxidationof the

phosphontsis rapid the oxidationof gaseousoxygento ozoneiarelatively

cxtrentelysloworni!,but is greatlyaceeleratedwhilethe phosphorusoxida-

tion is inprogress.
Morit]!Traube" in tSSz expresseddisagreementwith the positiveand

négativeoxygenatom theory. He showedthat many oxidations,if oc-

curringin thepresenceof water,induccthe formationof hydrogenperoxidc

msmanquantities. Aninstanceof this is the Mactionof zincandoxygen,
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in which,by Kess!er'snomenclature,the aotualoxidationof the zincmaybe

calledthe primaryreaction.Thea zincis thé inductorand wateris thé ac.

ceptorof thé inducedreaction.Traubesuggeststhat molecularoxygenadds

itselfto théhydrogenofa watermolecule,forcingout theoxygonatom, which

then combineswiththé zinc. If this is the correctexplanation,then the

oxygenfirstuniteswiththeaccepter.

!n 1897A. Bach"andin 1902WilhelmManchot"statod thé viewthat

the substanceundergoingrapid oxidation,thé inductornow, unites with

oxygento forma peroxide.It is this theory,particularlyforthoseréactions

in whichferrousironservesas inductor,whiehbas receivedmostattention

and whichis supported,forcertaincases,in the presentthesis. Manchot,

of a!!the manyinvestigatorsin this field,has probablydoncthe soundest.

practicaland theoretical,work on inducedreactions. The reactions he

xtudiedand thocompoundshe postulatedhave servedas the basis for a

numberof researches,includingthis one. Hisfirstpaper*'appearedin tSoo;

bis Jatest"in 1927.

R. LutherandN. Schibw~in 1903developeda generalclassificationof

inducedreactionswhichwasbasedon the specificactionof inductor,actor,

acceptor,andcombinationsofanytwo. Thusthe indueedreactioninvolving

ferrousiron cornesunderClassA–inductor speciBc–forif suitableother

compoundsareusedfor theactorand accepterthe reactionis still induced,

but if anothermetalis usedin placeof iron thé reactionwillprobablynot

goat aU. Thissystemgavesixctasses,but it is veryone-sided,for all reac-

tions tnvotvingferrousimnas the inductorcorneunderClassA, and the

eightknownreactionsin whichsulphar dioxideis inductorare distributed

amongthe otherfiveclasses. This is not neoessantyan objectionto the

classification.becausethereactionsmightperhapsbe distributedthat way.

Therealobjectionis that Luther'sclassificationis quitearbitrary.

W.LashMi)!er"ofTorontowrotein ~07 a paperwhichwasthé culmina-

tion of severalinvestigatioascarriedon underbis directionon the subject

of reactionvelocityin oxidation.reductionprocesses. Theseare published

in the JournalofPhysicalChemistrybeginningin tço~. He himselfputs

forwardno theory;but, in an early paperby MissClara Benson,~a com-

licatedtheoryforthé ironreactionwasadvancedwhichinvo!vesthe assump-

tion of a "fermiodion,"FeI+,a devicewhiehservesto accountfor certain

peeuUareffectsoccurringin thé reactionvdocities. The essenceof her find-

ingsis that in theabsenceof iodidesthe rate of oxidationof ferrousironby

chromioacid!6proportionalto the squareoftheacidconcentrationand to the

squareof the ferroussattconcentration,whereasin the présenceof iodides

this rate ofoxidationis proportionalto the third or fourthpowerof the acid

concentration,and to the first powerof the ferroussait concentration.

Thisrcsuttseemsto throwdoubton Manchot'sprimaryreaction,the oxida-

tion of ferrousironto a peroxide,sincethisprimaryreactionought to take

placein the samemannerwhetheriodideis presentor not. By assuming

the temporaryexistenceof the ferroiodion,the changein velocitywhen
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iodideis added becomesplausible,but MissBenson doesnot attempt to

explainthe particularexponentsthat she found. Thèsereactionvelocity
tnetMurementswillbe mentionedagainInter.

MiHprclassinedinducedreactionsusingasabasistheeffectofthereactants
on the reactionvelocities. In Class 1 the presenceand concentrationof

accepterhasno cncct on therate at whichthe inductoris actedupon. tn
ClassII the rate of changeof thé actor is independentof thé presenceand
concentrationof the acceptor;and in Class III the additionof accepter
changesthe cnect of the reagentson the rate at whichthe inductoris de-

stroyed.
8otnctime in 1023,WilderD. Bancroft"outlineda classificationof in.

ducedreactionsbasedonthepossiblemechanismsthroughwhichtheymight
occur. Thisseemedmoretogicalthan a classiSoationfoundedon arbitrary
propertiesof the réactionsor on reactionvelocity. To quote his words:

"Let A be an oxidizingagent (actor), whichwillnot react witha reducing
agentC (accepter),but whichreacts witha reducingagentB (inductor)and
withC in presenceof H." Five types of inducedreactionsmaythenbe dis-

tinguished
B maycatalyzethereactionbetweenAand C.
C mayreactwitha lowstage ofA.

3. C mayreactwitha highstage ofB.

4. B andC mayfonna complex.
S. Combinationsof theabove mayoccur.

It shouldbenotedthat twovarietiesofcatalysisare admittedto thec!ass
of inducedreactionsby this classification. The inductor is not usuallya

catalyst,forit disobcysoneofthe criteria:nopermanentchemicaltransforma-
tion. The first type of inducedreactions,however,are thosein whichthe
inductoracts ina truly catalyticmannerin bringingabouta reactionbetween
aetorand accepter,but in whicha moleculeofinductor,havingcatalyzedthe
réactionof any actorand acceptorin its sphereof influence,is transfonned

by the actorintoa substancenot posscssingthécatalyticactivity.
A secondfonnof catalysisbclongsunder Type thrcc. Asan exampleof

this,furfuratis not oxidizedin thé presenceofsodiumchlorateatone,but is

rapidlyoxidizedifa little vanadiumpentoxideisadded.6 Vanadiumpentox-
ide atoneoxidizesfurfuratand shows the followingchangesof color:VtOt

(yellow),V:0<(blue),V~Ot(green),whichare immediatc!yreversedwhena

crystalof chlorateis added. Assumingthe useof an excessof chlorate,the

pentoxideisa catalystand itobcys the criterionofnot undergoingpermanent
change. Yet thé reactionis an inducedreaction, for the slowfurfural-
chloratereactionisacccteratcdin the presenceof the rapidfurfural-pentoxide
reaction.

In the chapteron PhysicalChemistry in the Golden JubileeNumber

(t026) of the Journal of thé AmericanChemicalSocicty,Bancroftsays:
"At the TorontoLaboratory,under the directionof LashMiller,workwas
doncfor severalyears on reactionvelocityin Systemscontainingoxidizing
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and reducingagents and on systemsinvolvingcoupledréactions. MiUer

showcdtheinadeauacvofLuther'sclassificationofcoupledreactions,without
and reducingagents and on Systemsinvolvingcoupledréactions. MiUer

showedtheinadequacyofLuther'sctassincationofcoupledreactions,without

beingable,however,to substltutea clearand workablectassinoationofhis

own. This particularproMemis onewhichwillbe sotvcdlongbeforethe

Centenniatcélébration."
At BakerLaboratorya start towardthe study of inducedreactionswas

madein 1927whenW. Vannoysubmitted thé réaction,chromicaeid.

tartaricacid inducedby arseniousacid,to an investigationand foundthat

the limitinginductionfactor (correctionbeing made for extnmcousin-

nuenoes)hadnot bcencarcfullydeterminedby previousworkers,andfound

alsothat the réactionis mostprobablya memberof Type 4 ofBancroft's

classification,a cotnptcxbeingformedbetweeninductorandaccepter.~
Asa phenomenonrelatedto the inducedrcaction,it may be mentioned

that the passivityof ironinthe presenceof strongoxidizingagentsbas long

beenthoughtto be causedbya thin filmof adsorbedhigheroxide. In !79o

JantesKeir"wrote:"I put sorncpiecesof c!eanfreshironwire intoa con-

centratedandredfutningnitrousacid. No apparentactionensued;but the

ironwasfoundto bealtered that is, it was renderedincapableof being

attackedcitherby a pMogisticatedsolutionof silveror by dephloglsticated
nitrousacid. Thealterationthusproducedonthe ironisverysuperficial.
Theleastrubbingexposessomeof thefreshironbeneaththesurface,andthus

subjectsit to the actionof the acid." Faraday" in 1836expressedmore

definitelytheviewthat thepassivityis causedbya filmof oxide. Bennett

and Burnbam"in t?!? concludedthat adsorbedhigheroxidefilmswere

formedon passivatedchromium,iron,and lead. "Passivityin all casesis

the coatingof themetal,byadsorption,witha filmofa higheroxidewhich,

bcingmorenoblethan themetal,protectsit fromtheactionof thesolution."

Theywereabletoshowthat iron dippcdin a perferratesotution(ironignited

withpotassiumnitrate) becamepassive.
U. R. Evans"'has quitelately isolatedthe filmandcaMsit ferrieoxide,

but hehasnojustificationfor this. The filmproducingpassivitymustbe a

filmstabilizedby adsorption,as Bennettand Bumhamshowed,and sucha

filmcanhardlyexistby itsetfwhcntheactualsurfaceuponwhichtheadsorp-

tion occursis removed. Evans' proofia that thé filmyieldsa bluecolor

withferrocyanide,but if his filinwerea higheroxideit wouldgivethe test

for ferrieiron,sineeferrooyanidcwouldreduceit to the ferrie state. Asa

matterof fact the filmwillchangeto ferrieoxideas soonas the substrateis

rcmoved. FreundUch,Patschcke,and Zocher"havesucceededin precipi-

tatingan exceedinglythin iron mirroron glass,and they observethat the

opticalpropertiesof this filmchangeoncontactwithair. It maybepossible
to showthat this changein opticalpropertiesdocsnot correspondto the

changein opticalpropertieswheniron is oxidizedto the ferriestate, and

thus toprovethat a higheroxideisformed.

H.S. Hedges*has discovereda propcrtyof passiveiron whiehis alsoa

propertyof ferrieoxide,indicatingthat the two may bc identical. When

passiveiron is heated in solutionsof nitric acid rangingin concentration
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from90%to too%(densityt.4:) the firstyellowingof théliquiddueto the

solutionof thé ironocoursat a temperatureof 74.5"to 7;.o"; and ignited
ferrieoxidestartsto dissolvein 100%nitrleacid at 7s")andin 00%acidat

~7 y". However,thereareso manypropertiesof thepassiveironfilmnot

shownby ferrieoxide,that these experimentscan not offera proofof the

identityof thesetwosubstances,but merelyindicatethevaguenesswhiehis

foundthroughoutourmeagerknowledgeof this phenomenon.
In theelectrometriotitrationofdiohromatewithferrousiron,theoxidizing

potentialunexpectedlynrst rises,and then drops suddenlywhonnearlythe

équivalentamountofferroussalt has been added. Thisrise of potential
becomesintelligibleon assumingthe intermediateformationof a higher
oxideofironhavinga potentialabovethat of the dichromate.G.S. Forbes

and E. P. Barttett"in 19136rst noticedthe phenomenon.Theobserved
incrémentof potentialwas0.2 volts. Permanganatedidnot producethis

c{fect,andchlorideswerefoundto hinderit.
N. H. Funnan" in his study of "BimetallieEleotrodeSystemsfor

PotentiometricTitrations,"found a pronouncedpeakin the curvefor the

titration of bichromatein sulphurieacid by thé potentiometricmethod,

usinga Pt-Ausystem.Furmanalsoobtainedsharppeakswhenpermangan-
ate is theoxidizingagent. It willbe mentionedlaterhowthis phenomenon
hasbeenappliedtothestudyof inducedreactionsbyGoardandRideal.

BaudischandWeto~havecalledattentionto the importanceinbiological

chemistryofinducedreactionsin whichferrousiron!stheinductor:Theidea
that ironsaltsact ascatalyzersin biochemicatprocesses,and playan im-

portant part in respiration,particularly,has gained in significancelately

throughthe workofvariousinvestigators. The mechanismof thisaction

of iron remainedobscure,however,and one was contentwith the simple
assumptionthat thevariableoxidationstageswereresponsiblefor thespecifie
catalyticpowerofthéironsalts.

"Thisgeneralassumptionseems,however,to beofverydoubtfulvalidity
whenoneconsidersthaton a changefromthe ferrousto the ferriestate, a

verystableformisassumedwhichcanbe broughtbackto thé ferrousstate

onlywiththe useofveryconsiderableamountsof energy. The reduction

of trivalentto divaientironis very dimcuttto bringaboutin thé ordinary
ionicsaltsof iron. Ironboundin a complexion, on théother hand,is in

generaleasilybroughtintoeachof the oxidationstages.
"It is knownwithconsiderablecertaintythat the catatytieactionof the

iron in respirationandmanyother biologicallyimportantprocessesis es-

peciallyrelatedto thepropertiesof the ferrousatom orferrousionand not
somuchto the ferrieatomor ferrieion."

Dhar" pointsoutthat wheniron isadministeredas a drugit veryprob-

ablyactsthoughinducedreactions:"Ironbas longbeenusedin the treatment

of anaemiamoreespeciaHyof the fonn knownas chlorosisand it was as-

sumedtacitty that it wasreadilyadsorbedfrom the alimentarytract and

wasuti!i?edby the tissuesto fonn haemoglobin. If the ironis admins-

teredin the ferrousstate,it passesinto the ferrie conditionin thé bodyand
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usuallyexistaas a part of a complexradicaland in a colloidalcondition.

This complex,by oornint!into contactwith the peroxideformedfromthe

inhaledoxygen,formaa higheroxideof ironwhichoxidizesfoodmateriab."

HydrogenPeroxideas Actor

~«<o)'«ft!

Schônbein,asbasbeenmentioned,earlyobservedthé inductivccharacter

of the réaction~involvinghydrogenperoxide,ferrousiron and indigoblue.

He proposedthe reactionasan analytioaltest forhydrogenperoxide,andhe

studiedtheeffectsofotheroxidizingagents,but hisworkon ironwasmostly

ofa descriptivecharacteronly.
ïn 1894H. J. H.Fenton"usedferrousironto inducethéreactionbetween

hydrogenperoxideandtartaric acid. Beingan organicchemisthedevoted

his time to studyingthe propertiesof the product,dihydroxymaleicacid.

He didnot try to workout thequantitativerelationin whiehthe ironstood

to the amountof dihydroxymaleicacid, nor didhe wastemanywordson

hissimpletheory. HewroteofhisdiscoveryasfoHows:

"Whentartaricacidin aqueoussolutioninteractswith certainoxidizing

agentsin presenceofa traceof ferroussalt, a solutionis obtainedwhich

givesa beautifulvioletcotouron the additionofcaustioatkaU. Ferrie

saltsare quiteinopemtivein bringingabout thé change;but if, in the first

instance,the quantityof ferroussait is verysmaH,the colourproducedby

the aïkatiis greatlyintensifiedby addinga fewdropsof ferriechloride."

This is obviouslyan inducedreactionsinceferrousbut not ferriesa!tspro-

ducethe effect.

ïn jSoShe wrote:""Whentartaricaeidisoxidizedinpresenceofa small

quantityof ferrousiron,onemoleculeof thé acidlosestwo atomsof hydro-

gen,givingrisetodihydroxyma!eicacid. Themosteffectiveoxidizingagent

for thepurposeishydrogenperoxide,but the resultisalsobroughtaboutby

chlorine,hypochlorites,bromine,etc., and by atmosphericoxygenin the

presenceofsunlight.Thepresenceofferrousironisessential,butitspropor-

tion seemsto bearbut little relationto the yieldof acid in the ordinary

courseof préparation,the actionbeing, in faet, what is usuallytermed

catalytic. It is necesarythat theadditionof the ironshall precedethatof

the oxidizingagent."
Theninanotherparagraph:"Dihydroxymaleieacid readilyreducedferrie

aattain thé cold,experimentindicatingthat twoatomsof ironare reduced

by oncmotecuteof the acid,so that the ferrousiron is regcneratedat the

expenseof a portionof the acid." Thus the inducedreactionis unusually

compUcatcd,andpossesaesthe chameteristicsofa cataiyticreactionwhenit

oncegetsstarted. It is probablya sériesof threeconsécutivereactionsin-

volvingtwointermediateproducts:the higheroxideof iron, andthe dihy-

droxymaleicacid. Thefirstintermediatereactswithtartaricacidto givethe

second,and part of this reduccsthé ferrie ironthat has just beenfomted.

ït is then moreor lésaof an accidentthat sufficientof the dihydroxymaleic

acidis letundecomposedtomakethisavaluablemethodofpreparingthelatter.
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Fentonappliedthe reactionto the oxidationofmanyorganicacidsand

polyhydrieatcohob,findingthe mixtureof ferroussatphatpand hydrogen
effectiveinsomecasesandinencctiveinothers.3Jj

Accordingto tus hypothesis,the fcrrousiron déplacestwo hydrogen
atons andfonnsa linkbetweenthé twocarbunatomsattachcdto thécentral

hydroxylgroups;thcn,under the actionof the oxidizingagent,theiron be-
comestrivalent,and nowmay bc assumedto breakawayfrontthéorganic
molecule,beingno longersuitablefor thé link;and this breakingoffbas re-
leasedtwounsatisnedcarbonbonds,whichaHowsthéoxygentoenter. Since
thé reactionis catalytic.this explanationor that involvingan intennediatc

higheroxideof ironwouldfit equallywell. If a methodcouldbcfoundfor

preventingthe reducingaction of the dihydroxymaleicacid,so that thé
reactionwouldbe trulyinductive,thenthe ratio ofoxidizedirontooxidized )
tartaricacidcouldbeobtained. Thisratiowouldbeoneatomto onemole-
culeif Fenton'sexplanationis correct,or oneatom to threentotecutesif thé
intennediateisFeO~,andso on.

Wa!tonand Christensen,~writingon"The CatalyticInfluenceofFerrie
IonsontheOxidationofEthanolby HydrogenPcroxide,"persistentlymake
theerrorofcallinga mixtureof ferriesalt andhydrogenperoxide,"Fenton's

reagent." Fenton himselfnotes that if thé ferrousiron bc replacedby
ferriein the experimentshe performed,or if ferrousironand hydrogenbe
mixedin the absenceof the organicliquidand bc thenaddedto thelatter,
thé effectis markedlydifferent. "Fenton'sreagent,"then, if thiamixture
is to havea specialname,is a mixtureofferroussaltM)!utionandhydrogen
peroxide,whichhoweveris not mixeduntit the substanceto b<*oxidizedis
addedtooneor the otherof the constituentsof the reagent.

WilhelmManchot"at the ChemicalInstitute of Gôttingeninvestigated
in tQOtthe reactionvelocityof theoxidationof ferrousironbyoxygen,with
the purposcofascertainingto whichorderthe reactionbelonged.Knowing
that ferrousammoniumsulphateoxidizedvery slowlyin air, and that thé
ferroussattHof manyorganicacidsrcact rather rapidly,he put mcasurcd
amountsof ferroussolutionand potassiumoxalateorcitrateor tartratesolu-
tionintoseparatecompartmcntsofhisapparatus,andran oneintotheother

and started the shakingmotorat the sametitne that he pressedthestop-
watch. His apparatus~'as filledwithoxygenand connectedto a burette,
thélevelofwhoseconfiningliquidindieatedat any timejusthowmuchoxygen
hadbcenabsorbed.

Heobtainedneithera first nora secondorderconstant,andheconcluded
that hewasobservinga complicatedreaction. He noticed,however,that in

theseexperimentsthereoccurreda greaterabsorptionof oxygenthancorre-

spondedto the ferrouscontent. Suspectingthat this mightbe duoto an

activationof the oxygenby the ferrousiron, with concomitantoxidation
ofpart ofthe organicaeid,he conceivedthe idea ofoxidizingthe ironin the

presenceof a largeamountof arscniousacid, in whifhcasethe activated

oxygenoughtto goquantitativelyto the oxidationofthé latter. Hefound
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that themixtureabsorhedpracticallydoublethe amountofoxygcnnecessary
to oxidizethe ironto thoferriestato,and fromthis fact deducedtheexistence

ofan instableirondioxide,FcO,.

Continuinghis researchesin oxidation,Manchottried the effectof dif-

ferentoxidizingagentson ferrousiron in the presenceof an accepter,and

foundthat whenhousedchromicacid,hydrogenperoxide,or permanganate,
the resultscouldbe explainedby assumingan unstablehigheroddeof for-

mu!aFotOf,.Amongotheroxidizingagents he tried hypochlorousacid,and

herehemetwithsomedifRcutty,sinceit oxidizedthe acceptorratherreadily
in the absenceofan inductor. Tartaricaeidprovedto bethe bestacceptor
of severalexamined;but with this he found difficultiesin analyzingthe

reactionmixture. tn thc end,hefoundthat hisdata pointedto FcO)as the

intermediatecompound.
Adifferentmethodwasusedeachtime forcalculatingtho thrceformulae,

FeO:,FetOt,Fe0<. TheformulaFe:06(hydrogenperoxide,chmmioacid,
or pennangaNateas actor)wasobtainedas foUows:Théfonna~tionand sub-

sequentdecompositionof the Intennediatehigheroxidecan beexpressed
thus:

2FcO+ (n+ï)0 =. Fe:<),+.= Fe,0s + nO.

To a largeexcessof accepterand actor a smai!knownquantityof ferrous

ironwasaddcd,such that all the ironwouldbeoxidizedquicklytotheferrie

state. The amountof decomposedacceptorwasdetermined,calculatedin

tennsofequivalents,and then thenumberofequivalentsofoxygcnactivated

byoneequivalentof ferrousironwascaleulated,whichis the n ofthe above

equation.
The fonnulaFc0! (oxygenas actor) was obtainedmore directly:Thé

actualamountof oxygenabsorbedwas known,and this wcntultimately
to ferrieiron and to accepter. The ferrous iron was used in suchsmatt

quantitythat it wascornplctelyoxidizcdin a shorttime. Thus theamount

of oxygengoingto the acceptorfor every equivalentof iron couldbe cal-

culatedin equivalents,the resultsbeingthe n of the aboveequation.
TheformulaFe0<(hypochlorousacid as actor)couldnot bcobtainedso

ximptybccauseof the difficultiespreviouslymentioned. By a methodof

trialanderrer,Manchotfoundthat whenferroussait andhypochlorousacid

in theratioof t to 4arebroughttogetherin the presenceof a largeexcessof

tartaricacid,the actor and acceptorare practicallycomptctetyconsumed.

Herethéfourcquivatentsofactorarethe n+1of the previousequation.
Otheroxidizingagentsexaminedwereso slowin their actionas to make

it impossibleto determinewhatproportionsof accepterand inductorwerc

amuttaneoustyoxidized. Thèsewerepersutphurioacid, chloricacid,bromic

acid,iodicacid,andnitricacid.

Althoughconsiderableeffortwasmade to isolatethesethree hypothetical

compounda,aUearlyattemptsprovedfutile. Thereare, however,somedata

on compoundscontainingiron with a valencehigherthan three. In the

tenninologyusedby J. NewtonFriend/' compoundsof formulaM~FeOtin



1643 OANPOBTH Il. HALE

whichthe iron appeamto be quadrivalentare called ferrates,and con-

poundsof formulaMeFeO<in which iron appears to bo hexavalentare

calledperferrates.
Theexistenceofthe perforrateswasestablishedabout1841byE. Fremy,"

J. DenhamSmith."andHeinrichRose,~andmuchofthisworkwasrepeated
andconfirmedtator. Ferrâteswereprepared in 1009byL. Mocscr

and H. Borck/*and byG. Pelliniand D. Meneghini." Moeserand Borett

preparedthe bariumandstrontiumsalts usinga temperatureof600**and a

currentof oxygenas themain conditionsof experiment. Theiranalytical
methodsgavethen the pmpiricalformulae,whiohthey wroteas FeOt.zSrO,

FeOt.BaO,etc.

Pelliniand Meneghiniobtained thé actuat peroxide-not a salt of the t

acid–bythe actionof hydrogenperoxideon ferrousand ferriecompounds.

Theyemployedthéspecialconditionsofan aloohotmediumandatemperature

of -so* to -70", and theyobtaineda reddishprecipitatewhich,anatyzed
for ironand oxygen,gavea ratio averagingi:r.o, indioatinga formulaof

FeOiOrFeiO~.Howevertheyregardthe FeOiasbeinganalogoustobarium F

peroxide,and as containingbivalentiron; and the iron in the Fe~O~is con-

sideredto be trivalent.

D. K. Goratevich"(1926)fusedferrie oxide,potassiumhydroxide,and B

potassiumnitrate togetherand obtainedK;FcO<,or, withdojNethé quan-

tity ofnitrate,K~FeO;.
H. E. WiUiams~(t<)ts)gives severalréférencesto quadrivalentiron in

thecompoundKïFe(CX)'.

Experimental

Usingchromicacidasactorand potassiumiodideas accepter,Manchot's

experimentswere repeatedin this Laboratory,and the resultsobtained

checkedhisownwithinmoderateerror. The importantvalueisthe amount

ofacceptoroxidized,which,the productbeingfree iodine,is readilydoter-

minedbytitration withsodiumthiosulphatesolution. This valuedivided

by the quantityof ferrousiron oxidizedis thé inductionfactor. In Man-

chot'sexperiments,thefactorswere1.83,1.84,1.87,t.ço,and inthe répéti-
tion theywere t.6:, t. 1.83,2.0.

Definiteamountsof reagents–potassiumbichromate,potassiumiodido, c

and sulphuricacid-were added to ïsoo ce.of coid distilledwater,and the r

systemwasbroughtto o*whilebeingvigorouslystirred. A givenvolumeof

ferroussolutionwasaddedduringa minuteanda half, thenstarchwasadded, (
andtheUberatediodinewasat oncetitrated withstandarddecinormalthio-

sulphate.The twosetsofdata werenotobtainedunderidcnticalconditions,

variationsundoubtedlyoccurringin the meantempérature,in the eniciency
ofstirring,and in the addity (the aoidwas in each caseonlyapproximately

two-nomal). Experimentson the aocuracyofthe iodinoestimationin these

solutionsindicatedthat the error wascertainlyless than fourpercent,and

probablynot greaterthan two.

L
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Afewreactionvelocityexperimentsshowedthat withinfiveminutesofthe

timethé fermussulphatewaa added,thc reactionwas9?% oompleted. In

half an hourequilibriumwaspraotieaUyreached,althougha slowUberation

of iodineoontinuedindefinitely,indlcatingthe occurrenceof a catalytic
réaction. Thiscireumstanceincreasedthe dimoutty of determiningthé

exactend-pointof the inducedreaction, and thus increasedthe probable
error.

Fromthe data it appearsthat the limitingvalue of thé inductionfactor

isa,whichcorrespondsto an intermediateoompoundofformulaFetO~. Now

Schilowhad shownthat the inductionfaotor varies with the acceptor-
inductorratio,and even Manchot,using a very few values of this ratio,

foundthat theinductionfactorvaried,althoughapparentlynot in a regular

manner. In the presentinvestigationthe amounts of actor and acceptor
have been kept constant, and the amount of the ferrous sulphate-the
inductor–hMbeen varied withinwide Umits;thus thé acceptor-inductor
ratio has beenvariedwidely. It wasfound that the induction factor is a

funotionof the variableacceptor-inductorratio.

Hydrogenperoxidewasused as the actor Insteadof bichromate,for it

actsasan oxidtzingagentwhetheracidis presentornot. In an acidsolution,

asManchothimselfnoticed,thé inducedreactionisretardedand the catalytie
actionof theferrieiron is increased. A fewexperimentswith thc reaction

velooityin solutionsof approximatelythe samnacidity as used in the bi-

chromatereactionshowedthat thé inducedreactionwasvirtually complete
in two minutes,perhapsless, but that the lodine liberationcontinuedso

rapidlythat in thirty minutesthe volumeof thiosulphateequivalent to aU

the iodinebecametwicethe volumeequivalentto the iodinefor the induced

reactionitseif–in short, that a relativelyrapid cata!ytio reaction was in

progress. Thisiodineliberationwas,indeed,considerablymore rapid than

that observedin the experimentswith bichromateof approximatelythe

sameconcentrationas the hydrogenperoxide,measuredin equivalents.

Withregardto the inhibitingeffectof acidonthe inducedreactionitself,

Goardand Ridea!"suggestthat "this retardationof the iodine separation

maybe aceountedfor by supposingthe initialformationof Fe<0t to bere-

tardedby thepresenceofhydrogenions,sincetheferrousionis wellknownto

beetabilizedbyacid."

In striMngcontrastto the behaviorin the presenceof acid, in a neutral

solutionor in a solutionwhieh is just sufficientlyacid to prevent the hy-

drolysisof theferrousammoniumsulphate,the reactionis rernarkablyrapid

and clear-cut. Thé solution,aftcr thc iodinehas becnremovedwith thio-

sulphate,isa lightyellow,precipitatinga fineyellowoxideor hydratedoxide

of ironaftera fewhours. A!so,after a fewhours,the solution tums a

veryfaint blue,whiehis decolorisedby a fractionof a drop of decinomal

thiosulphate.Thisslightreactionisprobablya direct interactionofhydrogen

peroxideandiodidecatatyzedby the ferrie iron. In two experimentsin-

volvingtypicalproportionsof reagents,o.st9ce. of decinormalthiosulphate
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wercequivalentto thé iodineliberatedafter the inducedreactionin each

experimentduringten or elevenhours. The total titres at the endof this
time were!.$2 and 6.34cc. thiosulphate.

Thus in neutral solution*the inducedréaction yieldsan unambiguous

end-pointwhichpermitsa morecarefutexaminationof the reaction. This

circumstance,and the observedvariationof the inductionfactorwith the

acceptor-inductorratio,suggestedthc followingseriesofexperiments.
Approximatelytenth-normalsolutionsof hydrogenperoxide,fcrrousam-

moniumsulphate,and sodium thiosulphate,an approximatelytwo-tenth
normalsolutionof potassiumiodide,and starch (i g of solublestaroh to

)oo ce. watcr)wcreemployed. Measuredamounts of iodideand peroxide
solutionswererun intooneand a half litersof distilledwaterin a two-liter

Pyrexbeaker. Abouti; ce. of the starchsolutionwereadded,the votume

was madeup to twoliters with distilledwater, and the whotcwasstirred

vigorouslyfora minuteor two. TheSystemwas keptat a roomtempérature
ofz9°to 240.Theferroussulphatesolutionwasaddedfroma burette,usually
at a rate suchthat thédropsfellalmosttoofast to bocounted. Varyingthis

rate fromdropsthat fellslowlyand couldbe countedwithcase,to a stream

showingalmostnodivisioninto drops,madescarcelya measurabledifïerence

in the amountof acceptordecomposed.
The stirringdéviéewasa Witt stirrerwitha bulbabout4 cm.long,driven

by an electriemotorhavinga diskfrictiondrive for regulatingthé speed.
The bulbof thé stirrerwasplacedcloseto the bottomand near the sideof

the bcaker,and thespeedwasregulatedsoas to be as greatas possiblewith-

out causingair to bedrawndowninto the solution by the vortex. This

speedwas,however,muchincreasedduringtwo of the blankruns.

As soonas the ferroussolutionhad bcen added the iodinewastitrated
with thiosulfate. Experimentsshowedthat the inducedreactionwascom-

pletealmostas soonas the last drophad beenstirred in. Throughthehelp
of a sheet of whitepaper placedbehindthé bcaker,the iodinetitre was

obtainedaccuratetyto two dropsof tenth-normalthiosulphate.

B!ankswererun asfollows:

Thédirectreactionbetweeniodideandperoxidewasexaminedbydiluting
to two liters 12ce. of the formerand 2 ce. of the latter, and stirring. Yn

forty minutesthe liberatediodinewasequivalentto o.zs ce. of N/to thio-

sulphate,andin :!9 minutesit wasequivalentto 0.98ce. It will beremem-
bcredthat the inducedreactioniscompletein not overoneminute.

The possibleoxidationof the iodideby the oxygenof the air wastested

byditutingto twoliterst2 ce.of iodido,andstirring. Nocotorwasobserved

at the endofoneanda halfhoursin citherof twoexperiments,the reaction

mixtureof one beingstirred in the normalmanner, and that of the other

beingstirredso vigorouslyas to keep air bubbles movingthroughoutthe

whotevolumeofthesolution.

"Xeutrat"iaheretakentomean"noM:dadded";actually,duetothéhyd~yeMaf
theferrouasatt,thésotutionshowsavcryalightMidity.
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Thatferrousirondoesnotcatalyzethe oxidationofiodidebyatmospherie

oxygenwasshownby dllutingto two liters Mce.iodide,t ce.ferroussolu-

tion, andseveraltimpf)the equivalentquantity ofsodiumfluoride,thé pur-

poseof the latter beinKto kecpferrio iron out of the mixturethroughthe

formationof thé fem-nuoridecomptexcompound. No colorwasobserved

at the endof 167minutes,whetherthe solutionwasnonnaHystirredor vig-

orouslyaerated.

In eonnectionwiththe gréâtdifferencebetweenthébehaviorof thereac-

tion in acidand in ncutratsolutionit wasmentioned(videante) that in thé

lattermediumferrieirondoesnotcatalyzethéreactionbetweenperoxideand

iodide,or betweenoxygenandiodide,exceptto a negligibleextent.

~Ptnt <TTABLE1

KI used, t2 ce. N/t

Ht0<used, 2 ce. N/i

Total volume, 2000ce.

Expt. Temp. Fe" lodino Fe" Induction u Kl
used consumed Factor F~v

8 22.4 0.1 0.286 0.! 2.86 t20

2 23 0.2 0.547 <~ ~'73 60

g 24 0.3 0.638 0.3 2.!3 40

9 0.3 0.72 0.3 2.4 40

0.5 0.09! 0.5 1.98 24

5 0.75 '9 <75 '-59 '6

6 t.o 1.19 o.81 1.47 i2
i6 1.0 0.965 to 0.965
15 1.6 t.ota 0.99 'M 75
y 23.8 2.0 0.72 1.28 0.56 6

!2 22 3.0 <98' !<" 097 4
13 3.5 o-95S 1.04 0.92 3.4

t4 40 o.72t 1.28 0.562 3

To simplifythe statementof the concentrations,the amountsof iodide,

peroxide,and ferrousironaregivenas the productofthe addedvolumeand

the nonnatity;thus thèse quantitiesrepresentthe volumesof onc-normat

solutionsdiluted to two liters,the total volumeof solutionin eachcase.

It wasdesiredto keepthe concentrationofperoxidoand fcrrousironin the

neighborhoodof one-thousandthnorma!, correspondingto 2 ce. of N/t1

solutionin thé two liters. PreMminaryexperimentsshowcdthat moro

potassiumiodidethan i~ ce. N/t sohttiondid not increasethe induction

factorwhcni ce.N/t ferroussolutionand 2ce.N/t hydrogenperoxidewcre

used. Thesequantitiesof iodideand peroxidewerekcpt constantin this

seriesof experiments,and the volumeof Nli ferroussolutionwasvaried

fromo.t to 4 ce.
In Table1 the numbersunder"Iodine" represcntthé volumein ce. of

normaliodinesolution;thcyareobtainedbymuttip!yingtogetherthevolume



t6,)6 DANFQRTti S, HAM

ofthiosulphatercquiredin thotitration andits normatity. Thé ferrousiron

isregardedasbeingcompietetyoxidizedif theroispresentanexcossofhydro-

genperoxideafter the inducedreactionis over. Thus in thé first sixexperi-
mentsthe quantity of ferrousiron oxidizedis tho quantity of ferrousiron

added. Whenthe combinedvolumeof normalferroussolutionand normal

iodinesolutionexceeds2,thevolumeof normalhydrogenperoxideemp!oyed.

thé ferrousiron oxidizedis foundby subtractingthe quantity of normal

jodinesolutionfro!na, sincein thiscasesomeferrousironromainsunoxidiœd. t

Altliouglithe fluctuationsin the inductionfactoras thoforrousironcon- <

centrationincreasesleavetnuchto be desired,thé graphof the data makes

tinmistakablea conclusionwhichtnay be stated in this form: allowingfor

a!Ithe factorsby whichthe quantity of iodineUbprateddependson the

concentrationof fcrrousiron,thé latt'T, whenaddedto an excessof potas-

siumiodideandhydrogenperoxideat greatdilution,conditionsthé dccom- f

positionof threeéquivalentsof acceptorper molof ironoxidizedfromthe a

ferrousto the ferrie state. ApplylngManohot'smethod of determining

theformulaof the intermediatecompound,this resultpoints to the formula t'

FeO,,thoughthe data areasadequatelyexplainedby the assumptionofan e

intcnnediateofformulaFe0.2H:0!.
Thefallingoffof thefactoras thé ratioofacceptorto inductordecreases,

oras theamountof ferrousironincreases,ismostprobablydue to the inter- c

actionbetweenthe intcrmediatecompoundandunuscdferroussalt: FeO+ i:

intprmediate-~FpsO:.Thisréactionwouldobviouslyincreasein velocity

withinereaseinferrousironconcentration,andto theextentthat thisoccurs,

thcferrousirontransfersto the acceptera smalleramountof oxygenthan

thetheoreticaltnaximutn.

Thisade reactionbecomestessand Jessimportantas theratioofaccepter

to inductoris increased,as isconfirmedby the data: a ratio of 30to t, for

instance,correspondsto oneof 2.8. Manchotobtaineda factor lessthan 2

becauseheusedtoo muchiron–or too mnaUa ratioofacceptorto induetor." <

Hehimsetfadmitsthat thesidereactionoccurs,andonthis basisheexplains

the fact that hisinductionfactorsare not integers. ïn his experimentson

thisinducedreactionhe usesto ce. of decinormalferrousammoniumsut- t

phate,and60ce.of N/s potassiumiodide. Thiscorrespondsto anacceptor- e

inductorratioof i;: to i, and the inductionfactorhe obtainedwas1.8. In h

thepresentinvestigationa ratioof tx to i gavean inductionfactorofap- F

proximatelyt.3.
Thereactionbetweenintermediateandferrousironhas beenmentioned d

byotheni,andreceivesconsiderablesupportfromthefactthat ironcannotbe 3

passivatedin thepresenceofaferroussalt. It hasbocndemonstratedto oocur

by Manchot,~who showedthat when dilutehydrogenperoxideis added

dropwiseto diluteferroussulphate,a situationthat wouldgreatlyfavorthis

reaction.an end-pointis reachedwhenhydrogenperoxideand ferroussul-

phateareconsumcdin theproportionsto forma ferriesalt. He detemined

theend-pointof the reactionpotentiometrically.Usingthe samesolutions

andthe samemethodforobtainingan end-point,hc showedthat whentho
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fttftvxtu mtt it ntiftaft tn ttw tWfnxiftf thio nMtft hinf)f*)*intf thn t0<u't!nn ttnt~fMtn =ferroussalt iaaddedto théperoxide,thisorderhinderingtheréactionbetween
intermediateandferrousiron,the end-pointoccursat a ratioofperoxideto
ferroussalt greatlyin excessof that requiredfor the oxidationof ferrous
saltto ferrie.

Discussion
Adifferentintermediate.calleda ferrousperhydrol,waspostulatedin 9 3

byC. S.Mummery,"whowrotethe secondofa seriesof paperson "Studies

onOxidation"underH. E. Armstrong. Thisimprobableoompoundhas
0

assignedto it the structure, Fe(80<H)(OOH). The hypothesiswillnot

explaincertainof the propertiesof inducedreaotions as detenninedby
Manchot.Goardand Itideal,and others; furthermorehis data are easily
understoodinthé lightofthe higher-oxidehypothesis. Twopointsonlywill
beconsideredhere.

"WhenFenton'sagentaets as an oxidizingagent," writesMummery,
"asit is reconvertedintoferroussalt in the process,it is clearthat it merely
undergoesreduction,exchangingOH for H." He is so intentuponsceing
thé depolafiiiingactionin oxidationprocessesthat he showsa tendencyto

neglectany inconsistencyarising in the conclusion. If the intermediate

cotnpoundwereto retum to a ferroussalt evenmomentarilyondeUverin(t L
itselfof its oxidizingability,it wouldbe ina positionto reactwithhydrogen

peroxideand to reassumethe intermediatefonn. Thus the ferrousiron

wouldact ina catalyticmanner,whichis not at aU verifiedbythe tacts–
eventhose whichMummeryhimselfobserved. By "Fenton'sagent" hc

apparentlymeansthe activeintermediatecompoundformedina mixtureof
h'rroussulphateand hydrogenperoxide. Mummery'serror is that he is

wrongin hiapremise,that the intermediatcis reconvertedto ferroussalt.
Whena mixtureofferroussulphateand excesshydrogenperoxideactsas an

oxidizingagent,the ironalwaysends up in the ferrie form;thusif it bea~

sumedthat the intcrmediateundergoesreduction,it is reduced<oferrieiron,
andis thereforereduced/nMKa stage of higheroxidation.

It is obvlousthat thishypothesis,involvingcatalysisas it does,failsto

explainthe existenceof an inductionfactor-an equilibriumratiobetween

acceptordecomposedandferrousiron oxidized. For, undcrthehypotheMii',
a traceof ferrousironwouldacceieratethe decompositionofanyamountof

acceptor,and the inductionfactor wouldin consequencetend to become
infinite. YetManchotobtainedthe inductionfactor and thepresentex-

periiiientsshowthat the limitingfactor is 3.
Anadequatetheory,Mummerymentions,must explainthefactthat the

"interactionof hydrogenperoxideand ferroussulphate is onein whichini-

tiallyaferrouscompoundisproducedwhichis a powerfuloxidizingagent."
Butwhymustit bea ferrouscompound? Mummery'sreasoningrunsalong
twosimilarunes,as foUows:

The activeoxidizingagent is either a ferrousor a ferriesalt. But the
reactiongoesquiteslowlywhenferrie salt is usedinsteadof ferrous. (Heis

speakingof thé oxidationof formic acid.) Hence the intermediatecom-

poundis a ferroussalt.
0
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Again,ferroussalt is knownto be an oxygencarrier. Hencetheoxygen

of the hydrogenperoxideis transferredinitiallyto tho ferroussalt. But a

ferriesait is not fonwd at once,sincethe oxidationof thé accepterproceeds
toorapidly. Thus the intcnnediateie a ferroussatt.

Thèseare not cogentproofs;they are hardlyprobabilities. Thepossi-

bilityofa thirdformofironis notmentioned,yetweknowofthéexistenceof

iron in otherfonns in thé ferratesand perferrates.Whateverybodyadmits

is that whilean inducedreactionis in progress,anoxidizingagentmoreactive

than hydrogenperoxide,ispresent. If ferroussulphateis causingthehydro-

genperoxideto becomemoreactivelyoxidizing,the reactionbelongsunder

Type t catalysiswithdestructionof the catalyst. That this isnot the truc

explanationisshownbythé existenceofa stoichiometricproportionbetween

thé amountof ferrousironaddedand thé amountofacceptorthat may be

decomposed–thisproportionis, of course,the reciprocalof the induction

factor. On the contrary if an activeoxidizingagentis formedas an inter-

mediate,it isnot ordinaryferrieiron nora complexof ferrieironwithaotor

or acceptor,becausewhensolubletrivalent ironcompoundt;are added in-

steadof ferrousiron,theréactiondoesnot followataUthesamecourse. Two

possibititiesare left: a complexof ferrous ironwith actor or acceptor;a

higherstageof oxidationof thé iron. Mummerychosethé complexwith

actor, but his is not the correct formula,for it correspondsto FeO.H~O;,

whereasthe presentexperimentsindicatethat if the intermediateis a com-

plexwithactorits formulais FeO.:H:Oï.
CioardandRideal~in 1924developeda beautifulelectrochemicalmechan-

ism–hintedat tnuchearlierby Lutherand Sehi!ow'*–toexplainthecourse

of an inducedreaction whcn it proceedsthroughan intermediatehigher

oxide,and to account for its becomingcatalyticunder certainconditions.

Theyalsoofferedfurtherproofof theintermediateformationof ironpentoxidc
whenhydrogcnperoxideisthe actor.

In its generalform an inducedreactionproccedingthroughan inter-

mediatehigheroxidecanbe representedas follows:

A + 20 = AO,

AO: + B =. AO+ BO

Xowthc oxidizingability,as mcasurcdwitha potentiometer,ofAO:willbc

higherthan that of AOand BO, and the oxidizingabilityof thèsewillbe

higherthan that of A and B. If the oxidizingabilityof B liesbelowthat of

A,then, consideringan exccssof B présent,Bsbouldbe able to reduceA02

not only to AO,but downto A; thus A is againin a positionto form the

peroxide,andwillact catalytically. If, onthe contrary,the oxidizingability
of B liesabovethat of A, then B cannot reduceAO,lowerthanAO,since

it cannot reducea substanceto a state iowcrthanits own,andthereaction

willbe inducedby A.

Withceroussalta as inductor,Goardand Ridealshowthat whenarsenite

is the acceptor,the oxidizingabilities of thé chemicalsubstancespresent
assumethe inducedorder,and thereactionisan inducedreaction;and when
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a reduoinfs<!ugaris theaccepter,theoxidizingabilitiesassumethe catalytic
order,and thoreactionis actuallycatalytic. ïn a studyof the reactionbe-
tweenhydrogenperoxideand potassiumiodideinducedbyferrousiron,they
findthat tho samerelationholdsbetweenthe characterof thé reactionand
theorderof the oxidisingpotentialsof inductor,accepter,and oxidisedac-

eeptor-in neutralsolutionthe reactionis induoed,andinaoid solutionthe
orderisalteredand thereactionis catalytic.

Themost interestingpart of theirwork,however,isthe developmentof
a newmethodfor the study of inducedreactions:theuseof an oxidation-
reductionce!t,a calomeleleetrode,and a potentiometer,for detectingthe

formationand disappearanceof a substanceof high oxidizingpowerin the
reactionmixture.

Goardand Ridealfind that the additionof a littleferrousammonium

sulphatesolution to a solution one-thousandthnormalwith respect to

hydrogenperoxidecausesa slightrisein potential,whiehmustbodue to the
formationof anotheroxidizingagent. Thisphenomenonis alsoshownby
bichromateand ferroussait, as bas beenmentioned. Bufferedsolutions
mustbe usedin orderto prcvent the superimposedeffectof a potentialdue
tochangein thehydrogenionconcentration.Asmoreofthe ferroussolution
is added, dropby drop,there comesa time when the potential falls off

suddenly. Thedropis followedbya horizontalsectionorevena short rise
in the titrationcurve,andthis in tum becomesa rathergentledownward

dope. The end-point-the lowestpart of the suddendrop–occurs at a

pointcorrespondingto thé destructionof i.s moisofhydrogenperoxideper
molofferroussulphate. For the sameconcentrationsofreagènts,the general
shapeof the curveanda break in the curvequite nearthé ratio of t.; mois

hydrogenperoxidepermolferroussulphatehavebeenobtainedbyManchot"
andby the writer.

Accordingto Goardand Ridealthe peculiarformof the titration curve
indicates"beyondquestionthat the oxidationof ferrousiron by hydrogen
peroxideproceedsbytheformationofan intermediatecompound,"andsince
theend-pointoccursat this particularratio,"this intermediatecompound
tnustthereforepossessthe essentialformulaFe:0t." Therelationbetween
thisformulaand the ratioof !s (or2:3)maybe madeclearerby a hypo-
theticaléquation:aFeO+ 3H,0: = Fe,0. + 3H,0. Goardand Rideal

implythat the breakindicatcsthe completedisappearanceof the hydrogen
peroxide,and they concludethat it provesthe existenceof an intermediate

compoundofformulaFctOtin the reactionmixture. Manchotlater verified
theeurve,criticizedGoardand Ridealforcallingit a "directproof"of the
existenceof Fc:0t, andconcludedthat the curve is an indirf-ctproofof its
existence.

Goard and Rideal foundthat, in the neighborhoodof the break, thé
additionof ferroussulphateto thé reactionmixturecausesthe potential
firstto dropand then to rise duringat least three minutes. Experiments
bythe writershowthat the potentialis stillslowlyrisingat thé end of the

cighthminuteafter a cmalladditionof ferroussulphate. Thereforcthere
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t .-L'-L t –J. ~A~–.tJï-ï~ tJisoccurringa réactionwhichisproducinga strongoxidizingagent. Hydrogen

peroxideis thé only oxidizingagent originattypresent,and as Its concen-

trationcannotinerease,anotheroxidizingagentisbeingformed,whiehmust

be a higheroxideof iron. Atthoughthé minimumin the curvecorresponde
to the ratio i.s motshydrogenperoxideper molferroussulphate,this slow

formationof an oxidizingagent continuesuntilmuchmore t'errouasulphate
has beenadded,in fact until the ratio basbecomei.t4.

Thisformationof a strongoxidizingagentcanoccuronly at thoexpense
of the hydrogenperoxide;thereforethé occurrenceof tho réactionresulting
in the formationof thc oxidizingagent is proofthat hydrogenperoxideis

présent. It follows,then, that hydrogenperoxideexistain the reactionmix-

ture untileonsiderab!ymoreferrous sulphatehas been added than corre-

spondsto the formationof an intermediateof formulaFptOe. ThusGoard

and Itideal,and Manchot, are wrongin assumingthat the breakis simut-

taneouswiththe vanishingof thé hydrogenperoxide.It is concluded,there-

fore,that whiletheir curve isevidencefor thé existenceof an intermediate

higheroxide,the breakin it offersno indicationofthe formula.

Theexistenceof the breakand hump is probablyto be explainedon the

basis of the differentrelative velocitiesof the disappcaranceof hydrogen

peroxide,andthe formationanddisappearanceofthéintermediate,innuenccd

by thévaryingferrousand ferrieiron concentrationsin the reactionmixture.

HeinrichWietand," who was interested in inducedreactionsfrom the

point ofviewof biologicaloxidationprocesses,publishedin 19!!?an account

of a studyof the reactionsinvolvingferrousironand suohorganicacceptors
as oxy-acids,keto-acids,and amino-aoids. "Not solelyfrom the view-point
of purechemistry,"he says, "do we regard the investigationof thissubject
as desiraMe.Sinceweconsiderthat hydrogenperoxideis an intermediate

productofbiologicaloxidation,weare at the sametimescckinga conception
as to whatextent this intermediateproduotcanapproachthe cata!yticaction

of iron,containedin all ceUBuid,in oxidativeactionin the senseofa peroxy-
dase."»

WielandrepeatedmuchofFenton's work,dctermining,however,not thp

propertiesof the products of the oxidation,but the relative amountsof

organiesubstanceand ferrousiron oxidizcd. Insteadof findinga smaUratio

betweenthèse quantities, as Manchot, Schilow,and others had found, he

observedthat the ratio variedup to 10,:o, andeven30, depondingon the

acceptoremployed. Thus he and Fenton observedpracticallythe same

thing, that a smallamountof iron wouldacceleratethe oxidationof a large
non-stoichlometricproportionof acceptor.

Headmitsthe possibilityof higherperoxidesof iron, but as an explana-
tionoftheextraordinaryratioshefound,heassumesthat complexcompounds
of ironare the causeof the apparent acceleration. He madea quantitative

study of the activatingpowerof ferrous iron as a functionof hydrogenion

concentration,findingthat at a pH of 3.6an optimumactivationwasreached

whentheacceptorwasglycollicacid.



!NPUCKD REACTMKS AND THE HtGHKB OXtCHS 0F tBOtT !6s t

Throughoutthe investigationsWielandemploycdsolutionsso concen-

tratedas greatlyto favorthe undesirablereactions. Theactionofhydrogen

peroxideon mostof theorganicacceptorsis quite appreciableat the concen-

trationshe used,and thé catalytic effectof ferrie ironis abo large. These

reactions,objeotionablebecausetheytend to masktheeffectsofthe induced

reactionitself,cannotbe arrested, but at great dilutiontheir ratesare so

lowin comparisonto tho rate of the inducedreactionthat their effectis

entirelynegligible.Hisexperimentswithpotassiumlodideas acceptorshow

clearlythe confusingeffectof highconcentrationsof reagents,includingacid.

Underthèseconditionsthé actionof ferrie iron becomesas greatas that of

ferrous,andduringthefirst thirty secondsofthe reaction,from6to 9equiva-
lentsof acceptorare decomposedto one of iron oxidized.The blankrun,
withno iron added, shows in thirty secondsa decompositionof acceptor
whiehis as largeas 1/9to t/4 of the decompositionenectodby thepresence
ofiron. Thushisdataare praoticallyvaluelessfor investigatingthe induced

reaction.

In answerto this paper of Wietand's,Manchot"shortlyafterwardpub-
Msheda defenseof his hypothesisof an intermediateironpentoxide. He

repeatedseveralof theexperimentsperformedin 190:,andbyfourdifferent

methodsshowedthat to each equivalentof ferrousiron oxidized,three

equivalentsofoxygendisappearinto the intermediate,or twoaretransferred

to anacceptor. HerepeatedGoardand Rideal'spotentiometricexperiments
withsubstantiallythé same résultaas the originatorsof the methodhad

obtained;he repeated the inducedreactionusing potassiumiodideas ac-

ceptor,connrmingthe formerconclusion;but, unfortunateiy,heomittedto

state howmuchferrousiron, or whatproportionof ferrousironto acceptor,
wasused.

Histhird methodis to show that whenferrousironisaddedto hydrogen

peroxideat great dilution,the peroxideis detectablein thereactionmixture

untilin the latter the proportionof reagentsis threeequivalentsofperoxide
to oneof iron,and thenafter this pointferrousironIsdetectable.Hisfourth

method,.avaluablecontributionto the techniqueof studyinginducedreac-

tions,is to dilute 20ce. of approximatelydecinormalhydrogenperoxideto

twoliters,to add dropby drop four to sixce. of approximatelydecinormal

ferroussulphate(nrstgenerousiydilutingit) to the stronglystirredsolution,
and finallyto back-titratethe hydrogenperoxidewithpermanganate.

These investigationsmay be criticixedfrom the lackof attentionpaid
to theextraordinarilyrapid reactionbetweenintermediateandferrousiron,
a reactionthat undoubtcdlyoccursto a measurableextentevcnunder the

carefullycontrolledconditionsemployedin the fourthmethod. It is note-

worthythat althoughthe assumptionof Fe~Oewillexplainthe resultsby
Manchotadequatelyif the intermediate-ferrousironreactionis negligible,
theassumptionof an intermediateof the essentielformulaFeOawiUexplain
theresultsjustas adequately,andmoreoverwillnot requireanyassumptions
asto theunimportanceofthis disturbingreaction.
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OninorpasiBgthe concentrationof thehydrogenperoxidesolutionfrom

about0.004normalto 4 normal,Manchotfindsthat the numberofequiva-
lents of hydrogenperoxidedisappeanngperatomofferrousiron increases

from 3 to 24.s. This increaseis explainedsatisfaetorilyon the hypothesis
ofa reactionbetweenintermediateandhydrogenperoxide,wherebythe latter

reducesthe formerback to the ferrousstate. "Obvioustyit is true," says

Manchot,"that atahighconcentrationreactionsooeurwhieharenotoccurring

noticeablyat greatdilution." It bas beenobservedin thecaseofmanganeitf
and !ead,that hydrogenperoxidoshowsthe propertyoffirst formingperox-
idesoutof them,andthenof reducingtheseperoxides.He continues:"Onc

tnayevensay that thispropertybelongasosurelyto thécharacteristicprop-
ertiesofhydrogenperoxide,that assoonastheformationofan ironperoxide
inthéreactionmixtureisassumed,thisotherreactionmustbereckonedwith."

In proofof the correctnessof thishypothesis,Manchotshowsthat during
the reactionin solutionsof the greaterconcentrations,ferrousiron can be

detectedin the reactionmixture. As an indicatorhe uses alpha, alpha-

dipyridyldissolvedinacétone,a reagentdeseribedbyBtau." Asa checkon

this work,ferricyanideis usedas indicator.Thesameresultsareobtained

withthisreagent;but it is lesssensitiveandmuchstowerofaction.

Evenin the strongsolutionsof hydrogenperoxide,thé reactionis not

eatalytic,but comesfinallyto an endwithsomehydrogenperoxideuncon-

sumedand aUthe iron in the ferrieand perferricconditions.Thiseffectis

easilyexplainedthroughtworeactions:theconcentrationofhydrogenperox-
ide is decreasingcontinuousty,thus causinga diminutionof the reducing

actionon the intermediate;and thé interactionof the intermediatewith

ferrousiron is continuoustyconvertingthe ironintothe inactiveferriecon-

dition.
Ashasalreadybeenmentioned,MissBenson"studiedbyreactionvelocity

methodsthe oxygen-carryingabilityof ferrousironin solutionscontaining
bichromateand sulphuricacids. Hermeasurementsindicatethat the oxida-

tion offerrousironbychromicacidfollowsa verydifferentcoursedepending
on whetheror not potassiumiodideis present,andas this fact is citedas

evidenceagainst thc formationof an intermediatehigheroxideof iron, it

may pertinentlybe examinedhère.

In MissBenson'sownwords:"It basbeenestablishedin theexperimental

part ofthispaper,that, in the absenceofiodides,doublingthe concentrations

ofeitherthe acidor the ferroussaitquadruplestherateat whichthe iron is

oxidized;while in their presencedoublingthe concentrationof the aeid

multipliesit by eightor twelve,anddoublingthat of the iron,by two. It is

hard to sechowthèsefactscan beaccountedforbya theorywhichassumes

that the 'primaryreaction'is thé sameinbothcases."

MissBensonimpliesthat if the inducedreactionproccedsthroughthc

formationof an intermediatehigheroxideof iron,the expressionfor the

rate ofdisappearanceof ferroussaitshouldbethe samewhetheran accepter
is presentor not. Onthe contrary this couldnot be true evenin neutral

solution,forthe presenceofan accepterwillinfluencethe interactionof thc
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intermediatecompoundwithferroussait,and in acidsolutiona numberof
othercomplicationsarise. Thus,in the presenceof acid, iodidesare easily
oxidiiK'dby air andthe catatyticeffectof ferrieironisgreatlyincreased.

Considerthe probablesituationwithregardto theeffectof ferrousiron

concentrationon its ownrate of change. Supposethe intermediateto b<*

formedaccordingto the followingequation,and supposethe accepterto

react immcdiate!ywith the product:

FeO+ 0 = FeO3

Theniftheconcentrationofoxidizingagentdoesnotchangeappreciably,

dx/dt = -k.x

whereis the concentrationofferrousironat timet. Thistheoreticatresult
is just what'MissBensonobtainedexperimentally.

Nowwhenno acceptoris present,the intermediatecompoundmustde-

composepraoticallycompletelyby reaetingwithferrousiron. This maybe

cxpressedin an equationas follows:

3 FeO+ FeO,-= 2Fe,0,,

and then the rateof disappearanceof ferrousirondue to bothreactionsis

givenby
dx/dt'=' -k,x ktX'y,

whcrc}/is the concentrationof intermediateat timet. MissBensonfound

cxpcrimcntaUythat wheniodidesare absent,dx/dt= -k~, but it is likely

that, undercertainexperimentalconditionsand withinexperimentalerror,
the expressions,(–k<x~)and (*-k)X k<x*y),maybe numericaUyindis-

tinguishable.If the abovechemicalequationsare notaccurate,(if, forex-

ample,FeO.:H<0<shoutdbewritteninplaceofFcOt)averysimilarargument
holds. Thus theexpérimentaifact that therate ofoxidationofferroussait

changeswhena suitableacceptoris added,doesnotprecludethe possibility
of the primaryformationof a higheroxideof iron;but is, on thé contrary,

just whatwouldbcexpectedifan intermediatehigheroxidcwereformed.

PermanganateasActor

The reactioninvolvingpotassiumpermanganateand sodium ortho-

arsenitewas investigatedunder carefullycontrolledconditions,and was

found,iikewise,to yieldan inductionfactorof three. So far as the writer

is aware,this inducedreactionbas neverbeforebeeninvestigatednoreven

mentioned.Its mainpointofinteresthereis that it isanotherinducedreac-
tion occurringin a non-acidmédium,andthereforeits courseis not com-

plicatedby the undcsirabteretardationand catalyticeffectswhich arc

broughtintoplayby the presenceof aeid.

It wasnecessaryto run the reactionin an alkalinesolution;otherwisc

thé arsenitewouldundcrgooxidationby théair. Sodiumbicarbonatewas

usedas the alkali. SinceferrousironisquicMyoxidizedby oxygeninalka- [;
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linesoutien, thé reactionhad to be run in thé absenceofair. Forthispur-

posea filteringflask was used as the reactionvessel,and carbondioxidc
wasallowedto bubble through the solutionand to pass out throughthe

side-armofthé fiask. Sincepotassiumpermanganatein alkalinesolutionia

ordinarilyreducedby ferrousiron only as far as the insolublemanganese
dioxide,whiehobscuresthe end-point,an excessof solidsodiumpyrophos-
phatewasadded. This reagentinoreasesgreatlythé reducingabilityof the

ferrousiron,and thé permanganatethen is reducedto a solublemanganous
sait.

Thé filteringHaskwas fitted with a thrce-hoterubberstopperthrough
whichpassedthe tip ofa 10ce.burette, the stemofa funnelprovidedwitha

gtassstopcocknear thé stopper,and a deliverytube reachingnearlyto thé

bottomofthe ftask. The otherend of the deliverytubewasconnectedby a

lengthof rubber tubing to a cyllnderofcarbondioxide. This is essentiatty
the apparatus with whichJob~ titrated iron in alkalinesolutionwithper-
manganate.

Thé arsenitesolution wasadded each time directlyto thé cteanflask.

The air waswashed out by inserting the stopperand passinga streamof

carbondioxidethrough the Haskfor a fewminutes. To removetheair in

thé stem ofthe funnel,the latter was partly filledwithdistilledwater,and

the gas wasmade to bubbleup through this by stopperingthe side-armof

the Haskwith a fingerand opening the stopcockfora fewmoments.The

stop-cockmustbeclosedagainas soonas thé gasis releasedthroughtheside-

arm otherwisethe distilledwaterat oncedropsinto the flaskandreStt"the

stemwithair. After washingthe air out of the flaskand out of thefunnel

stem, the ferroussolutionmaybe added throughthe funnelor theperman-

ganate through the burette, with the assurancethat any oxidationwhich

mayoccurisdue solelyto thepermanganate. Caremustbc taken,ofcourse,
to washdownall the solutionin the funnelwithoutwashingin anybubblcs

ofair.
The inducedreaction was run as follows:Fifty ce. of approximately

decinormalarsenite solutionand about three gramsof pulverizedpyro-

phosphatewereput into theflask,and the latter thorougMywashcdoutwith

carbondioxidc. Then permanganatewasaddeduntil the solutionassumed

a slightpinkcolor,and this volumewastakenas a blankcorrection.(The
colorwouldpersistovemightwith no noticeablechangeof tint, showingthat

under theseconditionspermanganatedoesnot oxidizearsenite.) The cor-

rectionvolumebeingfound, a given amount of ferroussolution,measured

froma graduatedpipette, wasadded slowlythroughthe funnel. Duringthis

addition,permanganatewasadded drop by drop,but not in suchquantity
as to bringback the colorof the blank run. Theobjcctof this procedure
wasto keepthe ferrous iron concentrationalwaysas lowas possiHe,thus

reducingto a minimum the interaction of ferrousiron and intermediate.

Whenthe last of the iron hadbeenadded,the funnelwaswashedwiththree

or four portionsof water, and then with the permanganatethe colorof the

solutionwasbrought to that of the blankrun as nearlyas possible.From
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the amountof ironaddcd and the oorrcctcdvolumeof permanganate,the

quantity of arseniteoxidtiiedand the inductionfactor were ca!cu!&ted.
In Table11aUnumbers,exceptthe inductionfactors,arevolumesince.

TAtHLElI

FerrouBIron PotassiumPermanganaten o.ts< AroenateInduction
cpenaan. Factor

n"o.os n"!i blank Utre corr. N~ti -iron

4.0 .2 .ûs 5-'5 4.50 .7' Si 2. S5
3.0 .y 4.2 3.5 -55 -40 2.67
t.S .07$ .58 z.3S t.77 .zos 2.73
i.o .0$ .57 ï-90 1.33 -si .16 3.2

1.8 t.:3 -'M -ï<t4 2.88

Thevolumesin the columnheadedn = are obtaincdby multiplying

togetherthe volumesof ferrousironor the correotedvolumesof perman-
ganateandthenormalityofthesesolutions.

In thé experimentwith ce. of iron,it wasimpossibleto tell whetherthe

permanganatetitrewas!.8 or 1.9ce. That is, with!.8ce.added,thesolution

seemcdto beof the satnecolorthat the blankrunhad becn,andafter two

moredropsofpermanganatehad beenadded(makingthe titre t.o)thecolor i
stillseemedthésame. Twomoredropsdefinitelymadethereactionmixture

darkerin color. Themeanof the twovaluesis thus probablymorecorrect

thaneither,andthiscorrespondstoan inductionfactorof3.0.
Theseexperimentsthereforeconfirmthe conclusionpreviouslystated,

that in the limiting,ideal case,ferrousironpossessesthé abilityto traasfer

three equivalentsof oxygento a suitableacceptor,and hence the inter-

mediatecompoundmay bc of the formulaFeOa. Furthermorethe result

makesit very improbablethat the intermediatecompoundis an addition

productof actorand inductor,since,If this weretheexplanation,the inter-

mediatefor hydrogenpcroxidewouldbe FeO.xH~, andforpermanganate,

5Fe0.4KMnO<.

Oxygenas Actor
Hislorical

Afterdiscoveringthat Manchot'sassumedpentoxideof iron",FctO~,is

actuallyessentiallya trioxide,FeOt,it wasnaturaltohopethat expérimental
errorhad ledhimto the conclusionthat a dioxideofironis the intermediate

whenoxygenis actor,and that thiscase,too, wouldtum out to be inte!ii-

gibleonthe assumptionofan intermediateof formulaFeO,. Thenwhother

hypochlorousacid,oxyften,hydrogenperoxide,or potassiumpermanganate
werethe actor,the reactionwouldfotlowthe samegeneralcourse:it would

proceedthroughthe intennediateformationof an unstablecompoundrepre-
sentableas FeO~,andiron wouldpresentone uniformbehaviortowardthese

oxidizingagentsinsteadofan improbablevaricty.
But thissimplestate ofaiTairsdoesnot exist. ïn thepresenceof ferrous

iron,hydrogenperoxidcwillliberateiodinefrompotassiumiodide,but at-
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nxMphchcoxygenundcrordinaryprctMurewillnot. Thiswasshownin an

fxperimpntperfonnetias a blankin connectionwith thé atudyof hydrogen
pcroxideas aetor: a dilutesolutionofpotassiumiodidoandferrousironwas

thorough!yaeratedby rotating thestirrerat a highspecd,butnoiodinewas

st't frpc. Hence the assumptionof only one intermediateiron compound
willnotexplainthe actionof bothhydrogenperoxideand oxygen. If FcO,
wt'rt'fonnedin eachcase,then ineachcase iodineoughtto beliberated.

Themannerin whichManchotinvestigatedthe oxygen-srsenitorpaction

bas alreadybccn describcdbriefly. It consistedin measuringthé oxygen
absorbpdwhen a solutionof potasNUtnorthoarKcntteand forroussulphate
are shakenin an apparatusfilledwiththé gas. The colorofsucha mixture

ix firsta light green,and, accordingto Manchot,"the red-browncolorof

ferriehydroxidefirst appears whcnthere is consumedalmostdoublethé

volumeof oxygeneorrMpondingto the changefromferrousto ferrieiron."

Typicalcxperitnentxwereperformedwith the followingproportionsof re-

at~nts: !$ t;. arscniousoxide,36g. potassiumhydroxide.100ce. water,and

)o or :$ ce. approxitnatclydecinommlferroussalphate in 30ce. of water.

It wasfoundthat theabsorptionofoxygencontinuedaftcr théironhadbeen

oxidized-althoughat a much slowerrate. Whenthe observedvolumeof

oxygenabsorbcdwa!)correctedai!carefullyas possiblefor theeffectof this

sidereaction,it contparedwith thecalculatedvolume(twicethat required
in theoxidationof thé ironatone)asshowninTableIII.

TABLEIII

l'ct-foussulph&te Obeervedvot. Calculatedvot.

)oec. :s.6cc. :$.6cc.

15 ~7.7 37.6

PracticaHythc identicalexperimentswererun in 1925by JamesH. C'.

Smithand H. A. Spochr~with similarresults. The apparatuswasslightly
differentand undoubtedlycapableofgreateraccuracy. Anewreagentwas

presentin the mixture:sodiumpyrophosphate,whiehis believedto have

rcactcdat oncewiththeferrousirontofonn the hypotheticaleomplexcom-

pound,sodiumferro.pyrophosphate.Thiscompoundisratherlooselyspoken
ofasa "catalyst,"althoughthéwritersunderstandquiteweUthat thiscomplex
is at onceoxidizcdto an inactiveferriecompound. Thé reactionis about

ninetypercent comptctedin four minutesof shaking,and the volumeof

oxygenabsorbedisnearly twicethat correspondingto thé oxidationof the

ferrouscompound.The total volumeof solutionwas alwaystgo ce. The

temperatureremainedwithin a degreeof ~ï. The oxygonabsorptionfor

ferroussutpbatc heptahydratewascalculatedto be a7.4ce.under the con-

ditionsofcxperiment,and wasfoundto be 27.5and 27.6in twoexperiments
whenthe ferroussalt wasshakenalongwith oxygen. 'l'husthe experimonts
of Smithand Spoehrconnrmthe hypothesisof an intermediatedioxideof

iron. The data for twoof the experimentsin thc presenceof arseniteare

~h'enin Tablc IV.
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UcrhartJuat" studiedin 1908therate ofoxidationofferrousbicarbonate
inaqueoussctutionwhenoxygenwaabubbtcdthroughit. He8UtQ!estedtwo

mcchanism: one )nvo!viHKthe assumptionof a compoundof formula

t-'cOt(OH);inwhiehthe ironi8quadrivalent,and the other,the intermediate

TABM:!V

t-'errom! Oxy)tp"il Ca)cuia<<'dfo)'tw)M*
Mttt KaaO, a)Mon)ed as muchfettouasalt

o.s~. -49< 26.700. 27.~00.

0.3 .490 '7-! t6.4

formationof hydrogcnperoxide. Thesemechanismsarespéculativein char-

acter, and havefora basisonly théexperimentalresultthat the rateof dis-

appearancoof ferrousiron i« proportionalto thé concentrationof ferrous
ironand to that of oxygen. Thusthe reactionis monomolecularwithre-

spectto ironandto molecularoxygen.

Bx~en'MeK<a!
In the present investigationthe oxygen-arsenitereaction, inducedby

ferrousiron,wasstudied in a mannerquite differentfromthat of Manchot;

yet it yieldsthe same generalconclusion,namelythat in this reactionthe

intennediatecompoundmaybeoftheempiricalformulaFeO! Théinduction

factorpersistedin remaininglowuntil an excessofsodiumpyrophosphate
wasadded. This reagent,by forminga slightlyionizedcompoundwiththe

ferrieiron, increasedthe activityof the ferroussalt,and lessenedthe ade

réactiondiscussedprcviousty.
To calculatethe inductionfactorof this reaction,it is necessaryto deter-

mine,directlyor indirectly,thé quantitiesof ironandof arsenitethat are

oxidized. Thé quantity of ironoxidizedis easilyfixedby addin<{a known

amountand shakingwithoxygenuntil all of thé ironisoxidized. Manchot,
and Smithand Spoehr.did not detenninethe quantityofarseniteoxidized,
but detenninedthevolumeofoxygenabsorbedbythéreactionmixture. The

volumereactingwith thé arsenitemaybc readilycalculatedfromtheirdata

bysubtractingthe amountwhichbascombinedwiththe iron. A moredirect

methodof obtainingthe data for the inductionfactoris to determinethe

amountof arsenateformed. A numberof methodsfor this détermination

weretried out, but the presenceof the basicferriesaltor the presenceof the

great excessof arsenite interferedseriously. A compromisewasat Jast

reachedby titrating the arseniteleft after the inducedreaction is finished.

This presenteddifficulties,since,to obtain the maximuminductionfactor,
thé acceptormust be present in verygreat exccss.Thus,for a mixtureof

reasonableproportions,the total arsenite was equivalentto 6~ ce. of

approximatelydecinormaliodinc,and whena portionofit had bccnoxidizcd

in thé inducedreaction, the remainingarsenitewasequivalentto 60.5ce.

Thesmat!amountof arsenatc,therefore,couldnotbe estimatedwith much
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accuracy. By adding an excessof iodinewith an accuratctycatibratcd

pipette,however,and then backtitratingwiththlosulphateina toce. burette,
theaccuracyof the analysiswasimproved.

It bas beenmentionedthat the inductionfactorwaslowat first. This

maybe explainedin part by the slownessof thé reactionin its last stages.
Althoughwithpermanganateas theactor,the reactionisalmostas fast asa

simpleoxidation,and is complètein a veryshort timc, theoccurrenceofa

slowlyfading end-pointwhen oxygenis the actor showsthat though the
inducedreaction is rapid at first,equilibriumis attainedteisurely. That
ferroussait and arseniteform a eomptexin the reactionmixtures,is shown

bythe failureof a dropof sucha solution(beforeoxidation)to bringa blue
colorto a dropof potassiumferricyanidesolution. Ferroussalt,under the
sameconditionsof iron concentrationand of alkalinitywith bicarbonate,
givesa distinct, quickMue. It seemsprobable,thereforethat theretarding
of the inducedreaction is due to the formationof a stighttydissociated
arsenite-ironcompound. J. N. Friend~offersthe foUowingas possibilities:
Fe~As.:0&,Fe(AsOt),. Near theendof thereaction,whenthe concentration
of ferrous ironbas decreased,say,oopercent,the concentrationof arsenite
basdecreasedabout3 or 4 percent;thus by the applicationof the mass!aw
the slight concentrationof ferrousironas ion wouldrapidlydecreaseas thé
oxidationcontinued,and its rateof reactionwoulddecreasecorrespondingly.

As a reagent for increasingthé reactivityof the ferrousiron, sodium
nuoridewas firsttried; but sodiumpyrophosphatewasfoundto be moreef-
fective. In eachrun about threegramsof pulverizedpyrophosphatewere
added to 50 ce. approximatelydecinormalarsenite,a varyingvolumeof

0.05n. ferrousammoniumsulphatesolutionwasslowlyaddedwithshaking,
andthe mixturein a liter Pyrexflaskwasplacedina shakingmachinewitha
horizontalstrokeof twoinches,andshakenhatfan hourat the rate of about
a hundredandfiftyoscillationsperminute. Noadditionalwaterwasadded,
the total volumebeingabout 55ce. Thetemperaturewas ± 2.

Ablank showedthat no reactionoccursif thearseniteisshakenwithair in
the absenceof ferrousiron:

50ce. arsenite =6:.6 ce- iodine(n = .0817)withnoshaking
= 62.53 after shakingfour hours
= 6:.8 after shaking32hoursandstanding64hours.

Three indueedreactionsrun in duplicateyieldedinductionfactors ap-
proximatingt, TableIV.

While the valuesof the inductionfactordo not cxtrapotatedefinitelyto
oneat zéro concentrationof ferrousiron,they indicateclearlythat the limit-

ingvalue is one. If no oxygenweretransferred,the inductionfactor would
bezero;if twoequivalentsweretransferredperequivalentofiron,the induc-
tionfactor wouldbe two; it is assumedthat the total reactionisthe sumof
twoconsecutivereactions,and hcncethat the LawofCombiningWeightsis

operative. Thusthefactormustbean integer,and it isonthisbasisthat the

Ilinitinginductionfactorissaid tobeone. Thismcansthat foreveryequiva-
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TABLE IV

Ferrous iron Back titrations with thiosulphate Induction

aU nco.to~ factor

mn'='o.o'sn=t x antenie Aft<0< Af~Ot n**t 1

2 o.i t.90 2.84 0.95 0.0987 0.987

:.86

4 0.2 t.90 3.80 1.92 o.!99S 0.998

3.85

8 0.4 ï90 S.45 36 0.374 0935

5-64

lent of ferrousiron oxidizedto the ferriecondition,oneequivalentofoxygen
is transferredto thé acceptor,whichis the resultreachedby Manchotand
conCrmcdrecentlyby Smithand Spoehr.

/)!'SOMSMn

The resultsof the experimentsindicatethat the inducedreactionproceeds

throughtheformationofan intermediatecompoundofironandoxygenin the

proportionof one atom of iron to two of oxygen. The formulawillnot be

written FeO:,howover,but Fe~. A special,specifiemechanismmustbe

soughttoexplainthe factthatoxygendoesnotoxidizesodiumarsenite,butthat

oxygenplusanother reducingagentdoes. It mustbetrue that oxygenin the

molecularstatecannotreactwitharsenitebut canreactwithferrousiron.Now

when a motecuteof arseniteis oxidized,it acquiresone atom of oxygen.
Then if it boassumed that the ferrousiron canacquiretwo atomsor one

motccuteofoxygenat once,wehavenotonlyanexplanationfor the different

reactivityofarsenite andferrousiron towardgaseousoxygen,but therefol-

lowsalmostof itself an explanationfor the peculiaracceterativceffectof the

ferrousiron,viz., that the intermediatecompoundformedby the consump-
tion of one motecuteof oxygenmay décomposeMberatingone atom of

oxygen,whichis the right proportionto combinewitharsenite.In theform

ofequations: '.FeO+0.=Fe~

Fe,0<= 0 + Fe,0,

This view,that molecularoxygencombineswith the inductorand atomic

oxygensplitsoff, is supportedby investigationson other reactions. The

workof Job," Baur," and Engîcr"on oxidationin the presenceof saltsof

ceriumconfirmait, and is,indeed,strongevidenceforthé wholehigheroxide

hypothesis,for in this reactionthé intermediatecompoundbas beenisolated

and shownto have the propertiesnecessaryto producethe inducedreaction.
A ceroussattwill acceleratethe oxidationofarseniteby air, and a cericsalt s

willnot. The isolatedpercericsalt readilyoxidizedarsenateor ceroussalt,
itselfreturningto the cènecondition. The inducedreactionmaytherefore

bc written:
CeO+ 0~= CeO,

CeO,+ K,AsO,=' K,AsO<+ CeO,
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inwhichtheoxygencombinesasa moleculeand is transferredto théarnonite
asan atom.

Asfurtherevidencefor the widespreadnature of this actionof oxygen,
vonBaeyerand YiUige~showedthatwhenbenza!dehydeisoxidizedin air,
thé oxygencombinesas the molecule,fonningbenzoythydrogenperoxide,
whichthen reacts withan acceptor(morebenzaldehyde,indigo,etc) losing
an atom of oxygenand yietdingbcnzoicacid.

In their study of thé oxidationof ferrousiron by oxygen,Smithand

Spochr~obtain reactionvelocitydata for a first order réaction:the haK-

periodof thé reactionremainsconstantduringa three hundredpercentin-
creasein théproportionof ferroussaitadded. Theysuggestthat thereaction
is a caseof so.called"autoxidation,"that thé iron unites with molecular

oxygento form a "moloxide,"andthat this intermediatereacts with the

aeceptorif oneis present. Theymakethefurther comment,"It maybe of

significancein this connectionthat stoichiometricallythé motoxide,Fe0.0t,
isequivalentto a ferratc.

They assumethat the ferrousatomscombinesinglywith the oxygen,
andthat onthis accountandsincetheoxygenpressurewasmadeconstant,
the reactionappearsto be monomolecular.Followingthis lineof thought,
thesimplemotecute,Fe0-0<,wouldbethemostlikelysubstanceto beformed.
But if this weretruc, the volumeofoxygenabsorbedwouldnot be twicethe

volumeequivalentto the ferrousiron,but four times this volume. Since,
however,the expérimentaldata showthe formervalue–twicethe volume-
théempiricalformulaof the intennediatemay be Fe0<. Therelationsbe-

tweenthe empiricalforrnulaeand thevolumesof absorbedoxygenmay bc

madeclearerthrough hypotheticatéquations:

Fe~ + 0: ° Fe,0<=Fc,0, + 0

FeiO: + :0, = !(FeO-0,) = Fe:0, + 30

In the firatequationthe equivalentofironreactswith t/: 0<,whichis just
doublethat requiredto oxidizetheequivalentof ironup to the ferriestate,

namcty,1/4 0:. In the secondequationthe equivalentof ironreactswith

0:, whichisfour timesthat requiredtooxidizethe equivalentof iron. Thus
the experimentsshowthat the secondequationdoesnot explainthe phe-
nomenon.

This conclusionmakesan examinationof thé first equationdesirable.
Thereactioncannotbewritten:FeO+ 0, forthe ferroussaltisreactingwith
molecularoxygen;and the reactionis obviouslynot monomolecularif it is
written:2FeO+ ()!. However,if thesodiumferro-pyrophosphatebe con-

Mideredto possesstheformulaproposedbyPascal,"NaeFe~PtO~t,then the

Théterm"moloxide"iaexplainedbythécontextasanoxicieinwhichoxygenentera
Mthewholemolecule.Written"mot-oxide"it MuaedbyWctoandBaudMch"aaan
equivalentfortheottierterm,"hotoxide,"inventedbyTraube.

"Ferrate"mtheoldertcnnforaMithavinghexavalentironintheaeidradical;inthé
présentthesis,fottowingJ. X. Friend,"thétermforaucha saltif)"perferrate,"and"fer-
rate"iskeptfortheeompoundscontainingquadrivalentiron.
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reactioncan be monomoteoutarwith respectto the iron compound,for me

latteroanreactwithmolecularoxygen,andthe intennediatehigheroxideean

reaeonablybe writtenFe,04.

Aotuattythe reactioncannot be monomoleculareven with respectto

thé fenousiron, for thehigheroxidecanretum to the ferrie stageonlyby

interactionwith moreferrousiron; thus the rate of disappearanceof thc

ferrousironcannotbeproportionalto the concentrationof the ferrouairon

alone;it must be proportionalto a terminvolvinKalso thé concentration

of intermediate.
It basbeena stumbtingbtockin the theoryof inducedreactionswhieh

postulâtesintermediatehigheroxidesthat, whena ferroussait alone is

oxidizedindilutesolutionwithoxygenor hydrogenperoxideor certainother

oxidizingagents,only80muchof the oxidizingagent is consumedas corrc.

spondsstoichiometricaUyto the oxidationof the ironfromthe ferrousto the

ferriecondition.If anintermediatehigheroxidebefirst fonned,andevenif

it disappearthroughreactionwith unusedferrousiron to fonn ferrieiron,

someofthe ironat theendofthe reactionoughtstill to be in the highlyoxi-

disedstate; and thisamountwouldcorrespondto a quantity of oxidizing

agentbeyondthat theoreticaUyrequired. Yetan errorof tbissort,ifit does

occur,is too sma!!to be detectedby the ordinaryanalyticalmethod. The

dataofSmithandSpoehr,mentionedabove,showthis. Theoxygenabsorp- =

tionoatcuiatedfromtheequation,4Fe+++ 0, 4Fe~+++ ~O",wasxM ce.

at atmosphericpressurefor i g ferroussulphateheptahydrate,andthe ob-

servedvolumesfortwoexperimentswere27.5and27.6ce.

That the reactionis experimentallymonomolecular(whenthé pressure

ofoxygenis constant)and that, withinthe limitof analyticalaccuracy,no

over-consumptionofoxygenoccurs,pennitsthe deductionof twoimportant

facts: t) Ferrousironreactstwo atomsat a timein this oxidation;z) The

interactionof the intermediatehigheroxideand ferrousiron is remarkably

rapid.
Considerthe fundamentalmeaningof "monomolecutar"as appliedto a

chemicatreaction. WhenSmithand Spoehr"saythat the reactionismono-

tHoiecutar,they meanactuallythat the half.periodof the reactionis a con-

stant,which,as iswellknown,is trueonlyif therate ofchangein concentra-

tionofoneof thercactantsorof the onlyreactantis directlyproportionalto

the concentrationof this reactant. Sincethe simpiestcaseof thispropor-

tionalityrelationisonein whiehsinglemotccutesdécompose,the relationis

oftentoosetytakenas a definitionof the monomotccutarreaction. There

areothercases,however,involvingnotmerelysinglemolecules,in whichthe

rateofchangeofa substanceis direetlyproportionalto the concentrationof

that substance. Anyexplanationor reactionmechanismfittingsuchcases

mustshowhowit happensthat the rate of changeis proportionalto thé

concentrationof the one componentonly. Of courseunder ordinarycir-

cumstancestherateactuallyisproportionalto a morecomplicatedexpression,

butbecauscoftheirtackof delicacy,analyticalmethodsyielddatawhichfit

the complicatedexpressionand the simpleproportionequallywell. Thus
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whenthe data for thé hydrolysisofan esterpointto a monomoleoularreac-
tion, they are satisfyingthé integratedmonomolecularequation,dC~dt =

k(. aswellas theywouldsatisfytheintegratedformofthereactionvelocity
equationthat expressesthe truesituation,namety.dCt/dt -k'CtCt.where
C't is the concentrationofesterandC, is the concentrationofwater(molsof
waterperliterofsolution)at timet. Theessentialthinghemis that C, isso
nearlyconstantthat forall practicalpurposes,andforallordinarymethods
of analysis,theproductof andC<mayberegardedas beinga newconstant.

Ahypotheticalreactionto explainthe oxidationof ferroussaltsmay bo
written in twostepsas foUows:

Fe,0, + Ot ==Fei0<

Fe,0<+ Fe,0< 2Fe,0,

At time t let x be the concentrationin mo!sper liter of the reactant
containingferrousiron, and let y be the correspondingconcentrationof
intermediate. Then from the firstequationthe rate of disappearanceof
the ferrouscompoundis givenby dx/dt = -ktX", wheren representsthe
numberofferrousmoleculescombiningat a time,andfromthesecondequa-
tion, dx/dt <= -k~y. 'l'henthe total rate ofchangeof the ferroussait is
dx/dt ==-ktX" k,x°y. Sincethe reactionbas beenshownto be ap-
parentlymonomotecuta.r,the rateofchangeoftheferroussattmustbe ofthé
fonn dx/dt = -kx. Thiscanhappenonlywhenn t, and whenthe term

k~y is verysmaUcomparedto theterm kix. In orderforn to be i, the
ferrousironmustenter into the reactiontwoatomsat a time,whichmaybe
accountedfor by assumingthe equi!ibnum2FeO= FefOt,or by assuming
that theactuatTeactantis Pascal'spyrophosphate.

In orderfor -ktX"yto beverysmaUin comparisonto -ktX, k<must bc
verysmallincomparisontok),or~mustbcverysmall.Nowk(isa measureof
the rate of disappearance.Sincenoover-consumptionof oxygenoccursin
this oxidation,the intermediateobviouslydoesnot pileup in the solution;
hencethe rateofdisappearanceoftheintermediateisgreater,probablymuch
greater, than its rate of appearance;thus k; isgreaterthan k). Therefore
is a verysmallquantity,probablyat leasta thousandtimessmallerthan x.
Thus maybcexplainedhowit happensthat the oxidationas a wholefollows
the velocityrelationof the monomolecularreaction.

Conclusions

i. The inducedreactionin whichferrousironplaysthe part ofinductor
betongsto Type3 of Bancroft'sclassification,the acceptorreactingwitha
higherstageofthe inductor.

2. Whenferrous iron is acted upon in neutral solutionby hydrogen
peroxide, or in alkalinesolutionby potassiumpermanganate,the inter-
mediatecompoundformedhastheessentialformutaFcO).

3. Whenferrousiron is acteduponin a!ka!inesolutionby oxygen,the
intermediatecompoundhas thé essentialformulaFc}0<.
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4. In an inducedreaction involvingferrousiron as the inductor,the

acceptor is decomposedbecausethé intermediatehigheroxideis a more

powerfuloxidizingagent than thé actor.

S. The differencebetweenthé actionofhydrogenperoxideandpotassium

permanganate,andoxygen,mustbeascribedto theelectrochemicalpotentials

of peroxideand permanganatebeinggreaterthan that ofoxygen.
6. Manchot's discoverythat differentoxidizingagentsyielddifferent

intermediatecompoundsis thus confirmed.That he obtainedthe wrong

formula,Fc)0t for thé compoundwhenhydrogenperoxideorpotassiumper-

tnanganateis actor was due to a fortuitouschoiceof concentrationsof thé

reagents.
7. From potontiometricdata Goardand Ridealconcludederroneously

that the intermediatehad the formulaFe,0t. The conclusionwasbasedon

thé incorrectassumptionthat a suddendrop in their curveindicatedthe

disappearanceof the hydrogenperoxide.Actuallythis portionof thé curve

yieldsno hint of what the intermediatehigheroxidemaybe.
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PREPARATIONAND EVALUATIONOF HYDROSULFITES'

Q~

––––

~D BY 8t8TËH AMATA McQLYNN' AND 0. W. BROWN~

y~\
Introducûon

Hydrosulfitesare used for many purposes:the estimationof oxygenin

gasesand the removalof oxygen fromtechnicalgases,the estimation of

nitro-compoundsand dyestuffs,the manufactureof dyestuffintermediates

and drugs,and the bleachingof textile fabrics (especiaUywooland silk),

leather,glue,gelatin,soap, oils,fats, et cetera.' The mostcommonlyused

hydrosulfiteis that ofsodium. It canbepreparedchemicallyin many ways,
and,electrolytically,by the reductionof a solutionof sodiumbisu!8te.

Purpose of Investigation

The purposeof this investigationwas three-fold:to ascertainthé most

favorableconditionsfor the ctectrotyticpréparationof sodiumhydrosulfite,
to study theeffectof thé varyingfactorsonthé chemicatpréparationof this

compound,and to finda good laboratorymethodfor the determinationof

thehydrosulfiteformed.

Detominationof HydrosuJfiteformed

Beforestudyingthe chemicalandelectrolytiepreparationofhydrosutSte,
it wasnecessaryto finda laboratorymethodfor thé evaluationof the hydro-

sulfite,a methodin whiehsulfites,thiosulfates,or any otherdecomposition
productdidnot interfère,and one that did not requireelaborateapparatus
or rare reagents. For this purpose,a carefulreviewof the variousmethods
describedin the literature was made. A résuméof thèsemethodsis here

given. For the sake of convenience,they have been ciassinedas those re-

quiringelaborateor air-tight apparatus,and thosenot requiringit.

The foUowingmethodsrequire air-tightapparatus:
t. E!Aer*placedthé liquid to be testedin a flaskfromwhichall the air

is driven out by hydrogen, nitrogen,or carbon dioxide,any free acid is

neutralized,and a smallquantity of ferrous-ammoniumsulphate is added
as indicator. Thestandard solutionofpotassiumferricyanide(80gramsper
liter; i ce. <=o.o~i! gram of sodiumhydrosulfite)is thenadded until the

This paperis conatructedfroma dissertationpresentedbySisterAmataMcGlynn
totheFacultyoftheGraduateSchoolof IndianaLniveraityinpartialfulfillmentofthe
roquirementaforthedegreeofDoctorofPhiioMphyinChemistry.

'Profesaorof Chemietry,St. Mtuy-of-the-WoodsCollege,St. Maty~f-the-Wooda,
Indiana.

ProfemorofChemistry,IndianaUnivemity.
R.W.JHermnan:J. Soc.Chem.Ind.,42,eoo,Review(t9:3). TheEstimationof

SodiumHydMsuMte.
<E.H. Btker:J.Chem.Soc.,66u.479(tSo~).EstimationofSodiumHydrosulfite.
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solutionbecomesblue in colorwhichdisappearsas soonas all the hydro-
sulfurousacidor hydrosulfiteisoxidizcd,an excessofpotassiumferricyanide
fonningwith thé ferrous-ammoniumsulphateTurnbull'sblue. Potassium

ferricyanideis a goodreagentforthis purpose,as it isnot affectedbysodium

bisutnte,but Mat onceconvcrtedby thehydrosulfiteintoa ferrooyanide.
C. Bruhns'bas modifiedthismethodby addingthe dry sait toa definite

aniountofthe standardpotassiumferricyanidewithsufficientferroussulfate
to fonua blue, colloidalsolutionof 1'urnbull'sblue,but not a precipitate.
Theend-pointin thé modifiedmethodis indicatedbya changeofcolorfrom
blueto bright reddish-ycHow.This modincationdependsfor its acouracy
onskiUindusting the powderedsatt into thé ferrieyanidesolution. Bruhna
statesthat there is a smallerrordue to oxygendissolvedin the solution,but
that this is probablyunder0.5~.

2. Anothermethodinvolvingdirect titrationwitha satt, a cupriosatt
in this instance,is that of Bemthsen.' Ammoniacalcupricsulphateis the
saitused,withcommercialindigoas indicator. Théair-tightapparatusem-

ptoypdconsistsofa threc-neckedWoulf'sbottle,theentiretubulusof which
isfittedwithadouble-boredcorkcarryingtwodrawn-outoiecesofgtasstubing
whichare attached by short piecesof rubbertubing to two burettes,one

containingthé sodiumhydrosulfitesolution,and the other the indigosolu-
tion. Theopen endof the hydrosulfiteburetteis closedby a U.tubeSUed
withpiecesof purnicewhichhavebeensaturatedwithferroussulphateand

dippedina solutionofsoda. Thesolutionsusedare (a) the standardcopper
solutionmadeby addingammoniumhydroxidein exoessto an aqueoussolu-
tionof 4.5346gramsof crystattizedcoppersulphateand dihttingto a liter
withwater free fromair, (b) the standard indigosolutionwhichcontains

enoughcommercialindigo(sodiumindigosulphate)in a liter of water to
makeits strength equalto that of the coppersolution. Fifteento twenty-
nvece. of the coppersolutionare placedin the apparatus, air iaexpelled
bya currentofhydrogenwhichentersthetubulas(havingfirstpassedthrough
a Li-tubecontainingferroushydroxideand pumice)andescapesat the third
neckof the flaskthrougha bent tube the end of whichdips underwater.
The hydrosuintesolutionis added slowlyuntil the blue of the copperis

nearlydestroyed. Oneor two drops of indigoare next added, and the

bydrosulfitecarefullydroppedin until the blueooloris entirelydestroyed.
Eachcubiccentimeterof the Cu solution= i mg.of sodiumhydrosulfite.

E. L. Heiwig*usedthis method,but addedthe sodiumhydrosulfitein
smaitquantitiesto a measuredamountofstandardcupricsulphatesolution
in a flaskthrough whiehcarbondioxidewasbeingpassed. The reactionis

2C'uSO<+ 4XH, + Na,S:0< + 2H,O = Cu,SO<+ Na~SO<+ (NH<),
SO,+ (NH<),80<

(J.Btuhns:Z.an~ew'Chem.,33,t9:o(t<)2t).Vofein~achteWerttneMuagvonHy.
dKMutBt.

'V. Bemthaen:Ber.,13,M8)(t88o). Bestimmungder HydroauNtiOMngenmit
ammoniakaliscberKuptertC~ung.

*E<t. Hc)wif!:"Ettimationofbyposutphite,"Am.DyMtutîReporter,7, u, M.tg
(t9M).
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This "CopperMethod"isdescribedby N. Fradiss'also,whoaddsthat,
mincefreesulphurousaciddecolorizescoppersolutions,but sulphitesand bi-

fuiphitesdonot,it is essentialto neutralizethesolutionsto betested.

E. Bosshardand W.Grob'describea meansforcarryingout this deter-

minationin anatmosphèreofpurenitrogenor hydrogen,sothat nosépara-

tion of metalliecopperoccurs.
Thé followingmethodsdo not requireair-tightapparatus,and maybe

classedas to thosc that arebasedonthe separationof a metal,a metatlic

oxide,iodine,or sulphur,thoseconcerncdwiththeformationof a formalde-

hyde-hydrosulfitecompound,and those involvingthe oxidationof the

hydrosulfiteby a standarddyesolutionor by hydrogenperoxide.

3. Messrs.Brotherton&Co.,Ltd. of Leeds,England,use, alongwith

the Indigo-CarmineMethod,amethodproposedbyA.Seyewetzand B!och.'a

About 0.4 gramof sodiumhydrosulfiteis accuratetyweighedout in a dry

stopporedweighingbottle. Asilversolutionis preparedbydissolvingi gram

ofsilvernitratein 10ce.ofdistilledwaterandadding15ce.of20%ammonia.

This solutionis pouredon to the solidhydrosulfite,and thé reactingsub-

stancesare wellmixedtogetherwitha thin gtaœrod. Afterabout s min-

utes, thé greyprecipitatcof silveris filteredoffon to a Goochcrucible,

washedthorougMywith diluteammoniumnitratesolutionuntil freefrom

silver nitrate,dried ignited,and weighedin the usualway. Two hundred

and sixteenparts of silverare equivalentto onehundredand seventy-four

parts of pure,anhydroussodiumhydrosulfite.
J. H. Smlth4usedan ammoniacalsolutionofsilverchloride,proceeding

ht the samemanneras Seyewetzand Bloch,but, after washingwellthe

precipitatedsilverwithdiluteammoniumnitrate,placedthe Gooohcrucible

in nitrie acid,wannedto dissolvethe silverandto removethenitrousacid.

The crucibleis removed,thesolutiondilutedandtitratedwith0.1N KCNS

solution(VolhardMethod). Theequationrepresentingthe reactionis:

Na<8,04+ :AgCt+ 4NH<OH° 2(NH<):SO,+ zNaCt + 2H,0 + aAg

The calculationis based on the fact that i molof sodiumhydrosulfiteis <

equivalentto z motsof.KCNS. Thismethodisaccurateand morerapid.

Smith's methodis an improvementonthat of SeyewetzandBloch,beeause,

in the latter, insolubleimpuritiesin the hydrosulfiteare caughtin theGooch

crucibleand weighed,thusmakingthe methodinaceurate.

4. E. Ortoffbasedhismethodon the reductionof mercuric-potassium
iodide to metatticmercuryby the hydrosulfite,and the subsequentdeter-

1X.Fradim:Coppermethodforeatimatinf;hydrosuIphurouBaeid,Butt.det'AMoc.de
CHm.deSuc.etdeDiat.,M,(5)4M-4S4('898).

E. BcMhMdand\V.Grob:'ntMtionwithammoniacalCusolution,Chem.Xtg.,3?,
437-439<'9'3)-

'A. Soyewet):andBtoeh:DetenninationofHydroaulfitesandHydmMtptuteCom-
pouMda,J. Soc.Chem.Ind.,2S,394(!oo6).

aJ. H. Smith:The EstimationofSodiumHydtMuMite,J. Am.Chem.Soc.,43,
<307.t3o8(!9:t).

E. (Mo)ï:AnalysederMMngenhydttMch~-eHigMUtBfSaké,Chem.Centr.,1,69:-
~93('90S).



!668 SÎ8TBN AMATA McOt~YNMAND 0. W. BBOWN

minationofmercuryby standardiodinesolution. Thé merouric-potassiutn
iodidecontains60gramsmercuricchlorideand :6o gramspotassiumiodide

per liter. Anexcessof this solutionis mixedwithan equalvolumeof ;o~

potassiumhydroxideand a measuredamountof the hydrosulfitesolution.

Mercuryis at once liberatedaccordingto thé equation:

Hxii.~KI + K,8~). + 4KOH= Hg + 4~ + ~H,0 + :K,SO,.

Theseparatedmercuryis filteredon to a plugofasbestos,washedwellwith

water,andplaced ina !o% solutionof sodiumhydroxide,and an excessof
`

X/to iodincsolutionadded. The solutionis then acidifiedwith HCI,the

excessiodinesolutioncoloringthe liquida reddish-brown,mercuriciodide

beingfirstformed,thus:

Hg+ l, = Hgl, <

Thcexeessiodineis determinedbytitration withN/to sodiumthiosulfate,
n

t ce. of N/io iodinebeing equivalentto o.otojt g. Kt8t0<or 0.0087g.
Ù

Ka~O~. In the courseof our experiments,it wasfoundthat consistent

resultswereobtainedby allowingthe separatcdHgto remainin the NaOH

solutionforsometimebeforeacidificationand subsequenttitration.Methods

3 and 4 have beenfoundto be very satisfactory,becausethey donot rc- e
quirecomplicatedapparatusandbecauseneithersulphites,northiosulphates,
norbisulphitesinterfere.Both methodshave beenusedin thé experimental
workofthisresearch,resultsofbothmethodsagrceingwithint.o%.

S. Anewmethodhas beenproposedby E. Knecht'in whichadvantage
is takenof the fact that hydrosulfitesareoxidizcdquantitativelyto sulphites

byalkalinesolutionsofchromates:

Na,CrO<+ 3Na~S,0<+ :NaOH = 6Na,80, + Cr,0, + H,0

whereassulphitesare withoutactionon suchsolutions.One-tenthto two-

tenthsofa gram ofsolidcommercialhydrosulfiteis addedto :o ce.ofN/to

potassiumdichromatewhichbas been made alkalinewith an excessof

caustiesoda; thé solutionis boiledfor 4 or 5 minutes; thé precipitated
chromiumhydroxideisseparatcdand boiledwithwaterand sodiumperoxide =

untilit bas dissolvedand the excesssodiumperoxidehas beendestroyed.
Thesolutionis acidifiedwithH;804,and the chromiumestimatedby adding
an excessof standardizcdtitanouschlorideand titrating back with iron

alum,orby the ordinaryferroussulphatemethod.
6. A method that does not requireelaborateprecautionsfor the ex-

clusionofair, but whichis applicableonlyto theestimationofhydrosulfites 0
freefromsoda ash and decompositionproducts,is that of S. H. Witkes.'

°

Aweighedamountof the dry salt or a measuredvolumeof sodiumhydro-
sulfitesolutionis addedto an excessof KIO~andKI (in the ratio of 6 g.
KIOt to io g.KI). Thesteps involvedare the reductionof thé iodate,the

liberationof iodinewhichoxidizesthe sulphiteformed,and the liberation

E.Knecht:NewMethodofValuingHydroMtHtes,J. Soc.DyeM& Col.,3t,04
(<9'5)'

S.H.Wilkes:A XewMethodofAnatyanftSodiumHydromttBte,J. Sac.Chem.
tnd.,42,356T(t?~).
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of more iodinefromthe iodate-iodidemixtureby the HIformed. If there

is always an excessof the iodate-iodidemixtureprésent,thé action of thé

Mdiutnhydrosulfiteon thé iodate-iodidemixtureIsas foUows:

3 Na,S,0<+ 4KM~+ :Kï = 31,+ 3Na,80, + ;;K,SO<.

The iodine liberatedi~notdirectlytitratedwithstandardthiosulphate,but

the latter is added in excessto the iodatc-iodidemixturebeforethe hydro-
sutnte is added,and the unusedthlosulphateis back-titratedwithstandard

iodine solution. This wouldbe an idéalmethod,wereit not for thé fact,
that sodiumhydrosulfitein solutionif)veryreadilyreducedto sodiumthio-

sulphate, thus givinga loweryieldthan onereattybas. This is espeeiaUy
true in the etectro!yticpréparationof sodiumhydrosutnte,sincesodium

thiosulphate is producedsimultaneouslywiththe hydrosuinteaccordingto

the equation:
:NaH80, + 4H = 2Na~S,0,+ H,0,

as wellas by the décompositionofthe newty.formedhydrosulfite:

Na,S,0<+ H, =. Na,8,0, + H,0

7. Dry HtSbas no effecton dryNat8t0<,but, in theprésenceof water,

rapid reactiontakes place quantitatively,accordingto théequation:
N&t8,0<+ H,S = Na,8,0, + H,0 + S

The liberatedsulphurcan bereadilycoUectedandweighed.1
8. It bas beenknown' for a longtimethat sodiumhydrosulfite,in the

présenceof an excessof formaldehyde,breaksup intoa mixtureof sodium

sulphoxylateformaldehydeand sodiumbisulphiteformaldehyde,according
to the equation:

Na~0< + !CH,0 + 4H,0 = NaHSO,,CH:0, :H,0 + NaHSO<,CHiO,
H,0

M.W. Merriman~used this fact as a basisfor his method. Sincesodium

bisulphiteformaidchydeisnotactedonbyiodinein neutralor acidsolutions,
and sodiumsulphoxylateis,standardiodinesolutionis usedto déterminethe

amount of hydrosulfiteprésent. Thefollowingequationshowsthe action

of iodineon a solutionofsodiumhydrosulfitewithan excessofformaldehyde:

Na~,0< + 2CH,0+ 4~0 + 4$t
-=

NaHSO<+ CH,0 + 4HI + NaHSO,,CH,0,H,O.

The formaldehydeis mixedwithwaterina graduatedflaskand shakenuntil

a uniformmixtureisobtained. Whiletheliquidin theflaskisgivena whirling

motion,the carefuMy-weighedsampleof hydrosutntcispouredinto the flask

through a short-stemmedfunnel. Thefunnelis washeddownrapidtywith

water, the volumemadeupto the mark,andthenaskagainshakenvigorously

F. 8. Sinnatt:ActionofH,8onSodiumHydrmuttitc,J.Chem.Soc.,M<,ii, 460
~'9'4).

*MM<BMten:ZurKenntniMderhydMSchweHi<enSSure,Ber.38 to&t(t9os);L.
Haumann,G.,Themnar,andJ. Frossard:Fonnatdehyde-HydrMutnteofSodium,J. Sec.
Chem.Ind.,23, !an(t<)04).

R. W.Merriman:TheEstimationofSodiumHydroaulfite,J. Soc.Chem.Ind.,42,
~~o,Rcvicw(t9aj).
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< t~ .~tF~ ~-i– i- -L~-i~i ~-––-–Jt ~t-
for sometime. Aftera uniformmixture taobtained,a measuredvolumeis

removedby meansofa pipetteand ptaoedina beaker. An excessofstan-

dard iodinesolutionisaddedin knownvolume,andthe resultingMght-brown

liquidaUowedto standforsometime (aboutor 3 minutesaocordingto the

directionsof Merriman)beforedetenniningthecxoessiodine. In thecourse

ofourexperimentswiththismethod, wefoundit betterto aUowthe hydro.

sulphiteto remainwith thefonnatdehydeforaboutfourteenhours.

A schemeproposedby R. E. CrowtherandA. D. Heywood'consistsin

addingto 800cc.ofair-freewaterin a UterHask40ce.of 40%formaldehyde
aotutionand 10 ce.of 30%NaOH solutionand,whilevlgorouslyagitating
the flask,adding8-1:gramsofdry hydrosulfitepowderthrougha dryfunnel.

The volumeis then adjustedto 1000ce. Thisformatdehyde.hydroautntc
solutionis then runfroma burette into :s ce.ofstandardmethyleneblue x
solution(14g./L.) to whieh!o ce. of glacialaceticacidand 50 oc.of watcr a

havebeenadded, thé liquidbeinggentlyboiledduringthe titration. The

end-pointis indicatedby a sharp changefroma bluish-greento yellow.
Forveryaccuratework,astreamof CO,ispassedthroughthe flaskcontain-

ing the methyleneblue solution. Alternately,the formatdehyde-hydro. tj
sulfitesolutionmaybeaddedto an excessofthémethylenebluesolutionand

the excesstitrated wth titanouschloride. j

o. Oftentimes,anexcessofa standarddyesolutionaloneisaddedto the

hydrosulfiteto oxidizeit. Thesolidsodiumhydrosu!6teisaddedtoa solution

ofmethyleneblue,andtheexccssof the dyeistitratedwithtitaniumchloride.

Thisméthode as wellas the last described,requiresreagentsthat are un-

common,for, in theaveragelaboratory,a dyeofstandardpurity is difficult

to obtain.
to. Sinceeach moleculeof sodium hydrosulfite,by completeoxidation

withhydrogenperoxide,producesone moleculeof free sulphuricaoid, F.

S. Sinnatt' bas deviscda methodfor the estimationof hydrosulfite,using
tkisfact as a basis. About0.6g. of thé hydrosulfitepowderis slowlyadded a
io mixtureof 25 ce. of N causticsoda and 50ce.of hydrogenperoxideof

about io volumestrength. The hydrosulfiterapidtydissolves;the mixture

is thenheatedto expe!theexcessof peroxide,andthe excessof causticsoda r

is determinedby titration with N sulphuricacid. Accordingto Sinnatt,
thé resultsagreeverywellwiththose obtainedbythereductionofmethylene t
blue. Caremust be takentoallowforanyfreesulphurousacid.

d

Experïmeotat

MethodsofEvaluatingtheHydrosulfite
Aftermuch studyand expehmentingwiththe foregoingmethods,four

werechosento useon a sampleof commercialsodiumhydrosulfite,in order

R.E.CMwtherandA.D.Heywood:VatuttttonofHydroaulSte,J. Soc.DyeMandC«L,
36,ty~8t (t~o).

E.KnechtandE.Hibbert:BeatimmungdesHydroeutSts,Ber.,40,~Sto-gSa?(toc?).
'F. 8. Sinnatt:ValuationofCommercialHydmMtntea,J. Soc.Chem.M., 29,4?!

('9'o).
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to notean agreementor disagreementin thair results. Table 1 showstho

resultsof theseexperiments.Thenumbersin parenthesesreferto the cor.

respondinglynumberedsectionsin the deseHptionofthe rnethods.

TABLE 1

Comparisonof Methods

Wt.ofaampie Wt.ofXa,8~< Aventp
Method uMd found percent

purity

(t) as modified 0.2507g. o.:ti4)!.

by G. Bruhns 0.2~6 g. o.an4tt. ~0.74

(3) Si!ver o.i'7SK. o.o977f!.

1.0637g. 0.86058. Sa.4:5

(4) Mercuricpo. o. t8o6g. o. 159'g.

tassiumiodide o-zy~ig. o.M04g. 83.385

(4) A o.t6:sg. o. 1968g.
0.4:36g. 0.3449! S3.8o

(4)AMexactlythéMme (t)exceptthatafterpreeipitatingtheHg,itis dissolvedin

HXÔ.theaotutionevaporatedtodrynem,thteece.ofeonc.HNO,ttdded,MMthevolume
made!tp~tMce. Theweight.fthedissolvedHtWMthendetenninedbydepoeitingit
ona weighedPt electrodoinaFraryapparatus.

(8) Formalde- ï. 61:32g. 197 7 &

hyde I.7944K. 1.~05g. 85.~5

It willbe notedfromtheabovedatathat themethodofBruhns,involving

the dustingof the solid sodiumhydrosulfiteinto a measuredamount of

potassiumferricyanidecontainingenoughferroussulphateto producea col.

loidal solutionof TurnbuU'sblue, givesthe lowestper cent purity. This

can be easilyaccountedfor,sinceBruhnsadmits the existenceof an error

of at least0.5%due to theoxygendissolvedin the solution. Too,ski!!in

dustingthe hydrosulfiteintotheferrieyanideisa vitalfactor in theaoouracy

of this method.On the otherhand, the fonnaldehyde-hydrosulfitemethod

showsthe highestper centpurity,a result whichis probablydue to the

fact that there is tess possiMMtyof oxidationof thé hydrosulfitein this

procedureas comparedwiththe othermethods.

EtectfolyticPreparation

The electrolyticmethodof preparationof hydrosutphitesbas not been

very extensivelyinvestigated,accordingto thc acant,indefiniteinformation

obtainablefromthe literature. Whilethere is noaccountof any seriesof

expcrimentsto showdenmtdy,clearly,and completelythe relativeeffects

of thevariousfactorsinnueneingthoetectroiyticproductionofthiscompound,

thereare twoarticlesworthyof note. The firstis that of Elbsand Becker,'

K.ElbaundK. Becker:VetMchesuretektrochemiBehenDaMteUuneunteMchwc.

fligsauron(hydrMthweaigMUte)-)Sabe,Z.EtektMchemie,M,361-365(t904).
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who,fromresultsof someof their workin this field,contradiotedthe state-
ments of D.R.P. !:$:o7 of A. R. Frank. Thoughthe article givesa few

tables,theworkof ElbsandBeckerisby nomeansexhaustive. For instance,
the effectsof only twoconcentrations,of twodifferentcathodes,and ofone

temperature only, are ineluded,in their paper. They mentionusinga Zn
cathode in many specialcases,but giveno data as to the yields with this
cathode. Frank,' in a defensiveresponseto Mtbsand Becker,describcshis

experimentsconcerningthe electrolyticpréparationof the hydrosulfitesof
sodiumand calcium. However,no specifiedetails are given, except that

platinum electrodes,sodiumbisulphiteas cathodesolution, and sutphuric
aoid as anode solutionwereused. Frank' assortsthat sodiumhydrosulfite
ean be obtained by the electrolysisof sodiumbisulfitein conccntrated,as
wellas dilute solutions. Again,however,hegivesnodata as to yields. He
admits that "in his searchingshe couldnot obtain stable sodiumby etec-

trolysis." He then tumed to the electrolysisof catoiutnbisulphiteofwhioh
salt he claimsto haveobtaineda sohttioneontaining55grams80: in a liter,
though Elbs and Beckermaintain that the highest concentratedsolution

possiblecontains only 9.3 grams per liter.

ExpérimentalWork

The plan of the work in investigatingthe electrolyticpréparationof
sodiumhydrosulfiteis,in gênerai,similarto that of the investigationsof the
aforesaidwriters. Oneessentialpoint of difference,however,is that, in the

followingexperiments,no specialprecautionsweretaken as to thé exclusion
of air.

jMM<ro<)/(tct'Mse~aK~F!<'c<rodes.Theapparatusemployedconsistedof
a 400ce. Pyrex beakeras anodechamber,and a porouscup, toc ce. in ca-

pacity,as cathodechamber. The porouscupwasfittedwitha corkcarrying
the conductingwire,a thermometer,and a samplingtube. The anode,ina!t
the experitnents,consistcdof two platinumspirals. Though A. R. Frank
usedonlya platinumgauzeas cathode,Elbsand Beckermentionthe useof
severatcathodes;a nickelgauzewhichwasnot so good,a lead plate whieh
was not useful becauseof the formationof a poorlyconductingcoatingof
lead sulphate, a perforatedaluminumplate and a platinum gauzeboth of
whichscrvedwell (thoughthe latter waspreferred)and, finally,a zincplate
whichwasvery satisfactory. It was foundin this investigationthat both

mercuryand amalgamatedzinccathodesgaveequallyhigh, and in several

cases,higheryicldsofsodiumhydrosulfiteas did the zinccathode. Resutts
are recordedof experimentsin whichzinc,amalgamatedzinc, tinned iron,
pure tin, mercury,and a platinumgauzewereusedas cathodes. Thesize,
as wellas the nature, of the cathodewasvaried.

Anodeand CathodeZ.~MK/s.The cathodeliquid was always 100ce. of

fresh!ypreparedsodiumbisulfite. Dilutesulphuricacid (t.2 24sp. gr.), 10%

AtbertM.Frank:DieDaMteMungdesXatrium-undCatciunMakeaderhydroachwetti.
Kcn(unteMchweftiaen)Sauredurchmektt'otyœ,Z.Mtektroehemte,10,450(t~o~).

A.R.Frank:.ProcemofproducingSaitaofHydrotutphurousAcid,Etectrochemica)&
~tetat)ut)ticattnduotry,tH.2,7:.
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sodium sulphate (anhydrous). 10%sodiumhydroxide,and io% sodium

chloridewerethe cathodeliquidaused,

Temperature. Expérimentawereperformedin whichthe temperature
of the cathodeliquidwas3" ± z"C., 10" is"C.,and 3o"C.

CurrentDctM!<t/.Thecurrentdensitiesusedwere:0.6amp. per sq. dcm.,
2 amp.persq. dcm., :.34amp.persq.dcm.,3amp.persq.dcm.,and s amp.
per sq. dcm.

ExperimentalResuÏts

TableII showstheeffectofvaryingcurrentconcentration.

TABLEII

Effectof VaryingCurrentConcentration

Cathodesolution:100ce. s% NaHSO~
Cathode Mercury(o.!6sq.dcm.in area)

Temperature:15'*±2°C.

t:5% theoreticalamountofelectricity

Current Concentration Hydtwuinte formed Average per
))€)-too ec.sotutton Duptic&taexpérimenta cent convereion

0.6 amp. '-7778.

1.620g. 40.649

2.0 amp. 1.606 g.

'.So?)!. 37.255

2.34&mp. '.49'9K

'.50 g. 35.8?

3.ooamp. '3358.

i.34Sg. 3~.085

5 oo amp. o.904g.

!.097tg. 25.02

It isévidentfrom the aboveresultsthat an increasein the current concen-

tration causesa noticeabledecreascin the per centconversion.

TableIII showsthat, althoughfour of the aboveliquidsservewellas

anodeliquidain the productionof sodiumhydrosulphite,the highestyields
wcrpobtainedwith sulphuricacid (sp. gr. 1.224).

In Table IV are recordedthé resultsof experimentswhich indicatethe

relative merits of variouscathodematerials.
Aswillbe noted fromthe abovetable, the variouscathodemateriabare

arrangcd in the ordcr of their decteasinRefficiency,amalgamatedzincand

pure zincbeingthe mostefficient.

Otherexperimentsweretried in whichthe conditionswerethe sameas
thèse enumeratedin TableIV,exceptthat :oo%of the theoreticalamount

of electricitywas passed. Theyieldsof hydrosulfiteunderthese conditions
are rccordedin the TableV.
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-r-
HydroButBteformed AveMgeMateti~

AnotteLiquid (DupUc~teexpenmeote) YteMinperMntottheory

to%NaOH 0.65:16g.

o~M~g.

:o% NaC! 0.8~6 K.

o.89!3f;. M.se

to% Na,SO< i .06:3 R.
0.8567 g. :96

t.224H<80< 0.9930 g.
t.t997 g. ~3-77

TABLEIII

EffectofDifférentAnodeLiquida

CathodeSolution:100ce.s% NaHSO,

Cathode:Zinc(t sq.dam.both aides)
CurrentDensity:z.3Samp./sq.dcm.

too% theoreticalamountofelectricity

Température:~s~C.
HvdnmulSteformed AvenmeM)

TABLE IV

EffectofDifférentCathodeMaterMs

CathodeSolution:tooco.5% NaHSO,

CurrentDensity:a amp./sq.dcm.
AreaofCathode(bothsides):i sq.dcm.

123%theoreticalamountof electricity

Temperature:5 d: :C.1
HydtOfMiRtefonned AveMgemat~Mt

CathodeMateriat (Dupiicateexpérimenta) yietdinpetfeentottheot-y

Amatgamated Zinc i .765~g. a
i.868g. 4348

Zinc i .87:6g.

1.816$g. 43.'5

Platinum Gauze i .6ogg.

t.530 g. 37~9

Pure Tin* t .46:5 g.

1.404 K. 34!'9

Tinned Iron* 08:4 g.

i.oog g. :5-'M

Zinc i .6844g.
(o.t6 aq.dem.both sides) 1.695 g. 40.43

Mercury 1.636 g.

(o.ïôsq.dcm.) i.547 K. 3~-05

ln experimentswith t inMthodea,thé cathode liquid becamcdark b~Hmineotorand

the <-athod<ftwerecoxtedMac):,later beeomtngbrown.

5
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TABLEV
Conditionssameasta TableIV,exceptthat !)oo%of the theoreticalamount

ofeteetrtcitywaspassed.
CathodeMaterM Hydrosutatefonned AveM~eMariât
(o.t6«q.dem.) (DupUcateNtpetimenta) io percentoftheory

Mercury i.i~g.

t.osyog. 96.71r

Am&tg&matedZinc 0.830 g. :o.oo

Zinc 0.8885g. 21.02

Thé results showthat decompositiontakes placevery rapidiyafter an

excessof thé theoreticalamountof eleotricitybasbeenpassed. The above

dataseemto indicatethatdecompositionis morerapidwith thezinccathodes

than withthe merourycathodes.
Thedata inTableVIshowtheeffectofvaryingthe currentdensity.

TABLEVI

EffectofVaryingthe CurrentDensity

CathodeSolution:100ce. 5%N&H80,
CurrentDensity:z amp./sq.dem.
Temperature:3" ±~C.

125%theoreticalamountofelectricity125%theoretical amountot electricity

HydM8u!6teformed AverageMatena)
CathodeMaterM (DupUcateexpetiments)yicMm percent oî theor;'

Amalgamated Zinc i. 7657g.

o.96q.dcm. ï.M8 g. 43.48

(both sides)
–––––––––––––––––-

o.iôaq.dcm. 1.658 g.

(bothsides) t.68t g. 4043

Zinc

o. 9 sq.dem. 1 7475f!.

(both aides) t. 7821g. 4~. at

o. i6 sq.dcm. i .6844g.

(both sides) 1.695 g. 40 434

Mercury
o.t68q.dcm. !.so8 g.

'.475 8. 3S.69

o.3778q.dcm. 1.636 g.

I.S47 K. 3~ OS

Theseresultsindicatethat, as the currentdensityincreases,the yieldde-

creasesslightly.
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Thé resultsobtainedby varyingthe temperatureare enumeratedin
TableVII.

TABLEVII

E~eotofTempérature
CathodeSolution:tooce. s% NaHSOa
CurrentDensity:2amp./sq.dcm.
"5% thcoreticalamountof electricity

_'6!L~ _1 I.u .uL"
HydtMutEtefonncd Averagematerialyieldin

Temperature (Duptieateexpcdments)percentet theory
Hg cathode

(o.të sq.dcm.)

S~~C. 1.636 g.

t.547 g. 38 os

'5"C. 1 .561 g.

'.609 g. 379~

30"C. i.sn g.

'-433 & 35.225

Pt gauzecathode
( t sq.dcm.in area

both sides)

5°C. ~.609 g.

I.S30 g. 37 !9

t5"C. 1.263 g.

1.374 K. 3!-SS

Tinned Iron Cathode

( sq.dcm. in area

both sides)

5"dh2''C. t.o8:4g.

t.009 g. :s.M

!5"C. 0.965 g.

0.90338. ~35

30°C. o.4i3:g.

0.514 g. ".09

In everyinstance,an increasein temperaturecauseda loweringof the
yieldofhydrosulfite.Thegreatestloweringappearsin thecaseofthetinned
iron.

In TableVIII are foundthe yieldswhenonlya certainper centof the
theoreticalamountofelectricitybasbeenpassed.

The highestmaterialyield wasobtainedwhen n5% of the theoretical

amountofeteetrieitywasuscd. Thisyield was38.64%. Therewasa graduât
loweringin the yield,as electricityin exeessof the theoreticalamountwas

passcd.
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TABLEVIII
CathodeSolution:100ce.s% NaHSOa
Cathode:Hg(o.!6sq.dcm.in area)
CurrentDensity:2.34antp./sq.dom.

TemperatUM:3"C.Temperature: 3"C.

Am'tofEleetricityin Hydr~Ste formed AverafteMateym!
percentof theory (DupMeateexpérimente) yieldin percentof theury

50 t.tStyg.

ï.t8t7K. zS.ts

toc i.:yoog.

ï.:8o6g. 30.so

125 i473~)!.

i.583:(;. 38.64

!SO '.3570K.

ï 3930g. 32.90

!7S ]t.268ig. 30.34

200 t.210$ g. 28.96

In an effortto increasethe yield,aotidNaHSOtwasaddedin the course

ofthe etectrotysis.TableIX showsthe résulta.

TABLEIX

CathodeSolution:100ce. s% NaHSO,
Cathode:Zinc(t sq.û<:m.,bothsides)
CurrentDensity:2amp./sq.dcm.
Temperature:7"C.4vzispwlotu4u. y..

Eh-etncity in per Hydrosutfiteformed AverageMatehat
cent of theory (Duptieateexperiments) yield in per cent of theory

toc

(no salt &ddcd at t. 506g.

too%etectridty) î.sôtg. 36.79

200

(2.5 8. solid NaHSO< .<t3!2 g.

addcdat!oo%etect.) t.84:6 g. 33.23

The data in the abovetableshowthat, althoughthe yieldwasnot in-

crcasedby theadditionofsolidNaHSOaduringthe courseofthe eteetrotysis,
onowasabletoproducca strongersolutionof thehydrosulfite.

TablesX, XI, XII, and XIII showthe effectof increasingthe concen-

trationof the NaHSOa.
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CathodeSolution:too cc. 10%NaHSO,
Cathode:Zinc(t sq.dcm.,bothsides)
CurrentDensity:2 amp./sq.dcm.
Tpntpcrature:i8"C.
AmpeKhouK N~StOt Ttteoretieat Averagecurrent IneteaMin

passed formed yield yieldince)' gram of

'-748g.

ï t.908 g

3 .987g.

conditions thé sameas in TaMe X exceptthat thé cathode solutionwas toocc.

AmpeMhouM N~S~ Theoretical Averageeurtent Increaaein
pMted fonned yield yieldin cer gramaof

t ï.SyïK.

2 3.348f!.

3 3.364 g.

4 !.533g.

Conditions thé same as in Table X except that thé cathode M)lut!onwas too

AmpeKheure Xa<8t0< Theoretica) Averageeun~nt InefMae!n
passed fonned yield yieldm per gramaof

1 3.027 g.

2 47559S.

3 5569 g.

5 5-'78 g.

TABLE X

(current) centof theory XatS,U<

!.8$ig. 3.9ÏK. 53.35 1.7995

:.oo7~ 6.44K. 30.40 o.!$8t

1.823 g. 9.66g. 19.~ -0.0526

TABLEXI

of 15%NaHSO,.of 15%NaHSO,.

(current) centof ttteo)'y Kat8t0<

~.6yog. 3.22 g. 84.04 a.8:o

3.J738. 8.44g. 50.97 o.s~

3.ayig. 9.66g. 34.34 0.0:97

'.383~. t:.88g. 19.61 –0.895

TABLEXII

ce. of 25% NaHSO,

centof theory Na<8t0<

9.844 g. 3.!Hg. 91.t6 2.975

43895g. 6.44g. 7~005 t.653

;4!0 g. 9.66g. su.83 o.8<:2

5.0!7 g. t6.!og. 3*58 -0.3405
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ÏABMXIII

Conditions the same as in Table X except that the cathode solution was

!oooc.of3s%NaH80,.

AmpèrehouM Xat8~0< TheoreticttI AveMgecurrent InereMein
passed formed yield yietdinper gremBof

cento(theory .Xft!StO<

t 9.872~ 22g. 90.37 ?.oo3

2.9:8~.

a S.o63K.

4.909g. 6.44);. 77.42 ïi4S

3 S.3<'zg. 9. 66g.

S.S~f!. S6.:S 0.4553

5 4.797K.

4.5999K t6.!o< ~9.!8 -0.7423

7 4.432g.

4.So8g. 32.54g. 19.83 -0.3~

Fromthesefour tablesit iseasilyseenthat thé highestinitialcurrentyield
isobtainedfromthe mostconeentratcdsolutionof NaHSOt. However,this

initial current yield sinksrapidly, and the decompositionof the formed

NaAO~ soon outweighsthé new formation. It can abo be noted from

these tables that the decreaseof the yieldoccursmorequicklywith timc
in the more concentratedsolutions.

ChemicalPreparation

Met~odo. (i) Sodiumhydrosulfitewaspreparedby passinga current
ofsulphurdioxideintoamixtureofsodiumbisulphiteandzincdust (Co!eman
&BellCo.). In this method,the influenceof temperature,concentrationof
sodiumbisulphite,andrate of flowof sulphurdioxidewasobserved.

(:) Hydrosulphurousacid was madeby passinga currentof sulphur
dioxideinto a mixtureof waterand zincdust. The effeetof variationof

temperaturewasstudied.

Apparalus. The sulphur dioxidewas first passed through sulphuric
acidand then througha U-tubefilledwithgtasswoolbeforeit enteredthe
Soxhletnaskcontainingthé liquidto beactedupon.

Solutimis. The solutionswere: (r) 100ce.offtesMypreparedsodiumbi-

sulphitc, (a) jooce. of distilledwatcr. The zinc dust wasadded to thc
solution.

In Table XIV, resultsofexperimentsshowingthe effectof température
on thé yieldofhydrosulfiteare recorded.

Each figuregiven in Table XIV is an averageof thé résultaof two

differentcxperimentsunderthe sameconditions.Fromthe resultsgivenin
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this table,it canbcnoted thatat the lowtempératurethé higheatyieldaare
obtained. Thédata showaisothat the bisulphiteinethodgivesthe highest
yieldsofhydrosulfite.

TABLE XtV

EBectofTempérature
Rateof Howof 80:; 7litersperhour
Timc:i hour

GramsofHydroautSteFormed
Solution tt)' at35'o°C. at6?'C.

toocc.so%KaHSO,, 536. t.o~ t.g~~
50g.Zndust

toc ce.ofdistilledHtO,
50g.Zndust 2.605 t. 53.6G t.

TABLEXVI
ESectof Concentrationof SodiumBisulfite

Solution:tooce.NaHSO,solution,:5 gramszincdust
Rateof flowof 80~;7 litersper hour
Time:i hour~)MW. i IAVm

Concentration Xa,S~)<fwmed
of~<aHhO, Temperature (Duptieateexp.) Average

5% 35'C. 2.33!!g.

a.3024g. :9Ô3 g.

'o% 35"C. z.399sg.

2.444ig. :.42?a g.

'o% 36"C. 3.3~76g.

3.598 g. 3.4628 g.

jo% 37"C. 4.68~g.

5.2103g. 49488g.

50% 3.S"C. s.0~3 g.

5.088 g. 5.0805 g.

TABLE XVII

Solution:tooce.5% NaHSOasolution,2Sgramszincdust
'l'ime:i hour

Temperature:48"C.
KateinUtero X~S~)<(onne<t
perhour (Duptioateexperiments) Average

35 a.o223g.

s 05378:. a.0379: g.

7.2 a.Myôg.

z.3z89g. 2.2872 g.
10.0 9.022~g. 2.0:23 g.
20.0 i.p88 g.

2.2904g. 2.1422 g.
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Underthe sameconditionsas above,experimentswerecontinuedovera

periodof sixhours;the highestconcentrationof sodiumhydrosuMtein the

tiquidwas5.6~9$gramsat :"C. In thébisulphitemethod. However,crystat-
lisationhad occurredduringthis timc.

The resultsof this table showthat the yield of hydrosulfiteincreases

withan inereasein the concentrationof the sodiumbisuMte. The greatest

increaseoccursbetweenconcentrationsof20% and 30%.
One caneasuyseefrom Table XVII that ohangingthe rate of Scwof

80: from3.$litersper hourto 20lltersper hour bas no appreciableeffect

on the yieldofhydrosulfite.

Saaun<utyandCeadasioas

r. The silvermethodand the potassiummercuric-iodidemethodhave

beenfoundto be satisfaotorylaboratorymethodsfor the detenninationof

hydrosulfites.They requireno elaborateapparatus for the exclusionofair,

andsulphites,thiosulphates,and bisulfitesdo not Interfere.

Sutphuricacid (sp.gr. t.294)basbeenshownto be betterthan M%

anhydroussodiumsulphate,10%sodiumhydroxide,or !o%sodiumchloride

as anodeeohttionin the electrolytiepreparationof sodiumhydrosulfite.

3. Cathodesof amalgamatedanc and mercurywerefoundto givethe

highestyieldsofhydrosulfite.

jt. Inoreasingthe cunent concentrationcauses a noticeabledecrease

in the yieldofhydrosulfite.
5. An increasein the current densityis accompaniedby a slightde.

creasein theyield.
6. The raisingof thé temperaturelowersthé yield.

7. The highestmaterialyield of hydrosulfiteis obtainedwhen!:$%

of thetheoreticalamountofelectricitybasbeenpassed.
8. Solidsodiumbisulphiteaddedduringthe processofetectrotysisdoes

not increasethé yield,but it enabksoneto producoa moreconcentrated

solutionofNa<8;0<.

o. Thehighestpercentcurrentyieldis obtainedduringthe firstampère

hour, but this good initialyield sinksrapidly, the decompositionof the

sodiumhydrosulfitesoonoutweighingthe new fonnation. This deerease

in theyieldoccuramorequicklywithtimein the moreconcentratedsolutions.

io. A greateryield of hydrosulfiteis obtained chemioattyby paasing

wtphur dioxidethrougha mixtureofsodiumbisulphiteand anc dust than

bypassingsulphurdioxidethroughamixtureofdistilledwaterandzincdust.

n. As in the eteetrotyticmethod,the highest yield of hydrosulfiteis

obtainedat lowtempératures.
Inoreasingthe concentrationof the bieulphiteincreasesthé yieldof

hydrosulfite.
)3. Changingthe rate of flowofthe sulphur dioxidefrom3.5 MteMto

20titersperhourdoesnotappreciablyaffectthe yieldof hydrosulfite.

~te~otory<~ft~ca~!CAem«<ry,
~«<t0nafM<<fM<<y,B<MW)<Mj)<Ott.



THESORPTION0F WATERVAPOURBYACTIVATEDCHARCOALS

Part IV. Isothermatsin Absenceof ForeignCases(StaticMethod)

BY A. J. ALLMAND, P. G. T. HANO, J. E. MANNtNG AND C. 0. SHtEM

1.Introductory

In Part II of this séries,'it wasmentionedthat, in the majorityof pre-

viousdeteminationsof sorptionisothermalsof vapeurson solidsorbcnts,

a vacuumtechniquehad beenemployed. In thé caseof watervapourand

charcoal,workof this naturebasbeenpuMishcdby SchmidtandHintcter,'

Bachmann,'Gustavcr,<Hattstrônt,H. H. Lowry'and Coolidge.'Thework

ofSchmidtandHintelerandofHaUatromin thisconncctionnecdnotdetain

us, as their techniquewouldseemto havebeendefective,and theirexperi-

inentsareoflittle scope. Theotheroxperimenters,at whatevertemperature

theyworked,coveredthe completepressurerangeup to saturation.Bach.

tnann employedan apparatus previouslydesignedin conjonctionwith

Zsipnondyand Stevenson'for investigationof sorptionby 810.gel. He

workedwitha coconutcharcoalat is"C.,andobtainedanisothermatshowinf!

tnarkedhysteresisand irrevcrsibility.Oustaverused an animalcharcoal

(Merck)ofveryhighcapacity,workedat about !6"C.,andobservedhystere.

sis in the intermediaterelativepressurerange. In hisearlierwork,Lowry

employedcharcoalswhichwere certainlyvery similar to our spécimens

A,BandC. Workingat :s"C.,his isothennswerecharaeterisedbyabrupt

breaksin the intcrmediatepressureregion. In his laterwork,carriedout

at :o"C.on a seriesof chareoalspreparedfromanthracite,no suchbreaks

wereobtained. Coolidgehas carriedout elaborateand importantexperi-

ments,workingover a widetemperaturerangeandusingcoconutcharcoals

and an ash-freesugar charcoa!. He concludeathat irrcversibiutyis the

resultof thé presenceof someinorganicash constitutent. Weshall take

up this point at a later stage. The isothermalshe obtainedindicatea

definitesaturationvalue,t'.e.,they are concaveto the pressureaxisin this

region;those of all the other workersapproachthe saturationpressure

asymptotically,!e., are concaveto the pressureaxisnearsaturation(see

Fig. Part II).

J. Phys.Chem.,M,t)5t ('9~9).
'Z. phyfMk.Chctn.,<tt,)03(t9!6).
<X.a))o)-g.Chem.,100,t(!9'7).
<Cuataver:Atkivf6rKcmi8ochGeo).,7,Xo.9~(t9'9~;KotMttchem.Bcthefte,

t8s(t9M).
Dissertation,MeMngfom(t9M).
J.A.Chem.Soc.,42, ~93('9:0)(withHutett);4<,8~(t9~).
J.Am.Chpm.Soc.,46,S96('9~4). 7*~('9~).

'Z. anorg.Chem.,75,189(<9tï).



SOHPTtON OF WATERVAPOUR BY ACTIVATED CHARCOAM !683

2.Expérimental

The charcoalsusedwereA,B andC, as previousty,withthe additionof

CharcoalD, a steam..activatedmixednut charcoal(Britishorigin)andof

CharcoalJ, a sugarcharcoal(Britishorigin). CharcoatD', driedat iso"C.,
contained3.21per centofash, consistlngmainlyofsilica,togotherwiththe

carbonatesand sulphatesof A!,Fe, Ca,Mg, Na and K, nopartioutarbase

bcingprésentin prepoaderatingamount. CharcoalJ originallycontained

0.34percentofash (naturenotinvestigated).In an attcmptto reducethis,
it wascoveredwith a solutionof HF,slowlyovaporatedto dryness,heated

until all fumeshad beengivenoff,andthensuccessive!yextractedwithboil-

ing concentratedHC1and distilledwater. The wholeprocédurewasre-

peatedthreetimesandthe charcoalfinallywashedwithwateruntil freefrom

chlorides. The asti contentwas, however,only reducedto 0.29per cent

by this treatment. CharcoalsD and J wereusedafter preliminaryevacua-

tion at ~o'C. and no'*C.respcctivety,thé other three charcoalsafter

outgassingbothat :7o"andSoo'C. Inaddition,AandB, outgassedat 270",
wereusedafterthey had receiveda thoroughextractionwithHCI (PartI,

P.4S3).
Our experimentalmothodhasbeendescribedInPart 1 (pp. 448ff.)and

nothingneedbe added, exceptthat it shouldbe mentionedthat, in the

majorityof cases,in ordcr to avoidpossibiUtyoferror dueto surfacecon-

densationof watervapour, the maximumpressureworkedto wasrather

lessthan :3.?6 m.m.,the saturatedaqueousvapourpressureat :s". The

maximumpressuresemployedare indicatedin TableII. Anexampleofthé

complètedataof a singlerun is containedin TableI, but, asbefore,there-

sultsas a wholewillbeexpressedby meansof isothermaldiagrams.

TABLE 1

CharcoalB. Outgassedat 8oo"CL narcoat c. uutgassea &t aoo

Absorption DMorption

-\queo)Mvapor M. of water Aqueousvapour M.g. ofwater

preMuroin m.m. pcr gram of présure in m.m. per gramof
chareoal charcoe)

3.64 to.6 !8.68 73!.t

9.94 23.8 !7.3S 6s9 4
12.79 44.9 t6.75 S7'-6
15.4' 84.0 !5.97 438.8
18.1$ ?X2.2 'S-aç ~86.!
t8.40 345 9 14.40 '4t
'9.4~ 593.0 '333 7~ 7
93.70 ?So.2 4.7~ '39

o.oo 3.36
See aho Chaptin: Proe. Roy. Soc., A. 121,M4 (to~8), and Allmand and BurMee:

J. Soc. Chem. Ind.. 47, 372T (t~eS). Thé «itpenmentfdesenbed in thé present seneeof

papem formpMtot a tarne)' investigationof wh!chit in hoped to puMhh thé te~uttefrom
Urneto time, and, in orde)' to make compathonseaw, thé deN~nationof any partieutar
charcoatwitttonatn thé oatM',whateverthe paperin whiehit ia tefefMdto. Thus, byChar-

cna) D Mit)alwayabe the Mmesteam-activatedmixednut ehareoalof Britiaborigin.
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3.RMuKs

In whatfoHowsare given:
(i) particularsregardingthe outgassingprocess;

(u) the increasein weightof the charcoal,comparedwith tta original

evacuatedweight,after thefinalévacuationat 95";

(Hi)data concemingtheresultof subsequentevacuationof the charooa!;

(iv) the diagramsof thecompletesorption-desorptionisothermal.

(a) CharcoalA-Evacuateda<%?'<yC.

(i) This was the firstexperiment,done beforethe standardprocédure

had been workedout. After8~ hours outgassing,including5 hours at

!So"-27o',eight sorptionpoints were obtained. The charcoalwas then

evacuatedat roomtemperatureand, after readmissionof air, re-evacuated

for4 hours,including3~ hoursat as<'°"28o*.Sevenmoresorptionpoints

were then obtained,the maximumpressurebeing92.68m.m. Again the

charcoalwasexhaustedandre-evacuatedat 2so"oo" for 4 hours. It was

then chargeddirectlyat :9 m.mpressure,andaseriesof sevendesorption

pointsobtained.

(ii) 4.~8m.g./gram.

(iii) Evacuationat ~o* resulted in the recoveryof 3.98m.g./gramof

water. In addition,a quantityofgaswasevolved,amountingto

COt o.irpm.g./gram.
0: 0.02

CO o.:3
Nt + Ht (?)0.04 c.c./gram.

(iv) SeeFigurelA.

(b) Charcoal~–EfaporoM «ta~C.

(i) Outgasscdfor 9~hours,mdttding6 houraat ~o'-S~o*.

(ii)7.67m.g./gram.
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(i:i) s.~S m.g./gramof waterrecoveredby evacuationat :?o". The
evolvedgases,ofwhtchthe greaterpart cameoffat the finalevacuationtem.

peratureof 800",amountedto
CO !.3 nt.g./t~m
CO! o.3S5
H, 0.05
Oe 0.04

(iv) SecFiK.IB.

(c) Charcoal~–~MtCMa<<'dai~70'C'.

(i) Owingto thé largeamountofsublimate(Part I, p. 453)producedon

heating this charcoal,and the slownesswith whichit is removedat 970",
the charcoalemployedwas subjectedto a preliminaryevacuationat 300*
for twohoursin a largesilicatube,beforefillinginto thecharcoalcontainer.

Twosamplesof thMcharcoalwereworkedon, onebeingusedforan adsorp-
tion experimentonly,the othcrbeingemptoyedfor the completesorption-
desorptioncycle. Bothspecimens,after fillinginto the container,wereout-

)!assedfor 3 hoursat 270".
(ii) 4.som.g./a~am.
(ni) !.çt m.g./gramof waterrecoveredat ~yo". Nogaswasevolved.

(iv) SecFigure:A. Onthesorption-branchof the curveare plottedall
thé points obtainedin the twodupMoatesorptionexperiments. Theygive
a goodidca of the degreeof reproducibilityattainable. In Figure~C,thc
resuttsat lowpressuresare plottedonan expandedquantityscale,thepoints
in the dupticatcsorptionexperimentbeingput on a dottedcurve.

(d) CharcoalB–~actto<edal~00"C.

(i) Afterpreliminarydesublimationat 800°,the charcoalwasoutgassed
at thesatnetemperaturefor hours.
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(ii)3.36n).g./gram.
(iïi)Not investigated.
(iv)SccFigs.zBand2C.

(e) CharcoalC*–Ft'ooM~«<ayo'*C.

(i) Outgasscdfor 4~hoursat x~o~-aSu".After thé first desorptionwas

cotnph'ted,a partial resorptionwascarriedoutupto a pressureof4.:6m.m.,
fo!)o~'cdby a secondevacuationat 25".

(ii) 6.!2 m.g./gramafter complètecycle;$.74m.g./gramaftcr the ré-

sorption.
(iii)$.09m.g./gramof waterrecoveredat 270". truitenegligiblequan-

tity ofgas.
(iv) SecFigure3A. In Fig.3C,the lowpressurepointsarc plottedon a

doubledabscissascale,the résorptionpoints,whichfall on the desorption
eurve,bpingdenotedbytriangles.

(f) CharcoalC–Ff<tCMa<e<<at ~OO'C.

(i) Afterpreliminaryevacuationat roomtemperature,thc charcoalwas

outgasscdat 765~-800''for3i hours. Two spécimenswereused. Withone,
a sorptionexperimentonlywascarriedout. Withthe second,twosuccessive

completesorption-desorptioncycleswere workedthrough, togetherwith

anotherpartialresorption,followedby desorptionand finaloutgassing.The

detailsoftheresorptioncurveswillbeconsideredlater (secPart V,Fig.8).

(ii) 10.01m.g./gramafter completecycle; to.ts m.g./gramafterfirst

resorptioncycle;0.02m.g./gramafter the second(partial)resorptioncycle.

(iii)8.86m.g./gramof waterrecoveredat 970". The gasesevolvedat

800"(thefinaloutgassingtemperature)amountedto

CO 13.3m.g./gram N, 0.08m.g./gram

COt i.a H< 0.07

0< 0.14
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(iv) SceFig.~B,in whichareplottedall the pointsof the~ complete

sorption-desorptioncycle,togctherwith the sorptionpointsobtainedwith

the duplicatespecimenof eharcoa!.The degrecof reproductbilityiaagain
<M'ento be good. Fig. 3C containsthe low pref!surcpointsplottedon an

expandedquantityseale.

(g) CharcoalD–~M!C!<a<eda(~0"C'.

(i) Outgassedfor threehoursat ?7o"C.
(ii) s.a~m.g./p'am.
(iii) Not investigated.
(iv) SecFigure4A.

(h) CA<M-coatJ–BMcua<edal ~0°C'.

(i) Nodetailsavailable.

(H)5.35m.g./gram.
(iii) Evacuationat !to° resultedin the recoveryof !.86m.g./gramof

water.

(iv) SeeFig.4B. In orderto distinguishsorptionanddesorptionpoints
at pressutesnearsaturation,wherethecurvescoincide,the latterareplotted
as triangles.

(j) Charcoal~–~CM<Bï(ra~–EM!CM< ai~0°C.

(i) Outgassedfor 10~hours,ineluding8i hours at ::so"8s". After

the sorption-desorptioncyclehad been compteted,two résorptionpoints,
at 3.?7and 4.25m.m.pressure,weredetermined.

(ii) 4.36m.g./gram.
(iii) Not investigated.

(iv) SeeFig.5 (compatcwithFig. iA).

(tt) CAareoot~–~c<d &t<rad~–BM!Ct<a<e<fal~WC.

(i) Outgassedfor 3 hoursat ~o"C.

(ii) 2.32m.g./gram.
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(iti)Thé wholeof the water, M?.,2.3: m.g./jtram,wasreeovercdafter
twohoursoutg&saingat 270°. No gas wasevo!v<t).

(iv) S<?cFig. 6 (comparewithFig. 2A).

4.Discussionof Isothermsobtainedby the VacuumTechnique

In TableII certainof the data pcrtainingto the aboveexperimentsare

collectedtogether. In columnSt thosc valuesmarked(E) havebeenob-

tained by extrapolationand arc subject to a correspondingand variable

degreeof uncertainty.
Ailisothermalsof charcoabA, B and Cagainexhibithysteresis,but to a

icsserextent than whenworkingin a streamof gas, as comparisonof thé

diagrantsin this paperwiththoscin Parts II andIII willmakeclear. Shni-
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) J:ûr-–––- ~u- -t~i-- –i t~-A~ ~t < Etar differencesto thoscalreadynotedexistbetweenthé sorptionMothermats
for the differentcharcoalsoutgassedunder identicalconditions. Of the
"zyo'C."chMcoab,C ? the béatat a!t pressuresupto about tô.~ m.m.,
and ia thenpassedby B. Of the "8oo"C."cbarcoa!8,C againsorbsmost
strongtyup to t8 when B passestt. Theamountof watervapour
takenupinthisoaMcby B is indeedaboutdoubledbya risein pressurefrom
17 mjn. to t8 tn.tn.;belowt7 m.tn.it is lessefficienteven thanA. One
featureofthe expérimentain the Nt-streamisagainencountered,the
chaN<!oin the shapeof the isothermatfor Charcoa!C at pressuresnear
saturationwhenthe outgassingtemperatureisalteredfrom270°to 8oo"C.
-a curveconcaveto the pressureaxisis replaeedbyoneconvextothisaxis.

TABLE II

Maximum Saturation Waterfetained
(~ut)tMang pteNUtouaK) figure atMfopKS-

)'.xtx'nmfHtCharcoat tempet-ature mexpenntent (m.g./gram) sure
('c.m.) (mg./gram)

a A 270" M.68 35o(E.) 4.28

b A 800° ~.to 320(E.) ~.67
c B :7o" :3.74; 33.76 8st(E.);83S.: 4.50
d B 800° !3.?o ?8o(E.) 3.36
P C 270° :3.4y 404(E.) 6.22

f C 800° ~.37;t3.44 soo(E.) M.or

X D 270° ï3.!6 !8;(E.) 3.:4

h J "o° !3.:s 33o(E.) 5.35

J A :70° :3.37 :9S(E.) 4.36

(acid

extracted)

k B :7o° ~3.76 834.4 ï.32

(acid

extracted)

Onthewhole,the effectsof an inoreaseof outgassingtempératureare
lessdefinitethaninthe previousseriesofexperiments.CharcoalC,asbefore,
whcnoutgassedat 8oo",bas a highersaturationfigure,showsmorepro-
nounccdhysteresis,and retains largeramountsof waterat "zéro"vapour
pressureat 25*,than doesthe corresponding"~o"C." chareoal. Charcoal
B (8oo")on thé other hand bas a smallersaturationvalueand retainsless
waterafterfinalevacuationthan doesCharcoalB (~o"), althoughexhibit-
ing morehysteresisas measuredby the differencesin 9 betweenisobarie
pointsonsorptionand desorptioneurves. CharcoalAbehavesaspreviously
foundinrespectbothofhystérésisandof waterretentionafter finalévacua-

tion, but,on the otherhand, the relativepositionsof the two curvesnear
saturationsuggeststhat the actua!saturationvaluewouldhâvebeengreater
for the"27o"C."than for the "8oo"C."charcoal.

~périment (g)was donc to enablea comparisonto bc madebptween
two différentsteam-activatednut charcoalsC and D. Theyareseen(Fig.
nr~ 3aand4a) to showno particularsimilarity.
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AlthoughCharcoalJ is nccessarityfree fromapymorphologicalstruc~

turc suchas persistsin charcoalsobtainedby charringn&turaUyoccurring

vc~table matter, it is of interestto note that its isothermalis of the same

Kpnerattype as that ofothercbarcoals. Allowingforthefact that it is a far

moreeStctentcharcoal,its isothennaiclosclyresemblesthat obtained by

Hakovsky~for Kahlbaumsugarcharcoal(i6.4"C.–inpresenceof air). Its

hysteresisloopis,howcver,farsmaller.

Comparisonbetwecnthe resultsofexperiments(a)and (c) and thoseof

(j)and(k) shouldgivesomeideaof théeffectof théreductionofash content

by acidextraction. The saturationcapacityof CharcoalB doesnot secrn

'~t f

1

muchaffected,but that of Ais appreciablylowered,ducto an altérationin

theshapeof the sorptioncurveat highpressures.Thisis the onlyoccasion 1

in whichwehavefoundthischarcoalto givea curveconcaveto the pressure
axisnear saturation. WithCharcoalA, thé quantityof water retainedat

"zéro"pressureis slightlyincreasedas the resultofacid treatment; in the

caseofCharcoalB,it ispraeticaUyhalved. In bothcases,whilstthé greater

part of the isothermis but Utt!eaffectedby the extraction,the absorption t

at lowpressuresladecreased. c

S.Experimentaat 0" and 15"C.HeatofSoïptîoaof

WaterVapouronCharcoal
AUthe experimentshithertodescribedwerecarriedout at as". In order

to obtaina generalideaof théeffectof température,measurementswerealso

carriedout onCharcoalAat o"and t5"C. In thefirstcase,thé preliminary
evacuationlasted for 4t hours, including3~ hoursat !so"-a8o". The

J.Ruas.Phya.Chem.Soc.,4C,37!(t?'?). t

t
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charcoalwasmaintainedat o"ina Dewarflaskby meansofstirredice-water.

Afterthe firstdesorptionpoint,a titttoair wasaccidentaMyadmitted. Thé

charcoalwasre~vacuatedfor hours, including t} hours at ~o'-zSc",
the "saturation"pointat 4.55m.m. determined,andthe desorptioncurve

completed.6.36m.g./gramofwaterwereretainedafterthe finalevacuation

at o". Theisothennalis shownin FiR.yA. For the isothennalat !S",threc

separate samplesof tho charcoal,all outgassedat températuresbetween

z~o'-zoo",weroused. The firstsevensorptionpointswereobtainedwiththc

first specimen,thonextthree pointswiththe secondspecimen,andwiththe

~c..&.a.O~

third specimenthé remainderof the sorptionand the completedesorption
curves. s.;8 m.g./gramof waterwereretained after thé nnatevacuation

at is"' Duringthé determinationof the isothermal,thé temperaturewas

keptat by addingby hand,whenrequired,smaUamountsof cotdwater
towatercontainedina DewarSask. TheisothermalisplottedinFig.~B.

The obvioussimilaritiesbetweenthe sorptionbranchesof Figa.~A,~B
and 1 AsuggestedptottiagaUthree setsof résulta in thé formof against
the correspondingrelativepressurep/po. This wasdonc, with the result

shownin Fig.8, wherethe sevenlowestpointsare separatelyplottedon a

largerscale. It isclearthat, withinexperimentalerror(andit willhavebeen

évidentthat no greatpreoisionis olaimedfor any of tho threeisothermals

conccmed)all thepointsfallona commoncurve. Thismeansthat

(~),-
0

` aTiq

i

/~P\
~P"

'F\aT/q"dT

/Slnp\ dlnp.
9T /q

==
dT
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which,in its turn, indicatesthat the total heatofsorptionof watervapour
on this charcoalis independentofthé amountofwatervapoursorbedand M

equal to thé total heatof condensationofwatervapourto liquidwater.

Thédegreeto whichthis is t~omeoutquantitativelyby ourmeasurements

is showninTable III, whichcontainsthe equilibriumpressuresfor various

valuesof qat o", !s" and :s*C' readoffto thenearesto.osm.!n.fromthe

sorptioncurvesof Figs.tA, 7Aand7B,togetherwiththe valuesof thomean

total heatofsorptionper gramofwaterbetweeneachpairof thèse tempera-

tures, calculatedby the C!ausius-0!apeyroncquation.

TABLKÏH

q in p inm.m. Xincalories/gram

m.K./efttn) <'° t<i° 9S' < "°'?S'' 'S'~S* t

'o o.ss 1.45 2-6 558 553

!o t.t 1 2.9 6.: s6t J 6:t 7t8

40 t.s 4.t 8.3 555 6!4 668

60 t.? 4.7 9'5 5~: 604 63:

80 1.85 5' 9-9 S~o 6o2

too 2.0 5.5 Jo.6 559 599 6:t

t:S z' 6.0 !55 607 6t2 620

150 2.!5 6.75 t2.8 635 6~4 6o6

t7S ~7 7-8 '4.75 ~4 6to 603
MO 3.2a! 9~5 17.8 6:4 6t6 620

250 4.05 ".o :o.9 578 589 607
300 4-4 'o "-45 580 585 593

SimUareatcutationshave beenmade fromthe desorptioncurvesat o"

and i s"(Fig.7)and TableIVcontainstherésulta.

The totallatent heat of condensationof watervapourhas the following

averagevalues(calculatedfromthe Ctapeyron-Ctausiusequation)

o"S° 594ca!orie9/Kram
o" ~5" 59'
!S° 586

Our dataare not auHioienttyaccurateto justifyany detaileddiscussion

of the divergenciesfromthesefiguresexhibitedin the abovetables. Atten-

tion willbcdrawn to two pointsonly. ~Vhibtthe heat of sorptionat 10

tn.g./gramhasa valuenear (or lowerthan) theheatof condensation,it ap-

pears to becomegreaterforhighervaluesof finallyfallingoffand tendinR
towards the heat of condensationas saturationis approached. Further,
thé valueofX o°-t5''is throughoutgreaterforthe desorptionthan for the

sorptionprocesa,the averagedifférencebeingnearly6ocats/gram,orabout

ten per cent.
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TABM5IV

q in p inm.m. !nodctiM/pam

m.g./ttmm o* t!° o~~

!0 0.33 0.95
20 o.g !t.6s <'t4
40 t.35 3.9 <"4
60 i.s 4.SS
80 t.6s 49 ~9

<oo J.? S.a <47
':S ï-7S 5-S ~a
150 !.8 s.Ss ~2
t7S t.9 6.3$ 698
ïoo :.os 7.os ~4
:5o 3.2S 9' 595
300 4-2 "-55 ~S

The résultain this paper will be discussedlater. Expenment(h) (iso-
therme for sugareharooa!)wascajriedout by Mr. A. Puttick, towhom wc
wiah to makedueacknowtedgment.

t/<t<fM'tt<M0/J~Ottd<M),
~Htw'eCM~,
Moy)?, M~.
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PartV. (A)Charcoalsextractedby Alkali. (B)Résorption–
I~agor Drift–Hystérésis

BY A. J. AM.MANC, P. C. T. HAND AND J. K. MANNtNG

A. THE SORPTION0F WATERVAPOURBYALKAU-EXTRACTED
CHARCOALS

1.Introductory
In Part IVof this series (p. 168:)are recordedexperimentscarriedout

on two charcoalswhich had beenextractedby hydrocMoricacid. T he

results insomerespectswerenot conclusive,but agrecdin that whilstthe
courseoftheisothermat intermediatepressureswasbut littleaffectedby the

extraction,this had the effect of decteasingthe amountof water vapour
taken up at lowpressures. The effectof temperatureon the isothermof
CharcoalAhavingindicated (Part IV) that the natureof thé sorbedwater
filmis verysimitarto that of ordinaryliquidwater,it seemedpossiblethat
thé completeremovalof those inorganicash constituentswhichmight be

supposedtohavethépowerof retainingwatervapourat lowpressuresmight
lead to thecompleteeliminationofthe lowpressureportionsof thé isother-

mals,andto theproductionof charcoalswhichwouldnotsorb watervapour
appreciablyuntil quite considerablerelativepressureswere reached.l As
acidextraction,bothby HCIand byH F, hadprovedinenectiveinreducing
the ashcontentofvariouscharcoalsbelowappreciablelimita,extractionwith
alkaliwastried.

2. Experimental
CharcoalsA, B and C were employed,their isothermalsat ~s", after

extractionand outgassing,being determinedby the static method. The

gênera!methodofextractionbas beendescribedinPart 1(p. 454). In prac-
tice, considerablylongerperiodsof treatment,withone orall of alkali,acid
and waterwereusedin someinstances. In everycase,beforcweighingout
for the determinationof thé sorptionisothermal,the cxtmctedcharcoalwas
defubtimatedbyseveralhoursheatinginvacuoat 8oo"C.

Théfollowingparticularpointsmaybe noted.-

i a) CharcoalB. Ash of alkali-extraetedcharcoalo.!4per cent,whcreas
thc ashofHCt-extractcdcharcoalwaso.t:, andofthe unextractedmaterial

3.00,percent.

(b) CharcoalC. Ash after alkaliextraction0.125percent, whereasthe
ashof HCt-cxtractcdcharcoalwas1.34,and ofthcunextractedcharcoal2.2,
per cent. A specialexperimcntshowedthat a subsequentextractionwith
HF reducedtheasha little furtheronly-to o.io percent.

Subséquenttoourexperiments,a paperappearedbyCoutMge(J. Am.Che<n.Soc.,
49.708()')!7))inwhiehthispointofviewwasdcvctopedandthoroughlyexaminedexperi.
m<'ntat)y.HesbaHreforlatertothispaper.
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(o) CharcoalA. Ash after one extraction0.35per cent (after HC!

extraction0.31,of theunextractedmaterial4.59,percent.)

(d) CharcoalA. Thecharcoalfrom(c)wassubmittodto asecondsimilar

treatment,after whichthé ash had suffercdreductionto o.:9S per cent.

Analysis,connnnedby a mioroscopicexamination,showedthe residueto

consistof aluminiumsilicate.

As it was thoughtpossiblethat the incomplèteextractionof silicaand

aluminaby the alkaliin cases(c).and (d)mighthavebeendueto slowand

incomplètepenetrationof the most minute poresof the charcoalby thé

viscousalkali,a seriesof extractionsat higherpressureswas carhed out,

anda fewsorptionpointsdeterminedon théresultingcharcoals.

(e) C/tafcoo!A. Aftera preliminarydigestionwithboilingconcentrated

NaOHin a nickelcrucibleat ordinarypressures,thé charcoalwasboiled

withconcentratedalkaliinanautoclaveat threeatmosphères,thisbcingdonc

severaltimes withfreshchargesof NaOH. There followed(i) extraction

withhot water untilno reaction took placewith phenolphthalein;(ii) 155

hoursboilingwithconeentratedHCI;(iii)finalwashingwithdistilledwater;

(iv)desublhnationat 800°. The ash wasnot determined.

(f) CharcoolA. (i) Preliminaryalkaliextractionat ordinarypressures;

(ii) extractionwitheoncentratedNaOHinan autoclaveat 4-8atmospheres

pressureand ioo't3o"; (iii)water extraction;(iv) extractionwith boiling

eoneentratedHCI;(v)waterextractionin the autoclaveat !oo"-i!o~and jo

atmospheres;(vi)boilingwithHCI;(vit)finalwashingat ordinarypressures

with distillcdwater;(viii)desublimationat 8oo". Theash wasnot deter-

mined.

(g) CharcoalA. First digestedwith concentratedHCI and washed

free fromchlorides;heatedat tio" withconcentratedNaOHat !o atmos-

pheres;extractedwithwator until there was no eolourationwith phen-

olphthaleinafter standingovemight; desublimatedat 8oo". Ash not de-

termined.
3. ResultsofSotptionBxpedments

In whatfollowsaregiven,whenon record:–

(i) particularsregardingthe outgassingprocess;

(ii) the increasein weightof the charcoal,comparedwith its original

evacuatedweight,afterthe finalevacuationat :s°;

(iii)data eoncercingthe resultof subsequentevacuationof the charcoal;

(iv) the diagramof thé sorption-desorptionisothenn.

(a) CA<!r«M!B–F.t(fac<<'(i'by Alkali a( .'Kmosp/x'ncPrM<!M)'€–EMCMO<fd

a<NO~C'.

(i )Timenot recorded.

(ii) 2.05m.g./gram.

(iii)Not determined.

(iv) SeeFig. r, whichalsocontains,plottcdon a largerscale,the detail

of the isothermat lowq values,togetherwith thé correspondingdetail (tri-

angles)for the isothermforunextractedcharcoal(secPart IV, Fig.zB).
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(b) Charcoal C'–F.[<t-(!c<cd Alkali ai ~tmo~ertc P)'MM<ff–~M!c<K<<~
al ??"0.

(i) Preliminary outgM8{ngat roomtemperature, followedby 3~ hours at

78o"-8co".
(ii)!.5's8m.g./grann.

(i!i) o.9t m.g./gram of water recoveredat ~~o". The gtU!C!tevo!vcd at
this temperature and at 800"(the finaloutgassingtemperature) amounted to

CO o.66 m.g./gram
C0,o.tt 1

0<o.o7

~«.

Fte.t 1

(iv) SeeFig.z. Aftercarryingouta completesorption-desorptionoyclc
(increasein weightat "zero" aqueousvapourpressure!.$t m.g./gram),
watervapourwasresorbedup to a pressureof 16.02m.m.,andthen again
desorbeddownto 13.38m.m., the wholecooatitutmgSeriesII. Last!y,
two moreresorptionpointsweremeasured,the maximumpressurereached

beingi6.y8m.m.,a desorptionpointat t6.S3m.m.thendetermined,and the
charcoalfinallyonceagainevacuatedat 25*,the increasein weightover the
originalevacuatedweightof the charcoalbeing t.s8 m.g./gram. Thèse
resultswillbeconsideredlateron in thispaper. Fig.atso contains,plotted
on a largerscale,the detailof the isothennat lowvalues, togetherwith
similardetailfortheunextractedcharcoat(secPart IV,Fig.3B).

(c) Charcoal~–&<rac<ed6yAlkalialone~(moapAerePrM<tMre–J5'MtcMo<~
<!<~OO~C.

(i) Outgassedforthreehoursat 8co".

(ii) 3.TSm.g./gram.
(iii) Not determined.

(iv) SecFig.3A.
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(d) C/)ar<'<M<~–7'!p<ceExtracted!pt~M-ah' «/ one~4<MMp~ePrMMre–
JTt'ac<M!<eda<~0<yC.

(i) Timenot recorded.

(ii)a.7Sm.g./gnnM.

(iii) Not determined.

(iv). Sec Fig. 3B. F)g. 3 also conttuns,plottedon a larger scale,the
dctailof the !sothermsat smallq valuesforboth onceandtwicealkali-ex-
tractedcharcoals,forunextractedcharcoa!(triangles;secPartIV, Fig. tB),
andfor a specimenwhichhad bcenprcviouslysaturatedwithwatervapour
(cireles;secFig. y).
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(e) C/tcrcoat~–A'.)'<f<tc<c(<~«K al y/t)-fc~KmospAfrMPi-fWMre–~MtCM-

<tff<<aiMP"C.

(i) Timenotrccort!pd.

(ii) Kotdetcrmined.

(Ht)KotdGtermincd.

(iv) SeeFig. 4, whichcontainsthé isothennabat low9valuesofaUthe

alkali-extractedspécimensof CharcoalA, togotherwith the corresponditig

data for theunextractedcharcoal. Threepointsontyweredetermined,on

thesorptionbunch.

A'Lnextract<'d
X Oneextraction–one atmosphère
Q Twoextractions-oneatmosphère
0 Oneextraction-three atmosphère:)
d Oneextraction–4*8atmosphère!

One extraction–)0 atmoopheree

(f) C/MrcM<.t–~<rac~ «< ~<u)O~AeresJ~e~Mr~–ocKa/efF

«<&<?"('.

(i) Timenot recorded.

fit) ~ot determined.

(iu) Xotdetermincd.

~tv) SecF!g. 4. Three sorption po!nts weredetennined.

(g) Charcoal.-t–<-<rac<~ b~ Alkali "< M~wM~x'fM PreM)<e–F<'oc«a~

at WC.

(i) Timenot recorded.

(M)Notdetermined.

(Mt)Not determined.

iv) SMFig. 4. Two points only weredptcmtincdon thc sorptionbranch.
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4. Discussion

The salient featuresof the effectsof a singlealkaliextractionwill be

obviousfroma comparisonof Figs. t-3 withFigs.!-3ofPart IV. In every
casethe followingstatementshotd. (i) Thereisa tnarkcddiminutionin the

sorptivecapacityof the charcoalat the lowestprésures,thé curvosfor the

extractedcharcoatsrisingfar moresteeplyfromthéorigin. (a) The pressure
atwhichthe isothermebeginsrapidlyto tum over,priertobecomingconcave

to the pressureaxis,is higherfor the extractedcharcoal,the effectbeing
simitarqualitativelyto that of raisingthe outgassingtemperaturefrom270"
to goo". (3) The courseof the isothermalat intermediatepressures,more

particularlyon tts desorptionbranch,tendsto be natter for thé extracted

charcoal,and the isothermatin généralliesat higherpressures. (4) The

quantityofwater retainedat zéropressureis lessfortheextractedcharcoal.

The degreeofhystérésisis,on the whole,notmuchaffected.

In general,thesechangesare shownin their mostpronouneedform by
t'harcoalC, wherethéresultsare very remarkaMe,and to thé leastextent

by(.'harcoalB. Thisdifferenceinbehaviourisverystrikingwhentheeffect

ofextractionon the saturationfigureisconsidered.In the caseofCharcoal

C, there is considerablediminution,accompaniedby a changeinform of

theisothennnearsaturation,but CharcoalBactuallyshowsa slightincrease

in saturationcapacity. C'harcoalA, if comparisonbe madewith Fig. tH

ofPart IV,hardlyshowsany changeinsaturationvalue,but if Fig. 7of this

papcrbe used instead(and weshalt sec that thereis justificationfor this

course),then theeneetofextractionisseentobe tocausea definitedecrease,

thoughlesspronouneedthan withCharcoalC. Comparisonwith Fig. y of

thispaperindeedindicatesthé effectofalkaliextractiononCharcoalAto be

greaterin everyrespectthan wouldbc gatheredfromcomparisonwith Fig.
.BofPartIV.

A comparisonwith the effectsof HCtextractionon thé isothermatsof

"~70"C." A and B charcoalsshowsthe actionof thé alkali to hâvebccn

moreprofoundthan that of the acid, particularlyin the intermediatepres-

sureregionof the isothennal,wherethe acidextractionbashardlymadeany
différence.The ash contentof the alkaliand the aeidextractedcharcoat!

bothA andB, is almostidentical. Untortunately,nocomparisonispossible
in the caseof CharcoalC, wherethe only isothermalmeasuredfor the

"t7o"C." acid-extractedcharcoalwas detenninedin a nitrogen streant

(PartIII, Fig.3A).

It remainsto considerthe effectof a secondextraction,and of extraction

at higherpressures,as exhibitedin Figs.3 and 4. Thiseffectcanbo ex.

pressedby saying that further treatmentwithalkaliappearsto re-activate

thecharcoal. The desorptionbranchof Fig.3Bispracticallyidenticalwith

that of Fig.3a at intermediateandlowpressures,but the completesorption

curveandthe highpressureportionof thedesorptioncurvearebothdisplaced

in thé directionof incrcasedq values. Fig. 4showsthat a singleextraction

at threeatmosphèresgivesa charcoalwithanisothennatpraeticattyidentical
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withthat of thé charcoaltwiceextractedat une attnosphere. Alkalitreat-
UK'ntat higherpressuresresultsin a furtherdisp!acetnentof thé curvosin
thé directionof greater scrption–indecd,thé isothenna!for the charcoal
cxtractcdat ten atmospheresis verynearthat of thé originaluncxtractcd
charcoal. At one timc, wewereinclinedto think that this disptacpmentof
thé isothermalwas due to absorptionof waterby alkali whichhad bccn
forcfdinto the innermostreccsscsof thecharcoatunder the high présure
uscd,andhad not beenremovedby thesubsequentextractionwith H('t and
water.' Further refiection,however,bearingin mind,in particularthe thor-

oughdesubiitnationat 800"to whichthesechareoalsweresubjectedb~forc
watervapourwasadmitted,suggeststhatourformerideawasincorrect,and
that thé increasedsorptivepoweris due,notto the presenceofadvcntttious

nlkali,but to a rcalreactivationof thécharcoalitself.

H. HHSORPTION-LAC!ORDRÏFT-HY8TEIŒSI8

5. Introductory
Inall our experimentsso far describcd,whetherdoncin a gas-streamor

undcr"static" conditions,wefounda greateror !esserdegreeof hystérésis,
i.e. the sorptionand desorptioncurvesdidnot coincide,the latter always
beingdisplacedin thé directionof lowerpressuresor higherq values. Ob-

vioustyc!ose!yconnectedwiththis phenomenonis the fact that equilibrium,
or apparentequilibrium,wasslowlyreached,marked"lag" or "drift" bein~
observed. In actual point of time requiredto pass from onepoint on an

isothennalto another,this was mostnoticeableat intemediate pressures,
but if the quantityof watervapoursorbedbc takcn into account,this dif-
ferencewouldseemto disappear,at alleventswhenworkingina gas-~tream
(Part III, Fig. !). Whenusingthe statietechnique,it is moredifficultto
corneto any conclusionon the matter.

The generalopinionof previousworkerson the sorptionof vapours,
whetheron charcoalor silicagel, is that the truc equilibriumcurve is the

desorptioncurve. Those authors whohold the capillary condensation

theoryattribute the lag in the determinationof the sorptioncurve to the

difficultyof wettingthe capillarywattsduringthe sorptionprocess.' This

difficultyis due to the presenceof air/ and if this is comp!pte!yremoved,

sorptionand desorptioncurveson silicagelcoincide/exceptin the caseof

water. Coolidge,using the static technique,attributes hysteresisin the

rnajorityof casesto the accumulationofdisplacedgasesin thevapourphase
duringsorption,with consequentialfa!scpressurereadings.' In his later

l'artI, p.~s<t.TheprésenceofauchHnntyretainedalkaliwasmetetyassumedand
neverdemonatratedofpetunentatty.

'E. 0.,AndeNon:Z.physik.Chcm.,M,t?! ()9t4).
'Ouetaver:Kolloidehem.Beihefte,15,t85(t9~t);Katz:Proc.AttMterdamAtad.,26,

54«('9~3).
4Patrick:Kolloici-Z.,36,(EtgatMungs-BMd),<~('9~5).
J.Am.Chem.Soc.,46,596(tn~).
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work,'he adoptsa modifiedpointofviewand,in the particularcaseofwater

on charcoal,Minctincdto ascribehystérésisvery tar(!e)yto thé présenceof

inorganicashconstituentswhiehsorbwaterpreferentially.

6.Experimental

Wphavecarriedout a numberof experimentsbearingon thesepoints,
whichwillnowbedescribed.Inall cases,the static techniquewasused.Earty
in our work,weobservedthat the quantityofwatervapourtaken up durinR

sorptionat lowpressuresappearedto dependon the rate of admissionof

watervapourto thc apparatus. Théfirstobservationwasmadeafterdeter-

miningthe isothermalat is*'C.forCharcoalA (seePart IV, Fig. 7). Atthe
fftn~htatfm nf thn f~vn~fim~nt thf nttnfnn&tconclusionoftheexperiment,thé charcoal

wasoutgassed,andwatervapouragainad-

mitted up to a maximumpressureof3.94

tn.m., butwithsmallerchargingpressures,
f.f., moregraduallythanbefore. There- jJ

xu~, togetherwith those obtainedpre-
i

viously,are plottedin Fig. The effect
'1

of the lowerchargingpressurein decreas-

ing the cniciencyof sorption*is seento be â
quitedefinite.

Followingon this, someexperiments
weredoncwhichindicatedthat, whilsta

rise in outgassingtempératurefrom2700
to 600" increasedthe quantityof watcr

vapourtakcnupat thoselowpressures,a
further increasein outgassingtemperature<U<KWtU~~cttaut~ UU~tMMttU~L~«i~U«t~Ut~
to 8000 had rather the opposite effect. On thé other hand, whilst the

water thus sorbcd by a "600° C." charcoal was as readily given up on

outgassing as by a "27o"C." charcoal, the chareoal outgassed at 8000 gave

up its water with difficulty. To investigatc this point further, a syste-

tnatic series of expcrimcnts was carried out on a specimenof Charcoal A

after outgassing at 780°. Water vapour was gradually admitted at ts°C.

until a pressureof the order of 4.5 m-m. had becm reached, the charcoal

then bcing desorbedin stages,and its evacuated weight at zero pressure de-

tcrmined. This sorption-desorption cycle was carried out four times suc-

cessively on thé satnc specimenof charcoal. After the second sorption point
in thé fifth cycle had been determined, an accidenta! air-leak occurred,

following on which thc charcoalwas finally evacuated at ts" and weighed.

The total increascsin weightafter the "zero" pressure evacuation at the end

of each cycle are given in Table I, and the results of the whole experiment

exhibitcd in Fig. 6A, where sorption curves are shown by continuous, and

desorption curvesby dotted, lines.

J. Am.Chem.Soc.,49,70809~7).).
Cf. LemonandBtodgett:Phy~.ttev..(a) 14,39~(t9<9).

Fto.s5

Q Xonnat Method of Mfption
A (!radua) adm!ttance of vapour
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ÏAMJSt I

Total increasein weight Totat incKMe in weight

t'ye]c in m.g./gfMn Cycle t« m.t{./tKm

t S-70 4 10.?!

2 7.37 S 10-72

3 90$

Subséquentoutgasstng(ËnaUyat 8oo")resultedin the rcooveryof 7.16

m.g./gr:unof waterand of evolvedgMeaamountingto

C 0 i .7m.<t./gram
C0,o.69

Ht0.:4
N,0.46

~9.)~")' ~g.b<««~.

t'to.66
SwMt.AQB Séries!.A a B

~.BXC 2.BXC

3.COD 9-CoD
4.DMK ~.DaK
X.EAK

Attentionis drawnto the followingpoints. In Cycles2, 3 and 4, the

incrémentsin the quantityof fixedwaterarepracticaUyidentical,viz.,1.67,
!.68 and r.6y m.g./gramrespectively. Thc generaltendcncy of the ré-

sorptioncurvesseemsto be to coincideinitiallywiththepreviousdesorption

eurve, and then to risemoresteeply,passinginto the prcviouahystérésis

loop. The hystérésisloopsthemselvestendto becomenarrowerin thehigher

pressureregionas the experimentprocceds.Finally,the incomplèteCycle

wherethe maximumpressurereachcdonly2.09m.m.,caused no further

increasein weightofthe charcoalafterits finalevacuationat ts".
This last tact suggestcdthat, juatas a highchargingpressurewasassn-

dated with "lag" in thé sorptioncurve,so also it tendedto producea dc-
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sorptionourvciyingat Mghq values,botheffectsof courseincreasingthe

sizeofthehystereticloop. Anothersériesofexpérimentasitnitartothe above

wasaccordinglydonc. CharcoalA,outgassedat 800°,wasagainemployed.
It wasusedat zs".not at 15",in orderthat the résultamightbecompared
with thoscofthe mainbodyofour work. Andthe relativepressureof water

vapourto whiehit wasexposedwasat Bratkept lowerthan in the above

experiment,a valueof3.80m.m.(P/po =0.160)not beingexcoeded,whereas

in the previousscriesat j~, themaximumpressureof4.67m.nrt.corresponded
to a relativeprpfMureof 0.365. Theresultsare plottedin Fi~.6b. In order

to make them clearer,each successivehystereticloopis displacedto the

right by anamountequivalentto a qvalueof a m.g./gram. It willbe seen

that, whereasCycle i exhibitsconsiderablehystérésis,this i))far less in

Cycle2,and in Cycle3 bas almostdisappcared.The pointsB, C and D

correspondto 3.55,3.88and 4.02m.g./gramof watervapourrespectively.
Not onlyhadconsiderabtylesswaterbeenfoundin Cyclei as comparedwith

Cycle i of Fig. 6a, but the incrémentsfoundin succeedingcyclesare far

smallerthanthoseheldin thecorrespondingcyclesof the !s°C.experiments.

Finally,in order to test the point further,a last cyclewas investigatedin

whiehthemaximumpressurewasallowedtoriseto 5.33n'n. (P/P" 0.~24).

This had thé expectedresultof givingat oncea far largerhystérésisloop,

but on thé other hand onlya verysmaUincreasein "bound"water (from

4.oa to 4.20m.g./gram).

ÏABLK II

q in m.g./gram at p/po = o. r

Temperature "970''C."Chafeoa! '8oo''C."Charpoa!
of J~wchawXt Higheharging LowchatK'ng High ch~tK'n)!

Kjtpetriment ptessure pressure pressure pressure
t~.s 8.9 10.2

8.9 )o.t 8.<:~g

It i&furtherof interestto note that thesorptionbranchesofCyclo i at

s"andat 25°are practicallyidenticalif referredto thesamerelativepres-
sure (comparePart IV, Fig. 8). Forexample,the q valuesat P/po = 0.'i

are respectivcty!o.z and io.t m.g./gramat 15"and 25°,the corresponding

figuresfor p/pe '= 0.15being12.6and t~.ym.g./gMm. Fig.6B atso bas

plottedon it the first two pointsof the sorptionisothennalfor "8oo°C."

CharooalA,determinedbythestatictechniqueemployedin ourearlyexperi-
ments (watcr vapour admitted to the eharcoalat a comparativelyhigh

ptV!Mure).The curveisseento lieto the leftof the firsthystérésisloop.
ïn thé followingtable arc concctcd,fromFig. 8 of Part IVand Figs. 5

5 and 6 of thé presentpaper,our data for the q valuesof thesorption iso-

thermalofCharcoalA, allfora relativepressureofo.t, but otherwiseholding
for twodifferentoutgassingtempératures,two differentexperimentaltem-

peratures,and two differentmethodsof introducing the water vapour

(graduâtandsudden).
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Althoughthere aregapsin thé table,theeffectsof thethreevariablefac-
torsare all clearlyvisible.

'Hteaboveexperiments,whenconsideredinconjunetionwiththofactthat
the saine"8oo*C."CharcoalA, afterbeingtakenup to 2:.io m.m.,subse-

quentlyretained7.67nt-g./gramat "œro"pressureand (Part IV,Tabte

11),suggpstedthat the amountof "bound"waterwasafunctionof theprès.
sureto whiohthe charcoalhadbeenexposed. Onthe otherhand,this last

figurehadbeencxcccdedbynearlyt m.g./graminexperiments(notdescribed

here)similarto thoseillustratedinFig.6,in whichthemaximumpressureto
whichthécharcoalhad bcenexposedat :s° wasonlys.~om.m. As,tnorp.

over,thé :[o m.m.of thé Part IVexperimentreferredto wasappreciably
belowthesaturationntmre(23.76m.m.),andas theextrapotatedsaturation
valueforqof gzom.c./gran)(Part IV,TableII) appearedsuspiciouslylow,
it wasdecidedto déterminewhetheranothercompleteisothermalforChar-
coalA, outgassedat 8oo"C.,and at thé samt timeto study the cnëctof

résorptionat intennediateandhigherpressures. Further,in orderto eUmi-
nateas faraspossiblethe effectof"drift,"inas faras thismightbcsupposed
to bcdueto slowmovementof watcrinto the innermostporesof the char-

coal,it wasdecidedto commencewithcharcoalsaturatedwith liquidwater,
the desorptionbranchof the isothennalbeingthusobtainedfirst. It wan

hopcdthat the saturationfigureobtainedin this waywouldbc betterde-
finedthanthosefoundforthischarcoalwhenstartingwithlowaqueousvapour
pressures,and it wasfurtherthoughtpossiblethat thesubsequentresorption
curvemightcoincidewith the desorptioncurve,i.e.,that hysteresismight
disappear.

A specimenof CharcoalAwasaccordinglyoutgasi<edfor nve hoursand
thentreatedas follows:-

(i) withthe containerimmersedin ice,watervapourat t4 m.m.pressure
wasallowedto distilonto thecharcoalfor t7 hours;

(ii) theclosedcontainerwasimmersedin boilingwaterfor 10minutes;'

(iii) thecontainerwasagainimmersedin ice for7 hours;
(iv) thecontainerwaskeptat !5°C.for ~o hours.
The quantityof water in and on the charcoalat this stage was noo

m.g.Kram.Desorptionat 2$*wasthencommenced,thepressureoverthé

charcoalremainingat 23.76m.m.for a considerabletime. The firstmeas.
ureddesorptionpointwas :88 m.m.,and the subséquentprocédurewasas
Mtows:–

(a) desorptionisothennatdownto "zéro"pressure–waterretained~.42

n).f;gram;
fb) rMorptionisothermalup tosaturation-q = 373.0tn.g./gram;
(c) desorptiondownto !6t m.m.;
(d) resorptionto saturation-q = 377.6m.g./gram;
(e) desorption(four pointsonly)downto "zéro"pressure-water re-

tainedtï.o6m.g.jgram.

In "annealing"in thismanner,wcweMtxtoptingproccthtfpfirsttMMtby('otttMgc:
<w-.<tt.()9~).
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Throughout,equilibriumwas reachedfar morerapidly than in other

experiments,indicating that "drift" had bcen largleycliminatedby the

modifiedchargingprocess. The charcoalwas finallyoutgassed,first at

.'70°,thenat 8oo"C. At the formertemperature,6.07m.g./gramof water

w<'rerecoveredand, at 8oo",a quantityofgasequivalentto

CO t .6m.g./gram
COi o.:o

Nt o.:?
H; 0.07

Theresultsof thisexperimentareplottedinFig.7,fromwhichthefollow-

ing conclusionscan be drawn.

(!) Thefigures,both for the saturationvalueofqand for théwaterheld

at "zero"pressureare welldefinedand not apprefiablyalteredas a result

Fto.y7
Seneoï1 0
Sénésit X
SeriesUt A

of intcrvcningdesorptionand resorption. (~) Thedesorptionbranchof the

isothermalshowsa certain instabilityat highpressures,but in its middtc

and lowerreachestends to givea curveon whichall desorptionpointsfall.

(3) Quitedefinitelythe sorptionand desorptionisothermalsdonot coin-

eidc. Thesorptioncurveof Series1 liesabovethedesorptioncurvefromthé

verystart,andthesorptioncurveofSériesII soon,ifnot immediately,passes

into thehystérésisloopand strikesthé nrst sorptioncurve. (4)Thesorption

branchof SeriesII lies throughoutcloseto that of SeriesI, butat slightly

higherq valuesthan the latter. (5) A comparisonwithFig. i ofPart IV

showsthat bothsorptionand dcsorptioncurveslie throughoutat higherq

(lowerp) valuesthan thoseof the correspondingcurvcsof thc isothermal

for thesamecharcoalas determinedby the usualtechnique. Ofthe above

rf~uït! the fact that the amountof waterretainedat zéropressureis not
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affectedby anotherrésorptionanddesorptioncycleandthe demonstrationof

the very sharp differencebetweenthé sorptionand the desorption cur\'es

are thosewhichmostconeernusat themoment.

In onierto test thef~mepointswithanothercharcoal,"800"C." Char-

coalC, whiehhad beenput throughtheusualcompletesorption-desorption

cycle,was taken througha secondsimilarcompletecycle. Dotaib of pro-

cédureare describedunderExperimentf of Part IV, andthe resultsplotted

in Fig. 8 (triangles),wherethé completefirst cycleis shownby the dotted

curvein Fig.8A,andits lowpressurepointsbythe squaresin Fig. 8B. Most

of tho resultsresemMethoseofthé lastexperiment(Fig.~–thus, saturation

F)0.8s
SenMl aSeries1 A
SeriesII Â
SeneoUIX

DupMeateMrptionO

and 'zéro" pressurefiguresarepracticallyunalteredbythe secondtreatment;

thé résorptioncurveonthe wholetends to coincidewith the first sorption

rather thanwith the firstdesorptioncurve;both the secondcyclecurvcstend

to fall,duringpartof theircourse,withinthe firstcyclehysteroticloop. Therc
a

is, however,one qualitativedifference,whichis that, at low pressures,the

resorptionpoints fallverynearly,if not actually, on the desorptioncurve.

In Fig. 8A,the resorptioncurveis drawnas fallingwithin thé hysteretic

loopfromthe outsct;in Fig.8B,thc firsttwo pointsat ï.8g and 5.79m.m.

pressureareshownas coincidingwiththe desorptioncurve within the limit

of experimentalerror. OurmcasuK'mentsare insufficientlyaccuratcto say

whetherthccoincidenceis a reatone. But it is certainthat, if different,the

two curvesare far closcrtogetherthan is the case in Fig. 7; and it is atso

certainthat, if coincidcnt,theymustseparatefromoneanother at a pressure

whichcan be onlya verylittlehigher.
The resorptiondata obtainedwithCharcoalC, outgassedat 800"after

extractionwithalkali(secSection3, Experiment(b),and Fig. 2) may con-

E
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venienttybeconsideredat this stage. HerethéresorptioncurveofSeries ï

quitedoBnitctycoincidedwith thénrstdesorptioncurveupto about7 m.m.,
then cromedthé firsthystereticloop,andoontinuedcoincidentwithor just
belowthéfirst sorptioncurve up to its maximumpressureof !6.oam.m.

Desorptionfromthis point didnot resultin a suddendrop to the original

desorptioncurve,as wouldhavebeenthécaseif Cootidge'soriginalviewof

hystérésiswerecorrect,but in a smoothandnormaldescentto the latter.

Séries3onlyconsistedoffour points,but eachofthem gavea resultof inter-

est. Resorption,this timeoommencingfroma pointonthe ftat intermediate

pressureportionof thé desorptionisothennal,resulted in a curvewhich

crossedthéhystereticloopas before,and thenproceededalonginsldeit to a

point deBnitelybelowthe originalsorptionourve at t6.?8 m.m. When

equilibriumhad beenreachedat this pressure,thé charcoalwasdesorbedby

exposingit, not to the evacuatedapparatus,aswasusual,but to anaqueous

vapour pressurecorrespondingclosclyto that on the originaldesorption
curveforthe aameq value(13.8m.m.). Theresult wasmerelya slight dc-

sorptionandfall in pressureto 16.53m.m.,with no tendencywhateverto

drop to theoriginaldesorptioncurve. PmaUy,the chareoalwasoutgassed
at as",andthe weightofboundwaterfoundto be almostidenticalwith that

obtainedafter thé first completecycle.
Aïkali~xtractcd"8oo"C."Charcoa!C thereforebehavesquitesimilarly

in the matterof resorptionandhysteresisto thé unextractedcharcoal,and

the maindifférencebetwecnCharcoalsCandAwouldsecmto be that a re-

sorptioncurvetendsto leavethetypicaldesorptioncurveinordertocrossthé

hystereticloopsooner,i.e., at lowerpressures,in the latter casethan in the

former. A fewother scatteredobservationsmade by us oonnnnthis. In

Fig. s ofPart IV are plotted tworesorptionpoints detcrminedonacid-ex-

tracted "~o"C." CharcoalAat thé closeof the sorption-desorptioncycle.
Their pressureswere3.77and 4.2$m.m.respectivety,and they apparently
fall withinthe hysteretic loop. Fig. 3Cof Part IV contains,plotted af:

triangles,three resorptionpoints (maximumpressure4.26m.m)determined

aftcr thecompletionof the isothennfor"o"C." CharcoalC. Theyclcarly
fall on thedesorptioncurve,as alsodo theeight resorptionand desorption

points (maximumpressure4.8: m.m.)of Series3, mcasuredon "8oo"C."

Charcoa!C at the conclusionof thé secondcompletesorption-desorption

cycle(Fig.8ofthispaper,andExperimcnt(f)ofPart IV).

7.Discussion

Théexperimentalconclusionsto be drawnfrom the above workcan bc

summarisedas follows.

(t) Usinga frcshlyoutgassedspecimenof charcoat,the sorptionand

desorptioncurvesare distinctthroughout,theonlyexceptionbeingprovidcd

by CharcoalJ (sugarcharcoal)at pressuresnearsaturation.

(2) This hysteresisis real,and not merelydue to fatsc measuredpres-
surescausedbythé accumulationin thevapourphaseofgasesexpelledfrom

the charcoal,.
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(3) A secondcompletesorption(completerésorption)curve tends at
lowpressuresto remaininitiallyon thédesorptioncurve(overa mcasurabtc

présure range,perhaps6 m.m.,in thecaseof CharcoalC, to an imperceptible
degreewithCharcoalA). It then crossesthe initialhysteretic loopuntilit

reacheB,or nearlyreaches,thé sorptioneurve,andfollowsthe générâtcourse
of the latter, fallingbelowit to a greaterextentas the pressure rises. The
final saturationvalueis the sameas, or a little greater than, that of the

originalsorptioncurve.

(4) If resorptionbecommencedfroma pointonthé originaldesorption
isothennat,the curvecrossesthe hystereticloopandtends to coincidewith
thécourseit wouldhavetakenif it hadstartedout fromzeropressure.

(5) A secondcompletedesorption(completere-desorption)curvetends
to run alongor verynear to the originaldesorptioncurve. Thiscoïncidence
is exactat lowprossures;at intermediateand higherpressuresa tendencyis
observedfor the redesorptionto lieabovethe desorptioncurve. The effect
–a diminutionin thesizcof the hysteretictoop–Min the samedirectionas
that observedunder (3), but !ess important than the latter. The final
amountof watervapourleft in at "zero"pressureis practicallythe same
as that foundafterthéoriginaldesorptionisotherm.

(6) If re-desorptionbe commcncedfroma pointon the resorptioniso-

thennal, the curvecrossesthe hystereticloop,and tends to coincidewith
the courseit wouldhavetakenif it hadstartedout fromsaturationpressure.

(7) Usinga frcsh spécimenof CharcoalA, a low chargingpressure
(graduâtadmissionof watervapour)increascsthe q valueson the lowprcs.
surepointof thésorptioncurve.

(8) If CharcoatA is originallysaturatedwith water vapour and "an-

neated,"subsequent"drift" is targetyetiminated.

(9) At thé endof a singlepartialsorption-desorptioncycleon Charcoal

A,the amountofwatervapourleft inat zeropressuredépendson the maxi.
mumrelativepressurevalueof the finalsorptionequilibriumpoint (or pos-
!<iMyon the actualnon-equilibriumchargingpressureuscd?), beinggreater,
the higher thé latter.

( to) If CharcoalAbeput througha seriesofresorption-desorptioncycles,
thcmaximumsorptionp/povaluebeingkept lowandconstant, the degreeof

hystérésis,asmeasuredbytheareaofthehystereticloop,steadilydiininishos.
Thisdiminutionchieflyaffectsthe higherpressureportionof the loop. Each

cycleup to a pointresultsin an incrémentin the amountof waterheldat
"zéro"pressureat theendof the cycle.Thisincrementis greater,the higher
the maximump/pcvalue.

Vcryfewpreviousobservationshavebeenpublishedon re-sorptionphe-
nomenawithwateroncharcoal. Bachmann,'workingwith coconutcharcoal,
foundthe resorptioncurveto strikeupinsidethefirst(very large)hystemsis
loop,then to crossoverand coïncidewiththe dcsorptioncurveovera short

pressurerange,onceagain to rise into the first hystérésisloopand finally

Z.anorg.Chem.,100,<(t9'7).
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to regainthe originalsorptionanddcsorptioncurvesat thé saturationpoint.
Therewerethus two separatehystérésisloopscontainedbetweentite de-

sorptionand the résorptioneurves. Hakovsky,'employinga simple tcch.

niqueandworkingin présenceofair,uscdanunttwrofcharcoals,taking thcHt

up to saturationat tç''C'.and deternriningat !castonecomplèteresorption

cycle. In the caseof Kahibaumsugarchareoat,thé resorptioncurvelay vcry
ncar to the desorptioneurve throughout,finallynnishingat a highersatura-

tion value. The redesorptioncurveexhibitedveryslight hystcresiR,about

sixpercentadditionalwater t~cinghc!dat théendof thérésorptioncycle.

A bloodcharcoal of Hussianorigin,previouslyextractedwith HtSO~

gavearesorptioncurvewhich,like ourown,crosscdthe hystpresisloop onto

thé sorptioncurve. The re-desorptioncurvecoincidedwith thc first de-

sorptioncurveover thc greaterpart of its kngth, but finishedby divergin~
at lowpressuresin the directionof considerabtyaugmentedhysteresis,thc

amountof water held at "zero"pressurebeingincrpasedby nearly fortyy

per cent. Kahlbautnbloodcharcoalbehavedsimitarty,but in this case the

incrémentin thc quantity of "bound"wateras the result of the resorption

cyclewasfar greater–100 percent. Further reso~tion and rpdesorption
resuitedin no change.

Theseresults,particu!a.r!yinthe matterofthe increascin "bound" water

followingon a secondcompletesorptioncycle,are not a]! in agreementwith

our own,but differencesin natureofchareoatand ofexpérimentâttechnique

may wellaccount for this.

8.Recoveryof BoundWaterbyHighTemperatureEvacuation

Beforeconcludingour survcyof the experimentalwork,it will bc con-

venientto considerthe data coneemingthc recovery,by hightemperature

evacuation,of water whichis so firmlyheldafter the desorptionprocessas

not to be givenup by exposureto zerowatervapourpressureat the experi-
mentaltempérature. Tables III andIV ineludeallavailabledata obtaincd

on thissubject; unfortunatelyin manyof thé later static experimentsthis

particulardeterminationwasomitted.

Thefiguresobtainedfor the":7o"C."and"8oo"C."CharcoalAin the air

streamhave been omitted, the formerbecausethé conditionsunder which

thc charcoalwas exposedto saturatedwatervapourwcre itMcnncd, there

beinga strong probability that liquidantuallycondensedin thé charcoal

tube,the latter becauseof anaccidenthavinghappenedto the apparatus at

a momentbeforeprobablyeventhe outgassingat ~o" wascomplete.

Thechicfconclusionsto bcdrawnfromthesetablesare thefollowing.

(t) Theamountsof waterheldat zeroaqueousvapourpressureand 9'
are fargreaterin the dynamicthan in thestaticexperiments.Theconditions

in theformerare certainly lessexactlydefined,owingto the existenceof dis-

ptaeementeffectsand the possibitity,the theair streamexperiments,of slow

J.ttuss.Phye.Chem.Soc.,49,37)()9<y).
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fixationofoxygenduringthédéterminationofthe i~thern~. Thesefaetorx,

however,caa certainlynot completelyaecountfor thedifTerenceaobserved.

(:) On the otherhand, the figuresfor waterrecoveredby outgassing

at a highertempératureare ofthesameorder,usuallyhigherin the dynamic

experiments,but ln twocaseshigherin thestatieexperiments.

(3) It followsthatthediHerpnceanotedunder(j) reappearwhenthequan-

titiesofwaterirreeoverableby hightempératureevacuationare coasidered.

(4) Theeffectnotedunder(3)maybecausedby théactualpresenceof

thestreamof gasin thedynamicexpérimentaor,moreprobably,by the very

longdurationof thoscexperiments.This lastsuggeationreceivessomesup-

port fromthé comparativelylargequantityof watervapourheld at bigh

tomperatureaby "8oo"C."CharcoalA whichhad hutiattybeen saturated

withwatervapourand then "annealed"andallowedto stand beforecorn-

tnencingthe déterminationof the isothermaI–at'M)for the results at 15°

withthesamecharcoal(severalcycles).

TABLE IV

Dynamic Technique

Maxi- Water Waterie- Waternot
mum bound at covefedby recoveredby

UutgMNn)! Xature aorption t5°C. (in outgaming outga8aing
ChM- tempera- Cond!. ofgas pt~asure m.g./ (mm.fc./ (mm.g./

Mxd ture tioos stream (tnm.m.) gram) gram) gram)

A 2700 rnextd. Xi 20.06 !6 5.9 6.y

A 800" Fnextd. X, 23.76 43.55 97 338

B 2~ Fnpxtd. Air 93.76 !9 4-8 7.4

C' 270" Unextd. Air 23-76 9.8 a.88 y.o
C a~ HCI extd. Xs :3 76 '3-7 4.7 9.0

C 800° Unextd. Air 23-76 ~.7 7-~ 15.6

C 800" Unextd. X.! 23-76 400 9-2 30.8

(5)Waterismorecompletelyrecoverabtebyhightempératureevacuation

(a)froma "ayo'C."than froman "8oo°C."charcoal;(b) froman extracted

thanfroman unextractedcharcoal(the determinationof the isothermaion

"zyo~ HCI.extractedCharcoalC in a N~trean) took300hours longer

thanthe correspondingdeterminationforthéunextractedcharcoalin an air

stream);(c)if thecharcoalhasbeenexposedto a lowchargingpressuM-.

?) Référenceto the accountsof theexperimentalworkwillshowthat,

inthegreatmajorityofcases,it is quitehnpossiMetoaccountforthe misaing

wateron theassumptionthat, inouigassing,it hasbeenevolvedin theform

ofHs,COandCOt,i.e.,that thewater-gasreactionhastakenplacebetween

it andthe charcoal,althoughthisisdoubtlesstheexplanationinall casesofa

partof the deficiency.Wcareledto theprobableconclusionthat charcoal,

aftcrsaturationwithwater,can retainappreciablequantitiesof the latter

evenafter outgassingat températuresup to 8oo*C.
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We have hitherto dune no further work to test this last conclusion, but it
receives support from sotne experitncnts by Hakovsky.' A spécimen of
Kahtbaum blood chareoal, driett over concentrated sutphuric acid, lost 3.32
per cent byweightof water when ignited at a rcd heat in a current of oxygen,
thf watcr coHectedwas 0.70 per cent of the initial wc!ght of charcoal. Ân-
other spedmcn of the saine charcoal, first dried over conct'ntratod autphuric

1

acid, was twice taken through a comptcte sorption.desorption cycle, at the
conctustonof which it showed a definite incrcase in wctght of 8.8 per cent

`t
aftcr standing again at the tenrperature of the experirnent over conccn-
tratcd sutphunc acid. When a specimen of the chareoal in this condition
was heated to n'dness in nitrogen, it lost 6.81 pcr cent by weight of watcr;
whcn bumt in a current of oxygen, the water collected was t6.s3 per cent of

the weighttaken, whereas 17.0per cent i.e. °-B)too would have
108-8

anticipatfd from the previous data. Kvcn if it bo hetd that thé original
charcoal spécimen contained no more water than was represented by thé

3.32 per cent lost in the nitrogen stream, the second result can only bc ex-

plained on the assumption that, in the course of the two sorption cycles, thé
charcoal had taken up four per cent of its weight of water so firmly as to rcr-
tain it at a red heat in a nitrogen stream.

The experimental data comphscd in Parts H-Y of this series will be
correlated and discusscdin Part VI.

(/'«'tWftt<yo/ Lan~m,
KtH~College,
.M<t~S.

Loc.cit.
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HYDROU8OXIDE-AUZARINLAKE8

BY HABBY B. WEtSER

In a recentinvestigationof theformationof hydrousoxide-atizarinlakes

fromsodiumalizaratebaths,'it wasconcludedthat thé lakeformationprocess

consistsin an exchangeadsorptionof the dye anionwith the lessstrongly

adsorbedchlorideor nitrate ion in thehydrousoxideandnot to directad-

sorptionof neutralsodiumalizarateassuggestedby Bulland Adams~and

by WiHiamson,'in Banoroft'slaboratory.On addingsodium alizarateto

positivesolsof thehydrousoxidcsof iron,chromium,andaluminumstabil-

ized by preferentialadsorptionof hydrogenion, the color lakes werepre-

cipitatedleavingmostof the sodiuminthe supernatantsolutionas sodium

chloride. It wasthus tacittyassumedthat the lakesformedas abovede-

scribedwerehydrousoxide-alizarinacidadsorptioncomplexes. Bancroft.

questionsthe accuracyof this conclusionon the groundsthat the alumina-

alizarinlakewasredandadsorptionoftheyelloworangealizarinacidwould

notbeexpectedtogivea redlake. Thcrcdcolorin thecasesunderconsidera-

tionwasattributedto ammoniumaM~rateformedas a result of thc failure

to retnovGammoniumcompletelyfromthehydrousoxidesols.

In this connectionit shouldberecalledthat the alkaliand alkalineearth

alizaratesare darkpurplein color. Athinfilmofsodiumalizarateispurple

both in transmittedand reflectedlightin markedcontrastto the redcolor

of the dilute solutionor the brightredof the atumina-atizarin!ake. The

veryweakalizarinacidis insolublein waterand thé alcoholicsolutionpos-

sessesa yelloworangecolorsimilarto that of the solidcrystals. Sineethe

claret red colorofdiluteaqueoussolutionsof sodiumalizarate is dennitcty

assoeiatcdwith theanion,the problempresentediswhethcrthe colorof the

hydrousoxide-atizarinlakesis influencedtoany markeddegrecbythe cation

accompanyingthedycanion. In viewofthe tact that theearlierconclusions

are opento questionbecauscof the probablepresenceof ammoniumin the

hydrousoxides,it scemedadvisabletomakosomeobservationswitha really

pureatuminasuchaaonemightexpecttoget by the actionof amalgamated

aluminumon distilledwater." Suchexperimentssen'edas the startingpoint

in this investigationin spiteof thcclaimethat a purealuminadoesnot form

a lakewithalizarin.

WeiaefandPorter:J. Phya.Chem.,31,t~4(19~).
J.Phya.Chem.,M,660(t~t).
J.Fhya.Chem.,2S,89!(t9:4).

<J.Phys.Chem.,32,9~5(t9t8).
<'Cf.Baneroft:J.Phys.Chem.,32,9*5('9~8).

"LiechtiandSuida:J. Soc.Chem.Ind.,4,587(tMs);Kneeht,Rawson,andMwen-
that:"AManuatofDye!nt!2,574(t9'6).
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Experimental

I. PREPAKATtOtM

/~Mm<M<!c<'<MM<!M<aMM<~ahwo'KMM.Analuminafrecfromalkalior

ammoniumwaspreparedbya modificationof the methodof WisHeenus'for

preparingfibrousalumina.Fiveto tengramsofpuregranutaraluminumwere

treated withhydrochlorieacidwhiehwasallowedto act until the surfaceof

thé tneta!wasthorough!ycleaned. Afterwashing,the granulesweretrans-

ferredto apyrexBaskandshakenwithtoc ceofwatercontaininga fewdrops

of a saturated solutionofmercuricchloride. The solutionwasthen poured

offand themetalwaswashedrepeatedlybydecantationuntilthewashwater

gaveno test for chloridewithsilvernitrate. Afteradding350to 400cc of

waterto theflask,it wasstopperedlightlyandallowedto standseveraldays,

shakingat intcrvats. The n'action,whichwasfairly rapidat the outset,

graduaUysubsided,so that severalrépétitionsof the aboveoperationwere

neccasar~-to obtaina snfEcientsupplyof alumina. Theoxidewasremoved

fromthe unattackedaluminumby decantingthe suspension.

Sheet atuminamay be substitutedfor the granular metal. The latter

poNipsBcstheadvantageofofferinga largerrcactingsurfacefora givenmass

but the formermaybesupported80that the oxidefallsfromthé surfaceas

it formsandsodoesnot interferewiththe progressof the reaction.

Sincetheamalgamretainsa smallamountofchloride,theoxideformedas

<)cM'r!bedis not entirelyfree from chloride. Such a préparationmay be

obtainedbyamalgamatinga carefullycleanedsheetofaluminum,washingto

removetheexeessof finelydividedmercuryandallowingto reactvigorously

withwaterfor an hourormore,changingthéwaterat intervals.Thisaction

cteans thé surfaceof the aluminumthoroughlyand thereaftcrthe oxide is

freefront chlorideas evidencedby thé fact that a sampledissolvcdin nitric

acidgivesnotest forchloridewithsilvernitrate.

( 'Monde-frceoxidemaybe formedatsowithsheet aluminumthoroughly

cleanedwithcarborundumpaperandamalgamatedwithmetallicmercury.

If théamalgamatedaluminumiskeptin moistair insteadofbeingcovercd

with water,voluminousfilamentsofso-called"grown"aluminaare formed.

Thc oxidenrst fonnedin the presenceof anexccssof finelydividedmcr-

cury willhâve a grayappearanceand shouldbc discardcd. If the action

is very rapid,in the absenceof an excessof mcrcury,the resultingoxide

ssgray incolorbecauseof the presenceof fineparticlesofaluminum. This

colorationdisappearson standing owingto reactionof thé fine partictes

withwater. Whenproperlyprepared,the oxideis purewhiteandquite finely

dmdpd. Cataphoresisexperimentsshowthe particles to posscssa slight

positivechargeincontactwithwaterbut theysettleoutonstanding.

.4 ~<M/M<!-!fo//)omama~ama~ ohmt'MKM.Thefailureofthéfinelydivided

oxideto fonn a xtaMesol under the conditionsdescribedin the preceding

'WMMenusandKaufmann:Ber.,28,<~8(t895);W:dicenu8:Kotbid-Z.,and Sup.

ptpment.Xt<!9o8).
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paragraphwasdue to theabsenceofelectrolyte. For the purposeat handa
stablesotwasobtainedbyaddingtwoor threedropsofhydrooblorioacidto
the watercoveringthe amalgam. Under these conditionsa considerable
amountof tho atuminaremainedsuspendedin the waterdue to sufficient

positivecharge resultingfrom preferentialadsorptionof hydrogenion.
The conditionswereobservedto favora morerapid and prolongedaction
of the aluminumwith the water.

~)T!Coxidesa<.Colloidalferrieoxidewaspreparedbyhot dialysisof the
solfonnedbyaddingferriechloridesolutionslowlyto boilingwater,acoording
to the methodof Sorum.'

.~M<:oKs.Thé calculatedamount of Kahlbaum'spure resublimed
alizarinrequiredto make250ceofM/icosodiumaUzaratewassuspendedin

Soce ofwater whichwasheatedandstirreduntil thé waterhad displaced
thé air fromthe fine,looselypackedcrystals. To this suspensionwasthen
addedthe exactamountofa sodiumhydroxidesolutionpreparedfreefrom

carbonateand chloride. By digestingovernight thé alizarinwasconverted

compiotetyintosoidumalizarateandthesolutionwasdilutedto the required
volume.

Saturatedsolutionsofthé alizarininalcohol,ether,andcarbonbisulfide
werepreparedandstoredinpyrexvessels.Sincealcoholfrequentlycontains

a small amount of alkalidissoivedfrom the soft-gtaascontainers,'only
freshlydistilledalcoholwasemployed.

II. OBSERVATIONS WtTH ALUMtNA

/l!t<MM'Ma(/rom<!MM?~<tMa<~n!MmMtMm)andso<KMtalizarate. Preliminary
observationsdisclosedthat thepureahmnnasuspendedinwateradsorbedbut
little alizarate. To too ceof a suspensioncontaining0.16gram A!;0: was

addedM/too sodiumalizaratesolutiondropwiseuntil theclearsupernatant
solutionshoweda distinctpinkcolor. But 0.75 ce of the solutionwasre-

quired. The particlesof aluminapossesseda slight positivechargewhich

wasfurtherreduccdbyadsorptionofa small&:nountofalizarateionandthe
voluminousprecipitateassumeda faintpinkcolor. Thesupernatantliquid
evaporatedto a smallvolume,gavea veryfainttest for chloride,an amount
whichprobablycorrespondedwiththe smallamountof alizarateadsorbed.

Contraryto the aboveobservations,Ackermanin Bancroft'8laboratory

reportedat the ColumbusMeetingoftheAmericanChemicalSocietythat hp

obtaineda red lakewitha!uminafromaluminumamalgamatedin mercuric
chiondosolution. Sincespecialprecautionsmust bc takcn to prépare
eMoride-freeatuminain thisway,andsinceobservationstobe describedlater
showthat alizaratcis takenup by ahmunain exchangcwithchloridewhen
the oxideis formedin the presenceofchloride,1 attributedthe greaterad-

sorptionreported by Ackermanto the presenceof more chloride in his

preparationsthan in ourown. Whitethis maybe truc, 1nowknowthat it

J.Am.Chem.Soc.,M,«63(t9~8).
Cf.WeiserandRadcliffe:J. Phys.Chem.,32,!875(t9<8).
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isnotnecessarilythecase. Thusit basbeenfoundthat aohloride-freeatumina

willgivea lakevaryingin colorfromred to a light pinkdependingupon thé

rate of formationandageof thé sample.If thé conditionsare favorablefor

rapid actionof the amalgamwith the water,and the resultingaluminais

treatedwithsodiumaMzaratea shorttimeafterit is fornied,considerablead-

sorptiontakesplacegivinga red lake. Onthe other hand, if the oxidelés

aUowedto age,theadsorptionissoslightthat only a pink lakeresults. The

effectof theageandpurityof theoxideonits capacity to adsorbattzaratcii)

itiustratedby the followingexperiments:
Twosamplesofaiununawereprepared. In thé first,specialprecauttons

weretakento avoidthepresenceofchlorideandin the second,a smallamount

of sodiumchloridewasaddedto the waterwith which the aluminareacted.

In both cases5 cmX 8 cmatnalgamatedsheetswereplacedin !so ce and

allowedto react twohours. Fift<!encubic-centimetersamplesof the sus.

pendedoxidewereplacedintest tubesand thechange inadsorptioncapacity

with time observedby addinga slight excessof M/ioo sodiumalizarate,

centrifugingandnotingthe colorof the lake. The resultsaregivenin Table

I. The terniageusedin the tablerefersto the time betweenthé preparation

of the completesampleof oxideand the additionof the dye. It is evident

that the chloride-freeoxidetosesits capacityto adsorb the dyemorerapldly

than the oxidecontainingadsorbedchloride.

TABLE1

t~nf Colorof Lake
alumina CMond..fr<.<)um.na AtumiM~~n~dsorbcd

chloride

commutes Darkred Darkred

,6hours Lightred Brightred

.day L')!htr<-d Brightred

2 days Pink Brightred

7 days Lightp!nk Brightred

..U«mt'M(jroM«Ma~amaMo~M~MM)and ahMrtK. On adding an

alcoholiesolutionof alizarindropwiscto 10ce of the aluminasuspension,

a pink colorationwasfirst observedwhichchanged graduallyon further

additions,to a lightbrownand the precipitatewas a yellowishbrown. This

might be mistakenfora brownlakebut actually it provedto be merelya

mixtureofa lightpinklakewithyellowsilkycrystals of alizarin suspended

in a solutionmoreor lessyelloworangein color dependingon the amount

ofalcoholpresent.
On addingan alcoholiesolutionof alizarinto water, the insolubleacid

séparâtesin minutelustrousneedles,the suspensionpossessingayetlowMh,

silky appearance.Whenthe first drop of aeid solutionis added to thc

aluminaa pinkalumina-alizarinlake is formed. Further additionsmercty

supply moreof thesilky alizarincrystalsand yelloworangesolution,thé

r~utting mixturehavinRa brownappearance. This conclusionwas con-
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firmedin a numberofways: (t) The brownmixturewasthrown downwith

the centrifugeandsubsequentlytreated with alcoholwhieh dissolvedthé

alizarincryxtatt;leavingthe pink lake. (a) Thébrownmixturewastreated

withsumcientdilutealkalito couvertthéalizarinto solublealkaliatizarate.

Oncentrifugingthepurplesolution,mostof the pinklakewas throwndown.

(.3)A smallamountof a suspensionof the pink lakeobtained in the above

cxperimentwithsodiumatizarate,wasmixcdwitha suitableamountof thc

finesuspensionofatizarinin water. Thé result.ingmixtureappearedbrown.

(4)Microscopicexaininationsofa sampleof thé brownproduotmadein the

presenceof as littloalcoholas possiblerevealedthé presenceof thé fine

alizarincrystalsmixedwith the atumina. In settling,the pink hydrous

aluminalakeentangledtheminutealizarincrystalsinsomewhatthesameway

that the aluminaflocin water purificationentanglesand carries downthe

finelydividedclaypartiotcs. (s) Thepresenceof the finealizarinorystals

is unnecessarytogivea brownpreparation. Thus if the oxidesuspension

is oentrifugedandthe supematantliquidreplacedby alcohol,an alcoholie

solutionof alizarinmay bc added withoutprecipitationof thé acid. On

shakingthismixture,a brownsuspensionresutted;butoncentrifuging,a pink

lakewas throwndownand the ctearsupematantliquidwas thc colorofa!co-

lioliealizarinsolution.

It is obviousthat the mixturewouldnotpossessthebrowncolorobserved

if no lake formationtook placewith the resultingpinkcolor. The actual

colorof thé mixturewillvary widelywith the purityof the oxideand the

relativeamountsof thé severalconstituentsthat arebroughttogether.

If thé purenewlyformedoxideis suspendedin alcoholand treatedwith

an alcohollcsolutionof allzarin,a red lakeis formedsimilarto that obtained

withsodiumalizarate.

./UwMtH<tsa! (/fOM<oma~<!Mia<eda~Mt~Mw)<u)dsodt'KMtalizarate. On

addingan aqueoussolutionofsodiumat~arateto thealuminasolpreparedas

abovedescribed,the sol was coagulatedand the characteristicvoluminous

red alumina-alizarinlake was fonned. Sincethe solwas free fromalkali

orammoniumionsit wasofinterestto knowwhetbersodiumionwasadsorbed

in the lakeformationprocess. To do this, sufficientalizarate solutionwas

addedto a portionofsolto causecompletecoagulation.If too littlealizarate

wasadded,the coagulationof the solwasincomploteand the supernatant

sotutionwascolored;and if too muohatizaratewasadded, thé gelwasre-

peptized. Ameasuredportionof the dear colorlesssupematantsolutionwas

evaporatedto drynessin a platinamdish,the residueof chlorideweighed,

then convertedtosulfateand weighedagain. Theresultswith twodistinct

solsare giveninTableH. It willbe seenthat the alisarate ion is adsorhed

incxchangowiththechlorideteavingsodiumchloridein the solution.

It is of interestto note the muohgreateradsorptionby this preparation

than by themuchpurcroxide. In experimenti ofTableH, the ooceofsol

containing0.216gramofAt~Ot,decolorizcd25ceof theM/ too sodiumatiza.

ratewhile100ceofa suspensioncontainingo. 160gramof thc pureoxidedid

notdecolorize0.75ceof the alizaratesolution.
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Whitetheassumptionbasbeenmadethat the solsusedin the aboveex-

perimentsare freefromcationsotherthanhydrogen,the possibilityof the

presenceofaluminumioninthe solsbasnotbcenexcluded. Asampleofthé

ultrafiltratcobtainedby ultrafiltrateringthesolthrougha cellophanemem-

bntneunderio atmospherespressure,gavea slightprecipitateof hydrous

ahuninaon treatingwithammonia.Asimilarprecipitatewasobtainedon

addinga smallamountofsodiumsulfateindicatingthat the aluminumwhich t

passedthe uttrafitterwaspresentas colloidala!umtnaand not as aluminum t

ion. Tosettlethisquestion,twoSocesamplesof the ultrafiltratewerepre-

TABLEII

SubstanceamixedSaitin50ce. i
Sodium weighedM ~eCt ~a)SU<

Sot alizBrate
M/too XaC't Xat80< calculatedobserved cttteulatedobserved

ec r

90 25 o.on2 0.0153 o.o~QX 0.0281 o.o~ss 0.035! t

Sait in 75 ce e
weighedas

XaQ ~a,SO,

80 28 0.02:4 o.o20t 0.03:8 0.0322 0.0398 o.o.t'9

cipitated,thefirstwithammoniaandthe secondwithsodiumsulfate. The
i:

aluminafromthé first sampleweighedo.oot3gram and frotn the second

o.oo15gram, showingconclusivelythat the ultrafiltrate was free fro)n

aluminumion.

The acidconcentrationof the ultrafiltratewas determinedby titration

with dilute standardalkaliusingphenotphthateinas indicator. A 50 oc

sampïewasfoundto contain0.002828gramHC!correspondingto o.os6s6

gramHCt per liter. Sincethis amountof chloridecalculatedas sodium

chlorideis but little morethan one-fourthof the sodiumchloridefound

in thesupernatantsolutioninexperimentt above,it followsthat the alumina t

onthefiltermustcontainmostofthechloride,asthe test proved.
Whitctheseexperimentsshowtheabsenceofaluminumion in the intcr-

nticeUarliquidand confirmthe observationthat an agedaluminais notat-

tackedbydilutehydroehloricacid,'theydonotexctudethe possiblepresence

on the oxidcof someadsorbedaluminumionformedby thé actionof the

diluteacidon aluminumduringthe sol formationprocess. On the other

hand,sineea traceofHC!isfoundintheIntermiceItMliquidandsincehydro-

gen ion is adsorbedby aluminamorestronglythan aluminumion as evi-

dencedby the strongerpeptizingactionof the former,than of thé latter,2

thereis littledoubt but that adsorbedhydrogenion is the chiefstabiMang

ionin thesesols.
/thMK<nosol (/)'<wtaw)<<!Ma<edaluminum)and ah'MrtK.The dropwise

additionofanatcohoticsolutionofalizarinto 10ce of the aluminasolgives

Cf.Weiter:"TheHydrousOxides,"toc(<926).
Weiser:J. Phys.Chem.,24,52!(tt~o).

<!
!f



PUYStCAt.CHEMtBTR~OFCOMBMKEMHiMATfO~ Ï~9

at oncea pinklakewhiohchangesgraduallyto red. The red colordevelops

quiterapidlyondilutingthom)withatoohotsothat the tdiïarinisnot pre-

cipitatedwhenadded. Théstabilityof the solis not reducedsufficiently

to agg!omerate,tho red lakeremainingin colloidalsolution indefinitely

unlesstreated witha coagulatingelectrolyte.

Aluminagel(/rom~i~C~)and so~«~tah'Mro<<White the absenceof

adsorbedaluminumion in the aluminasolsusedin the precedingexpert.
mentsbasnotbecnestaMished,théfollowingexperimentsshowthatadsorbed

aluminumionisunnecessaryfortheformationofthe red lake. A five-gram

sampleofaluminumchloridewasdissotvedina literofwatcrandprecipitated
withan excessofammonia. Afterstandingseveralhours the supernatant

solutionwaspouredoffandtheprecipitatewashedrepeatedlyby the aid of

tho centrifugeuntil a part of the gel waspeptized. The remainderwas

shakenwith7; to 100ce.ofwatergivinga fairlystablesol whichwasfound

to have a pH valueof 6.0$. A measuredamountof this suspensionwas

treated withsodiumalizaratesolution,a brightred lake resulting.Analy-

sisof thé supematantsolutionfor sodiumconfirmedthe previousobserva-

tion' that mostoftheélémentremainedinsolutionassodiumchloride.The

resultsof twosuchexpcrimentsaregivenin TableIII. In thesecasesthe

chlorideoriginallypresentin thé aluminaas ammoniumchloridewasdis-

placedby the morestronglyadsorbedalizarateion,whilc the sodiumand

ammoniumdidnotexchange.Asbasbeenshown,sif the chlorideionwere

firstdisplacedbythestronglyadsorbedhydroxylion,thonlittleornoatizarate

ion willbc takenup.

TABLEIII
SubNtancessmixed Xa<8()<

80) M/tooMdium I.Ça28O4in observed catcutated
M tdiMttte MM

ce

100 35 0.0284 0.0506 0.0497

Xa~SOtinsoce

75 25 o.ot73 0.0346 0.0355

~«M!tK(!gel(/< ~<C<,)andQ~n'M. Thehydrousaluminagelprepared
as describedin the precedingsectionwasshakenwith water to makeSoce

andmixedwith50ceof alcohol.Onaddingioceofa saturatedso!utionof

alizarinin alcohol,a brightredlakewasformed.In the absenceofelectro-

lyte a part oî the thoroughlywashedgel remainedpeptizedand was not

throwndownbyprolongedcentrifuging.Asampleof the supematantliquid

wastreated witha dropofammoniawhichagglomeratedthecolloidallake.

Thefiltrategavea distincttest forchloride.Thiswasdoubtlesspresentas

ammoniumchloridefor the nitrate froma secondsampteof the red sol, ]

coagulatedby a smallamountof sodiumsutfatc,reacted neutralto litmus.

WeiMrandPorter:J. Phye.Chem.,3t,!829(<927).
WeieerandPorter:J. Phys.Chem.,31,tSgo(t~).
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The pH valuedeterminedwiththe hydrogeneleetrodewas6.85. Thes<'ob-

servationsindicatethat the alizarinhas beenadsorbcdin exchangewith

ammoniumchloridf.
te WOUI(L

)
Peoplewhoregardthé red lakeas a definiteatuminumalizaratewoutd

1

probablyconsidcrthcformationofa lakeundcrthéabovoconditionsas t)!e

resultof interactionbetwccnaluminaand alizarinacid. Sincethe alumina

is highlyinsolubleboth in waterand in aqucousalcoholand théacidis in-

1solublein waterandvery wcaksuchan interactionis a remotepossibility. t

Morcover,as wehaveseen, a red lake is fonnedwitha sol of agedoxide

whichis not attackedby very lowconcentrationsof evena strongacidlike

hydrochtorit'.Finally,a metatheticatreactionbetweenaluminaandsodium

alizarateor alizarinwouldnot aecount for the equivalencebetweenthé

amountofatizaratetakenup andchtoridethrownout. Certaituy,thé addi-

tionofammoniumchlorideto a solutionof alizarinor its sodiumsalt haano

apptfciabteeffecton thé color. j
Analeohoiicsotutionof aluminumcMondcgivesa red sotutionwitha)i- 1

xarin. Sinceatuminumchlorideundergoesmarkedhydrolysisin waterand j

atcohotysisin alcohol,liberatinghydrochloricaoid,it is probablethat the )

redalcoholicsolutionis not a definitealuminumalizaratebut aluminawith

adsorbcdalizaratc. Atuntinumchloridedoesnotundcrgoréactionsanatogous

to hydrolysisin etherand carbonbisulfide. Accordin~ty,whenalizarinand

atuminumchiorideare broughttogetherin thesesolventsthé colorof the

solutionistheyellowor orangeofthé purealizarinsolution.

111. OBSEHYATtOKS WITH Ft-'KKtC OxtUK

/cn <'cM<f/cM!and ~<KM)oMMra<<SinceSorumbas prepareda sol

of hydrousferrieoxidcfrecfromcMonde,'it wasof interestto détermineto

what extent this preparationwouldadsorb alizarateion. A 50ce sample

of sucha solcontaining4 gramsof Fe:0, pcr liter requiredbut 0.45ceof

M/ioc sodiumalizaratefor coagulation. Furtheradditionof dyesolution

causedpeptizationof the oxidcasa negativesol.

Sincediluteferriechlorideiscompletelyhydrolyzedat hightempératures,

a dilutesol wasformedby addingquite diluteferriechtoridcdropwiscto “

boilingwateranddialyzingat the boilingtempératureshort of removalof ,)

all the chloride.Sucha procédurewouldbeexpectedto yielda solentirely

freefromferrieionandstabillzedby preferentialadsorptionofhydrogenion.

Actually,a sol containingo.t:s gra'" pcr liter gaveno test for ferrieion ,J

withpotassiumferrocyanideevenafter longstanding. A 250ceportionof 1

this sol wascoagulatedwith 8 ce of sodiumalizaratesolution. 250ceof

thé supernatantsolutionwasevaporatedandthe residueof sodiumchloride

convertedto sodiumsulfateandweighcd. Thé weightwas0.0118gram,thc

theoreticalamountin thc 250cebcingo.om gram. Sincethe valuesare

approximatelycquivalentit is evident that chlorideion wasdisplacedby

théalizaratewhitethe stabitizinghydrogenionwasnotdisplacedby sodium.

SuchsohdoubtlesscontainatraceofsomeanionsuehMnitrate,sulfate,orCM-ttonate.

<
t
.<
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~–-<Conclusions

The formationof hydrous-oxidealizarin lakes is usuallyan exchange

adsorptionprocessin which thé relativelystrongly adsorbeddye anion

dispiacesa moreweaklyadsorbedanionsuchas chlorideformthé hydroun

nxidf. If thé adsorptioncapacityof thé gel is satisfiedwith a strongly

odsorbcdanionsuchas hydroxyl,little exch&ngcadsorption can take place

and lakeformationis prevented. Sincea bath must be slightlybasic in

orderforalizarintoremaininw!ution,the neemsaryadsorptionof alizarate

ionforsuitablelakeformationfromsuchbaths,takes placeonlyin the pres-

('néeofa rp!ativc!ystronglyadsorbedcationsuchas calcium. ThémcchaniMn

of this proccNhasroccivedpxtcndpdthcoretiea!and experimentalconsidéra-

tion in an earlierpapcr.'
Lakesare formedby the additionofsodiumalizarate to positivehydrous

oxidcsolsstabilizedby prpfprentiatadsorptionof hydrogenion. If the ac-

companyinganionis chloride,thé amountofalizarate ion taken up by the

eoapttatpdoxideispquivah'ntto theamountofsodiumchloridein the super.

natant solution. Thé additionof an amountofsodium alizarateabove the

coagtuationconcentrationmerelyreversesthe charge on the sol. Alisarin

tikcwiscis adsorbedby thé colloidalpartiel givinga lakewhichremainsin

thésolstate.
If the oxidegel is fonnedrapidlyin thé absenceof an anionsuch as

chloride,highlyunsaturatedatomsof aluminumon the surfacewilladsorb

alizaratefromaqueoussodiumalizaratesolutionsor fromatcohoticsolutions

of alizarinaeid yieldingrcd lakes. On standing,the highlyunsaturated

atomson the surfaceof the newlyfonned oxidebecomeorientedinto the

normaltatticc of crystallinealuminaand the adsorption of alizarate dc-

creascsto suehanextent that onlya pale pinklake results. Therate and

amountof this ageingis appreciablydiminishedby the adsorption of a

chloride,say,sincea part at leastof the abnormalunsaturationof surface

atomsin the rapidlyfonnedoxideis satisfiedby the adsorption. An ion

morestronglyadsorbedthan chloridewouldhave a greaterretardingaction

on thc rate at whichthe atomsassumetheir position in the normaloxide

lattice. Butas wehaveseenthé presenceofan ion more stronglyadsorbed

than chloride,willcorrespondinglydecreasethe adsorptionof alizarate by

<'xchange.
In thc lightofthese,observationsit followsthat, dependingon thé con-

ditions,adsorptionof alizaratemaybceitheran exchangeadsorption,direct

adsorption,orboth.

The red colorof alumina-alizarinlakes is neither the dark purple to

purptishblackof thealkaliandalkalinecarthalizaratesnor the orangeof thc

alizarinacidbut is a bright red suggestiveof the colorof the alizarate ion

in aqueoussolution. The colorof the lake is doubtless due to adsorption

of thé alizarateionorientedtowardthe atuminutnatom of the oxide. The

ion associatcdwiththe aMzaratcionand orientedtowardthe oxygenatom

J. !'hys.Chem.,31,t8~ ('9~7).
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of tho oxidemay be sodium,potassium,ammonium,hydrogen,or calcium

withoutmatcriatlymodifyingthe eolorof tho lakeexceptin so far as thé

extentof itsadsorptioninfluencesthe amount ofadsorptionof alizarateion.

In accordwith Bancroft'sview, the sodiumand alizarate ions under

certainconditionsmayhoadsorbedinequivalentamountsfromsodiumaliza-

rate solution. Thiswillbe trueonly in casethe oxideis freefromadsorbed

ionsor in casethé sodiumand alizarateionsdisplaceequivatentamountsof

thé correspondingionsadsorbedon tho oxideduringpreparation. In any

event,the sodiumassociatedwith thé alizarate is withoutspecificinfluence

onthe colorofthc lakesincea simitarcolorisobtainedwithalizarinacid.

Theconceptthat theatumina-atizarinlakeconsistaof atizarateadsorbed

on alumlnumatomsmightbe interprctedto meanthat thé colorisduoto a

definitealuminumalizarate.Suchan interpretationwouldimplythat atizar-

ate radicalsare boundto aluminumatonis on the surfaceof thé oxidoby

primaryvalenceforces;in other words, that two aluminumatomson the

surfaceholdexactlythreealizarate radicals. Followedto its logicalcon-

clusionthis wouldmeanthat sodium, ammonium,or hydrogenalizarate

adsorbedby aluminumoxideconsistaof aluminumalizarateplus sodium

oxide,ammoniumoxide,or water as the casemaybe. Thereis noexperi-
mentalevidenceto justifythis conclusionand it isprobablyincorrect.

Finally,theresultsofthis investigationindicatethat theadsorbingpower
of a substancewillbegreaterand willpersist fora longertimoif thésub-

stanceis fonnedin thepresenceof ionswhiehareadsorbedduringformation

and sjbsequcntlyenter into exchangeadsorptionwith moreBtrongtyad-

sorbedions.

Summary

Theresultsof this investigationmay besummarizedbrieftyas follows:

t. Theformationofhydrousoxide-alizarinlakesis usjaliyan exchange

adsorptionprocessin whichthe relativelystronglyadsorbedalizarateion

displacesan equivalentamountof a less stronglyadsorbedanionfromthe

hydrousoxide.

Lakesare formedby addingsodiumalizarateto hydrousoxidesots

stabilizedbypreferentialadsorptionof hydrogenion. If the accompanying
anion is chloride,sodiumohlorideis found in tho supernatant solutionin

amountequivalentto thealizarateadsorbed.

3. The colorof thé alumina-alizarinlake is neither the dark purple
to purpushblackcolorof thin filmsof alkali and alkalineearth alizarates

nor thé yelloworangeof the alizarin acid, but is a bright red suggestive
of the colorofalizarateion in aqueoussolution.

4. Thecolorof thealumina-alizarinlakeis dueto adsorptionofatizarate

radicalson the aluminumatoms of the oxide. The ion associatedwith

alizaratemaybc sodium,ammonium,potassium,hydrogen,or calciumwith-

out matcriaUymodifyingthe colorof the lakeexccptin sofaras theextent

of its adsorptioninfluencesthe amountof adsorptionof atizarateion.
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S. Anewlyformedoxidefree from adsorbedions willform a red lake

either froman aqueoussolutionof sodiumalizarate or from an alcoholic

solutionof aliserin. Lake formationwitha pure oxidemay be overlooked

sincesuchan oxide"ages" morerapidly thanone containingadsorbedions.

6. A pure agedoxidewilladsorbbut littleatizarateionfromanalizarate

solutionunlessthe aizeof the primary particlesiBsuchthat peptizationof

the resultinglakeasa negativesolcanresult.

7. Dependingon the conditionsof formationand the ageof the oxide,

theadMrptionofalizaratemaybean exchangeadsorption,directadsorption,

or both.
8. ArapidlyformedhydrousoxidegelwiUcontainhighlyunsaturated

atomsonthé surface. Onstanding,the unsaturated atoms on the surface

graduallyorient themselvesinto the normal orystal lattiee of the oxide

and the adsorptiondecreasesproportionately. The rate and arnount of

this ageingis appreciablydiminishedby the presenceof adsorbed ions

whiehmaysubsequentlyenter into exchangeadsorptionwith other more

stronglyadsorbedions. ThesigniScanoeofthis behaviorwiUbodiscussedin

a subsequentcommunication.

DMXB'fM~e/CAem«<)'i/,
ne Rice/n«t<M«,
HotMten,?'<'M<.



'V- THE ROLE 0F THH MRMHHANE8 IN ËLHCTHODIALYMIS*
r

\i ––

BY KtCHAKD BHAMt'tELU ANU HANNAH KTILLMAN BRAUt'tKLD

The fact that smallamountsof ionogenicimpuritieshavean important
influenceuponcolloidalbchaviorbas leadto muchresearchonmethodsof

purifyingcolloidalsolutions.Ordinarydialysisisslowandnotverythorough.

Adegreeofpurificationrequiringmonthsbythismethodcanoftenbcobtained

in a fewhoursby electrodialysis.This advantageof speedis oftcn offset,

however,byunfavorablechangesin reactionwhichtnayatter theproperties
of the colloidirreversibly.

In electrodialysisthe coHoidto be purifiedis placedin thé middtecont-

partmentof a three compartrnentcell betwccntwo dialysingmembranes.

A suitableelectrodeis placedin each of the outsidecompartments. Thest'

compartmentsare filledwithdistilledwaterwhichisrenewedcithercontinu-

ouslyor periodicallyinordertoremovethéproductsofelectrolysis.Hittorf',

in hisepoch-makingstudiesof transport numbcrscautionsagainstthe use

of membranesto separatethe different sectionsof electrolytebecausehe

observedthat oneionwasusuaUyretarded nioreby the membranethan the

other. Betheand ToropotFinvestigatedthéeffectofmembranesmorethor-

oughtyandobservedthat whenan electriccurrentwaspassedthroughdilute

solutionsof salts in a cell separated into two compartmentsby a mem-

brane,that différencesin reactionaf great as threepH units,occurredat the

two sidpsof the membranes.Membraneswhichwerenegativelycharged

weremorepermeablefor cationsthan for anionswith the resuit that an

cxcessof anionsand an acidreactiondevelopedon the cathodeside of thé

membraneand a correspondingalkaline reactionon the other side. Fot-

lowingthe leadof Freundliehand Locb', most investigatorsof the reaction

changesoccurringduringetectrodiatysishave assumedthat similardiffer-

cnccsin theréactionoccurredat each sideofeachofthe membranes.Freund-

lich recommendsthereforethe use of a negativemembranenext to the

cathodeanda positivemembranenext to thé anode. The numerousrecent

investigationsof the pcrtncabiUtyof membranesby Michaetisand his stu-

dents*fumishfurther justificationfor this beMcf.

~Parchmentand collodionare both negativelycharged and arc both

satisfactoryfor useas cathodemembranes. Nostrictlypositivemembranes

are known. Membraneswhichare positivewhenusednext to thé anode in

thé two membraneelectrodialysissystem howevcrmay be preparedfrom

*AcontributionfromtheSeihDenartment,;\f!'t<:u)turatHxpcnmentStation,t'ni-
vcraityofMiMouri,Columbia,MiMoun.PubMohedwiththecotNentoftheDirectorof
theExperimentStation.

Hittorf:Z.physik.Chem.,3C,6)3(<9ot).
A.BetheandTh.Toropoff:Z.phyaik.Chem.,M,686(t9!4).
H.FreundlichandL.F.Loeb:Mioohem.Z.,t!0, 5M(t9:4).
L.MiehMtiaandW.A.Perkwci);:J. Cen.Phymot.,10,?8 (<9t7).
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amphotericsubstanceslike the proteins. Themembranemost investigated
has beenthé chrom-getatinemembraneSrstdescribed by Ituppel and his

students,'and laterusedby 8tem.'p

Thismembranewasmadebypaintingamixtureofgélatine,(NHt)tCr<0?

and glycerineon a supportof eitherwoolorsitk oloth. The membranewaa

then "fixed"by exposureto the sun. Whitemost investigatorsfoundthis

membranesuperiorfor use at the anodeto collodionor parchment,it fre-

quentlyshoweda "temperamental"behavior.' Ettish and Beck*attribute

the alkalinereactionfrequentlyobtainedwhenthis membranewas usedto

the incompleteremovalof the NH. of the(NH<)tCr<0~in the preUminary

washing.
PauU'andhisstudentsredacethe reactiondisturbanceby removingthe

bulkof thé electrolyteby ordinarydia!y~sthen using electrodialysiswith

very lowcurrentdensitiesto removethelasttraces of etectrolytes. Rehte~

claimsthat an ordlnarycollodionmembtMteis satisfactoryto use nextto

the anodein the electrodialysisof sérumbecauseof Loeb'and Hitchcock')!'

observationsthat collodionstronglyadsorbeddifférentproteins. He main-

tains that a sufticientamountof proteinisadsorbedby the collodionduring

the electrodialysisprocessto makoit actasa protein membrane. A valve-

like action is attributed to a pair of suchmembranes. Accordingto this

conception,as soonas the reaction in themiddle chamberbecomeamore

a!kaMnethan the ieoetectricpointoftheproteinthe membranesare negatively

chargedand hencemorepemeable forcationsthan for anions. Thiswould

tend to reducethe pH valueof thé systemto the isoelectricpoint of the

protein. If thepHvalueof thesohttionwerelower than the isoelectriopoint,
then the membranewouldbe positivelycharged, and thereforemoreper-

meableto anionswiththe resultthat thechangein reactionwoulda!waysbe

towardthe isoelectricpointand nevcrawayfrom it. Sucha systemwouldof

courM;be ideal. Reinerobtainedexcellentresults withhis proteinsolutions

butexperimentsto be cited later showthat they are not due to anyva!w-

likeactionof the type describedabove.

The objectaof the present investigationwere: (<) to déterminethe

relativepemeabilityof differentmembranesto a seriesof typical anions

presentin the formof their sodiumsaltsunder controlledconditions;(2)

to observeand measure(a) endosmosis,(b)changes in reaction in different

parts of the electrodialysiscell, (c) cutrentconsumptionand suchother

factorsas mightcontributeto an understandingof the pcrmeabiUtyobserved¡

~3)to study the effectof the additionofpurified colloidsofdifferenttypes

uponthe rate of removalof the sameelcctrolytes.

0.ltuppel:Ber.deutschpharm.Ces.,30,~4 (t~o).
*R.Stem:Biochem.Z. 144,tt5 (!9<3).
il. FreuBdUchandF. Loeb:toc.cit.
C.EttM)andW.!eJt BiM-hem.Z.,t7t,J48(tM6).

'MonaSpieget-Adotf:Abdcrhtttden'eHMdbuchder biol.~tcthoden,Abt.III TôtR
606(t997).

-'L.Keiner:KoMoid.Z.,40 !a6«9~6).
J.Loeb:"ProteinaandthéTheoryofCoMdttBehaviof"()9<z).
D.I. Hitchcock:J.Gen.PhyaM.,a, 6t (t~s).
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ExpérimentalPart

Theceilusedwasa modificationof thetypeusedby Pauli'andwasmade
of Pyrex.' Themembranesweresix centimetersapart andhas an effective

surfaceof twenty-fivesquareoentimeterseach. Théelectrodesweremadeof

perforatedplatinumand wcreslightlysmallerthan the membranes.They
were twoor three millimetersfrom the membrane. In mostof thé experi-
mentsreportcd,one hundredcubiccentimetersof the electrolytesolutionto
be studiedwasplacedin the middlecelland onehundredcubiccentimeters
of distilledwaterin eachofthe outsidecells. Fromonehundredten to one

hundredtwentyvolts wereapplied. A fixedresistanceofcightyohmswas

kept inserieswith the cell. The currentwasreadperiodicallywithan am-
meter and the total currentconsumeddeterminedby meansof an iodine

coutometer.Atthe endofeachrun thé Uquidineachchamberwasrcmoved,
the volumemeasured,and the acid in the anodechamberand thé base in
thé cathodechamberandthéacidor base in the middlechamberdetermined

by titration. The eurrentwaspassedusuallyfor twentyor thirty minutes.
The diffusionof cationsinto the anodechamberand of anionsinto the

cathodechamberwasfoundto bc negligiblein theseexperiments.
Hemoglobinwas selectedfor the preliminaryexperimentson thé eneet

of a proteincoatingonthe permeaMUtyof collodionforanions. It possesses
a combinationofpropertieswhichmakeit verysuitableforsuchexperiments.
(t ) Its isoelectriopoint isverycloseto the neutralpoint. If thé hypothesis
of Reinerconeemingthé valve-likeactionof suchmembranesis valid,the

use of this membraneshouldenableus to avoidharmfulextremesofeither

acidityoralkalinity. (z) Its redcolorenaMesusto judgebymereinspection
the relativeamountofproteinabsorbedbythemembranes.(3) It is readily
and irteversiblyabsorbedby properlypreparedcollodionmembranes. A

one to twopercentaqueoussolutionof Merck'shemoglobinwasusedin all

of the experimentsreported.
The most difficultpoint in the preparationof thesemembranesis to

securejust theproperamountofdryingof the collodion.Thefollowingpro-
cedurewasfoundsatisfactoryfor the Scheringcollodionused. Collodion

was pouredslowlyinto the middleof a nat-bottomedPetridish until the

bottomwas just covered. It was allowedto dry in thé openair for from

thirty to fortyminutes,thencoveredwithdistiUedwater. After standing
in waterfor fromthirty to sixtyminutesthe membranewasremovedfrom

the dish,carebeing takennot to touch it with thc fingersas the trace of

~rcaseleft preventsthe absorptionof hemoglobin.Themembraneshould

have a somewhatopalescentappearancewhenexaminedby rcnectedlight.
If it isdry enoughto crackleit willnot absorban appreciableamountof

hemoglobin.The collodionmembraneisallowedto soakforfromtwenty to

fortyhoursina one to twopercentsolutionofhemoglobinwhiehispracticaHy
free fromsaltsand not far fromthe isoetcctricpoint. At tne end of that

M.l'Mti:seeMonaSp:ege).AdoU,toc.cf<.
ThiscelleanbesuppKedbytheA.H.ThomasCo.,Phi!ade)phia,Pa.
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periodtt assumesa uniformdark red cotor. The excessprotein is waahed
offandthe membrane!8readyfor use. Such membranesare very stable
whenusodat théanode. 8omehavebeenuseddailyfora monthwitha great
varietyof electrolyteswithoutshowingany appreciablechange.

Table1 showstheamountofo.iN acidtransferredto the anodechamber
in twenty minuteswhenueingparchmentas the cathodemembraneand

parchment,collodion,and hemoglobin-collodionas the anode membrane.

TABLE1

Influenceof thé natureof the anodemembraneupon the rate of removalof
the anionsofsomesodiumsalts. Cathodemembrane:Parchment.

..« < ~r~<.Mcc.tNaeid

Electrolyte transferredto Aeid-Ba<p
(too ce .02SX) anodechamber ratio

i'an'ft-Cotto-Hemo- fatch-CoH<t-hemo-
ment dion globin ment dion KtoMn

NaCl 8.2 !7 i<).4 o.4s 0.62 0.99
NatSO< 4.1 tt.8 19.0 0.2? o.6o 0.93
NaH;PO< t.8 1.9 :8.s o.ti 0~3 i.:3

Na:HP04 :.o 4.9 9.Q o.t? 0.35

Na-Acetatc 0.8 ï.~ to.3 0.24 0.30 t.ôo

TABLEII

Influence of the nature of thc anode membrane on résistance and ctectrodiaty-
tic emcîency. Cathode membrane Parchment.

l' \ortlVl:rulto
.r ». ».

M.! X Iodine
Ktectrotyte liberated in
(toocc Coulometer
.ot; N Soln.) h[ec<Md!aiy<:cEftMency

Parch- CoUo- Hemo- Parch. Collo- Hemo-
ment dion globin ment dion gtobin

NaCt 64.y ~.6 ~4 S 0.41 0.46 o.yt
N&t80< 41.1 61.o 46.3 a.4~ 0.$~ o-Sg

NaHtPO~ 17.3 37.~ ~S3 05~ 0.45 0.98

X~tHPC~) j?.4 ~t.4 :t.6 0.56 0.60 t.37

Xa-Acetate 6.8 n.6 )?.4 0.62 0.62 t.~z

CollodionM much)norepenneabtefor anions than parchment and thc

hemoglobincoatingincreasesitsefficiencystill further. The ratio ofacidto
baseremovedisas nearonc as couldbeexpectedin the caseof thesaltsof
thestrongacids,but moreacidthan baseis removedin the caseof theweak
acidswhichresultsin a dccidcdtyalkalineréaction in the middlechambcr.
Thcdata presentedin TableII takenfromthe sameexperimentsshowthat
lesscurrentwasusedin theexperimentswiththe hemoglobinmembrane.If
theamountof acid foundin the anodechamberis addedto the arnountof

basefoundin the cathodechamberandthc sum dividedby the amountof
iodineliberatedin the cou!omcterwhichwaxin sérieswiththc cellthevalue
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E whichhat)been tenned "the etectrodialyticeniciency"isobtained. Thii-:

valueis verymuch higherfor the hemoglobinmembranethan the others.

t-'orthestrongeleetrolytesit is alwayslessthan one but for theBattitof th<'

wcakacidsit isapprectablyaboveonc.

Thevolumechangeswhichoccurred,and thé excessofacidorbasefound

in the middlechamberare shownin TaMeIII. Parchmentshowslittle or

no endosmosis.Collodionendosmosesas if negativelychargedwhilethc

honogIobin-coUodionis positively charged in every case, although the

reactionoftheliquidin themiddlechamberis stronglyalkalinein the caseof

TABLE111

Volumeand reactionchangein the middlechamber. C'athodemembrane–

parchmcnt.parchmpnt.

AnodeMembrane

Parchmcnt CoUodion He<no)!tobin_

Etectfotyte VolumetSxcess Volume MxcMs Votumee tixceM

(too ce .025 change acid change acid change acid or

N.Sotution) in ce cc.tX ce.tX basecc.tX

NaCt o.o n.8 3.0 7.: –to.o .35 acid

\at80< o.o tz.s 30 8.9 6.0 t.80

NaHtPO~ 0.0 8.6 5.0 t:.7 -17.0 !.6o base

Xa,HP04 0.0 6.7 3.0 0.3 8.o 9.33

Na-Acetate 0.0 3.8 4.0 3.5 -ï~.o 2.60~a-Acétate o.o 3.0 4.0 3.5 –x.f.o x.uo

the saltsof the weakacidsand slightlyacid in the caseof the salts of the

strongacids. The maximumendosmosiswhichwe usuaUyassociatewith a

maximumchargeis obtainedwith Na acetate,with whichthemostalkaline

reactionin the middlechamberwas alsoobservcd. This membranebas a

stronglypositivechargein spite of the fact that the pH valueof thé liquid
in the middlecellis muchmorealkalinethan the isoelectricpointof hemo-

globin. Thedata.showninTable IV arestillmoreconvincingevidencethat

the valve-likcaction theor~'of the behaviorof protein-coatedcollodion

membranesadvancedby Reineris not in harmonywithexperimentalfact~.

In thisseriesof experiments,the sametwo membranes,oneof parchment,
the otherof hemoglobin-collodionwereused at both cathodeand anodefor

the electrodialysisof a seriesof salts. The endosmosisdata showsthat thc

hemoglobin-coatedmembranewaspositivelychargedwhenusedat theanode

in spiteof théalkalinitywhichdevelopedin the case of the Naacetate and

N&iHPO<solutionsand that it was negativelycharged whenused at thc

cathodeevenwhenthe pH value of the solutionin the middlechamberfctt

lowerthan a.s. If thechargeon the membraneisindependentofthe reaction

of the liquidin the middlechamberwithinsuchwide limitswhatare the cs-

sentialconditionsfor controUingthe chargeon thc membrane?The above

experimentsshowthat the hemoglobinmembranewas in everycasepositive
whenusedat the anodeandnegativewhenusedat the cathode.Thiswould

indicatethat thechargeonthe membraneis determincd thereactionin <A(
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Membre. Thiswas dear!y demonstratedby the use of sérum albumin-

coatedco!!odionmembraBeswhichweresoakedin a solutionof methytred.

Themethytrcdwaastronglyabsorbed. Whenplacedin the electrodialysis
cellthe membranenext to the cathodebccameyellowalmostimmedlately

TABLEIV

Effectof reversâtof polarityon rate ofelectrodialysisof a seriesof )!a!t8

betwcena parchmentand a hetnog!obin-eo!todionmembranes. Voltsno,
time20minutes.H-hemoglobinmembranenext to anode. P–parchment.

Mectrotyto AeidMemoved BaMRemoved Acid-Base
(tooec cc.tN oe.tN Ratio

il P H P H P

NaCt 19.35 4.35 '9.6o n.s .99 38

Na:804 19.: :.6s ~o.s ii.ïo .94 .:4

NaHtPO~ t8.s t.to t6.3 9~5 i.~ .12

Na,HPO< 9.9 .85 !.9 S.~o '.68 .16

Na-Acctate 10.3 .<io 6.2 a.? 1.66 .22

Htectrotyte Current EndosmosM
(toocc (ee.tNMdine inccto
.0:5X) liberated) AnodeCathode

H P il P

NaCt 54.5 ~8.4 n. to.

Na<80< 50.35 24.6 8. to.

Na,H.:P04 35.3 ig.i '7. 6.

Na<HPO< n.6 1~75 9. 4

Na-Acetate !QS 6.8 M. 2.5

whitcthat nextto the anode becamered. Thesecotorsobscrvedin the

membranewereindependentwithinratherwideHmitsof the reactionofthe

liquid in the middlechamber. The reaction changeswithin the middle

chamberwerestudiedfurtherby nHingit with a hot twopercentagarsolu-

tioncontaininga salt solutionand methy)red and phenolphthalein.Thix

solutionwasaHo~'edto gel. Afewsecondsafter thc currentwasappliedthe

red acid colorof methy!red developedinside the anodemembraneanda

similarreddueto phenolphthaleindevelopedinsidethe cathodemembrane.

ThèsetworedMnesgraduallyapproaehedeach otheras the ekctrodMysis

proceeded.In thia experimentthe productsof eleetrodialysiswerecon-

tinuouslymmovcdby a rapid streamof distilled watcr. This experiment
indicatedthata hydrolysistakesplaceat and undcrcertainconditionseven

in the middlechamberas a resultof theseparationofthe twoionsbymeans

of the appliedpotential. Thcsituationmay be consideredanalogousto the

so-calledmembranehydrolysis,with thcdifferencethat, in the presentcase,
the diffusionofthcone ion is prcventedby the appliedpotentialinsteadof

by its inabilityto passthroughthe poresof the membraneon accountofits
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siM'.Asfurtherevidenceof suchhydrolysisin thé middtochambermay ht'

citedexperimentsin whichsalts whichyield insolublehydroxideson hy-

drotysissuchas M~SO~and AgNO;wereelectrodialysed. As soonas th<'

currentwasapplied,a copiousprecipitationof the hydroxidesof thesometatM

occurredinside the Mtiddicchamberat the cathode mPtabranf. Salts of

~ightiysolubleacidslikethe soapsandNasalicylatelikewiseyieldeda pre-

cipitateof acid inside the middle chamberat tho anode tnembrane. Thc

behaviorof thé protcin-coatedMiembranesdescribedabovcis readilyunder-

stoodin the lightof theseexperimcnts.
Thehemogiobinmcmbraoesconsideredthus far werecoatcdon bothsidcs

withthe proteinand weresymmetricalwhenused for electrodialysis.The

[jprmeabilityof membranescoatedononlyone side withproteinwasfound

tovarywiththé positionofthe coating.Thedata giveninTableVshowthat

TABLEV

Effectof reversinga collodionmctnbrane,witha hemoglobincoatingon onc

sideonly,uponits efficiencywhenusedas an anode membrane, i tovotts,

20minutes.Cathodemembrane Parchment.

Mtectrotytc M.tX cc. 'j.~
(,ooce Actd !!aNe ,.°'?".
.M~n) removt'd rcmoved hhenMed

Hb. Hb. Hb. Mb. Ht). Hb.
tMidcoutside inade outaidc iaeideoutaido

XaCt 16.0 8.85 21.7 i3-i 6~7 ~94

Xa!SO< '3.9 6.0 20.4 io.6 56.4 22.5

NaH:P(~ 8.9 2.8 17.8 6.6 396 ta.4

Xa<HPO< 149 3~ j6.o 465 340 9.'

Na-Acetatc 54 6 9 ~-9 t4.7 6.0

thé membraneis morepermeableforanionswhenthe protcincoatingla on

the inside(nextto the solutionbeingdialysed). The résistanceof thé mem-

brane is fromtwo to four times as greatm one directionas in the other.

Thisbehaviorsccmssomewhatanalogousto that observedincertainphyaoto-

gicalmembranes.
In aUof the experimentscitedabove,only dialysablesalts werepresent.

The questionnowarise!!as to the effectof the presenceofdifférenttypes of

colloidalmaterialuponthc rate of removalof thèse samesaltsthroughthese

samemembranesunder the sameexperimentalconditions. In the experi-

mcnts cited in 'l'able VI fifty cubiccentimetersof a previouslyelectro-

dlalyzcdcolloidalclay,bearinga negativecharge, wasadded to the middle

compartmentof the cellin additionto the electrolyte. The rate of removal

of the anionsis in everycase rctarded. Salts from whichthé anion was

rcmovedmorerapidtythan the cationintheabsenceoftheclaynowshowthe

reversebehavior. Thisenect seemsanalogousto that observedabovein the

caseof theunsymmetncalproteinmembranes.The additionof thé negative

t
<

n
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claycausesthéformationofa negativelayeronthe inaideof thoanodemem-

brane. This coatingtends to counteractthat of the positivehemoglobin
coating.

('<trefu!!ypurifiedgetatinewasused in a simitar seriesof experimentx.
Jt didnothaveanyretardinginfluence,in fact in a fewcasesthéremovalof
the ionsof the salt seemedto beaecderatedin the presenceof thegélatine.
Positivesotswouldbeexpectedto depositon the cathodemembraneand tu

retard thoremovalof the cations. Expérimentâtverificationof this is still

lacking.
Théhemoglobinmembraneseemswell suited for use with the salts of

strongacidsbut ieadsto the devetopmcntofan alkalinereactionin the case
of thosaltsofthe weakacids. Woutdthe useof a proteinwitha moreacid

isoetectricpointbe better suitedfor use withsuch Systems? Experiments
madewithEttishand Ewig'usinga membranecoatedwith proteinabsorbed

TABLE VI

Mn'ectof a purifiedcolloidalclayupon the rate of removalofaddedsalts

cxprcsscdas percentof total removedin onehour, i iovolts. Membranes:

Anode-Hemoglobin,Cathode-Parehment.ruav~c-aacuav6avw,aaa~ "UU" uawaaavsaw

Kteetrotyte Xo Clay Clay present
(tocco
.Msnjt ',{,Anion 'eCatmn %Anion %Cation

rcmovtid removed removed removed

KQ 98.0 98.0 92.o 96.0

Na-Acetate $4.0 43.0 18.5 ï~.o

NatHP04 42.0 34.5 ~3-5S '9-o

froma sampleof electrodialysedserumindicatethat such is thé case. The

alkalinereactionobtainedwithserumand Kinger'ssolutionwhenthehemo-

globinmembranewasusedwasavoidedby theuse ofa membraneprepared
frometectrodiatyzedserutnwitha pH value of $.4. AUelectrolytesstudied

with thismembranegavea loweracid-baseratio than whcnthé hemoglobin
membranewasused. It is quiteévident,in the lightofall oftheexperiments
describedabove,that there is nosingleelectrodialysissystemthat is com-

pictetysatisfactoryfor all typesof purification. The effectof the colloid

beingpurifiedand thé nature of the electrolyteto bc removedmust both

bc taken into consideration.

SuDMBaTy
Membranespreparedby soakingpropertypreparedcoUodionmpm-

brancsin certainproteinsolutionsaro muchmorepermeableto anionsthan

thé untreatedcollodionor parchmcntcommonlyuscd inelcctrodialysis.
2. Theseprotein-oovercdmembranesdo not possess,however,a valve-

likeaction,i.e.,ability to changesignof chargewhcnthé pH valueof thé

liquidbeingpurifiedpassesthroughthé isoelectricpointof theproteinused;

C.KttMh,M.UMdfMd,andM'.KM-)<K«HoM-Z.,4S,t4t (<9~S).
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but arc positivelychargedwhen used next to the anodeand negatively
chargedwhenusednextto thé cathodeexceptin extremelylowor extremely
highpH values.

3. Membranescoatedwith proteinshavinga relativelyhighisoeiectric

pointwherefoundto bemore permeableto anionsthan thoschavinga low
isoek'ctricpoint.

4. The nature of the salts to be removeddeterminesthe choiceofthe

protein. For aalts ofstrong acids and basesthe hemoglobinmembraneis

very satisfactory. Forsalts of weakacids,proteinswith lowerisoctectric

pointssuch as sérumoregg albutningivelessdisturbanceofthé réactionof
the solutionbeingpurified.

The courseofthéelectrodialysisiscomptioatedfurtherby the action
of the colloidbeingpurified. Negativesolstend to depositon the anode
membraneand to retardthereby the passageof theanionsthroughthemem-
brane. Amphotericsols,as a rule, showno retardinginfluence.Positive
sotswouldbc expectedto retard the removalof cationsbut they havenot

yet been studied in detail.

ActmowtedgaMnt
This investigationwasmade in part at the KaiserWithchnInstitutfur

PhysikalischeChemieund Elektrochemiein Berlinunderthe directionof
ProfessorH. Freundiichduring thé tenure of a GuggenheimFellowshlp.
Theauthors wishto expresstheir indebtednessto ProfessorFreundlichfor
tnuchvaluableadvicereceivedin connectionwith this investigation.

Ocp<<)MfK<<S'f)<7<(,
L'Mtt<*)'*t<j<0/ AftMMHn,
C'ofHM)6ta,.V«!t)t«'<.
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Objectof Investigation

Piasticityof day bas beenascribedto tamination,to thé presenceof

cottoids,to the presenceoforganiematter, and to the présenceof inorganic
salts. Bancroft'says: "If wehave a gelatinousfilm whichis adsorbed

stronglybythe solidparticlesandwhichcantakeup andlosewater,wesha!)

haveplastioity. In thé caseofclaythe gc)at!nousmaterialmaybehydrous

alumina,hydroussilica,or someintcrmediatecomposition.Thedimeutty,

however,is to accountfor its remainingplasticafter moderatodryingand

for its readsorbingwaterto forma gelatinousmass. This is probablyduf

to thé presenceofsomesalt,butwedo notknowwhatsaltandconsequentty
wecannottell whyoneclayisplasticand anothcrnot, and wcdonotknow

what to add to a non-plasticclayto make it plastic." Theobjectof this

investigationis to findout ifanysalt woulda!!owsuchgelatinousmateriats

to becomogelatinousagainaftermoderatodrying and remoisteningwith

water.'
Dumont'seemstohavebccnthéfirsttosuggestthat "the activecoUoidtd

materialis a jelly-likeor amorphousmass envelopingthe solidgrainsof

material." ThisideawascxtendedbyA. D. HaU's*suggestionthat"asthere

canbenodefiniteoutersurfaceofthecolloidalenvelope,it maybeconsidered

as surroundingthc soilpartidesin a seriesof shellsof graduallyincreasinf;

hydrationso that there isa continuoustransitionfroma solidnucteusto a

solution." E. Podszus''considersthat "the coagulationof substancesinthe

sol fonn is the essent.ialfeatureof plastic systems." McUcr"creditsA.

Haumeas thc firstto connectplasticityof clay with the presenceof saline

matter. Purdy' bas advocatedthis consistently,and Purdyand Meorc'

giveas "an extremelyprobableassumptionthat it is the influenceofad-

sorbedsaltsthat givesclayitsplasticity."
The tcrmclay is usedin thispaper to describethe matchatsknownto

thé ccramistas clay. Théspecialclayswerefurnishedvery eourtcoudyby
thé RcsearchLaboratoryof the Norton Companyof Worcester,Mass.

The objectof this paper is to déterminewhat sait or saltswillkcepan

atumina-richor a xilica-richgelatinousfilmon a claygrain insueha state

"AppliedCot)oi<)ChctnMtr)')6o(t~t).
Thiaisexcludingtheactionofhumus,whichtcndf)tomakertaypttutic.
Dumont:Compt.rend.,t49,)o87(t~o?).

4 "TheSoi),"34(t9'a).
KoHoid-Z.,29,65(tôt?).
TntM.FaradaySoc.,17,354('9~t).
Tran8.Am.Ceramic8oc.,tt,S9°(<9H).
TranB.Am.CeramicSue.,$,:M(tooy).

t).
Trana. C'eramict3oc.,9,aaa(tgoy).
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that it willtake upwatcr again and becomegelatinousafter havlngbeen

driedmoderately.In Table 1 are giventho chemîcalanalysesof thé clays
as furnishedby théResearch Laboratoryof the NortonCompany. The

Florldawashedkaolin,the Bramlett, and the KentuckyNo. 5 arc the onps

rpfprrpdto mostfrequentlyin this paper.

TABLE1

Chemical Analyses of the Clays used

Albany Allen* Bramlett Shippach Kpntut-ky Honda

Slip ~0.55 Kaolin
wMhed**

A~Oa tz.i7 !S.o8 24.69 34.37 27.66 .)9.t9
FeA 1.63 2.22 2.24 2.o8 0.88 o.4S

FeO 3.29

SiO., 60.21 55-35 57.86 5~:2 S7.34 45.39

TiOi 0.70 o.40 1.30 i~S 2.20

Ca.() 6.55 <22 0.45 trace 0.35 o.s'

M~O 304 o.65 0.32 o.oo o.i8
Xa-iO 1.60 0.72 o.4t !.5i o-SO 0.83
K~O 2.62 2.48 0.51 i68 0.85
H~O 0.49 ~3° ~83 7.80 t-e'7 140:

Loss 8.05 n.26 8.84 10.t8 9.71
*rhnA))<.nlu« t<nnf)f)<tvfromMarvtandwhichaonroachMmoreneafivthe char'Th<*Allenisa bondrlayfromMarytanuwhichapproachMmorenearlythechar-

acteMticsandpropertiesofthéOpfmanKUngenbergctaythananyotherAmmcanclay
yct diecnveted.It ishighUtcarbonaccousmatteroccurrin)ta<eharcoa)andcontamx
tracMn(t[)'psnm.

ThéBramlettM?bondrtavfromAttsstsNpph
fromtheNortoliLal)oratorles.TheMhippachMaCermat)ct~y. ComnutucationfromthcNortonLMoratones.

Mim:"CtayaandTht'irtndustria)Cse,"407(t9~7).

Expérimental

TheBondingPeM-erof(Ma~'Mo~~!Mm<ti<t-caAf<~M)-cscoH<<«M<KCE!<'<'<f-

~<M.

To déterminewhatsalts keep the films on claysgelatinousand to H'<'

whethprtheseMmsare alumina-richor si!ica-nch,experimentsweremadc

on getatmouaatutnina,gelatinoussitica,and mixturescontainingapproxi-

matc!yys-~St5°'50)25-75molecularpercentsof aluminaand silica. The

salts choscnweresodium chloride,carbonate, hydroxide,phosphate,and

sulphate,salts likelyto bc presentin naturat waters. Twoamountsofeach

salt weretaken, whichare calledmaximumand minimum. Theamounts

for sodiumhydroxidewere0.5g and o.o2g per gramofthe driedn<at<'riai,

correspondinglyapproximatelyto 37%and t. 5~NaaO.

PreparatioaofMaterials

MattHOMaS~t'cn.

A slight excessof O.P. hydrochlorieacid was added to a commt'rcitd

watcr.glasssolution.Thegelatinousmasswassuspcndcdin a mualinbag and

dialyzedagainstdistilledwater until the watcr gaveno test for cMorid<'

withsitvornitrate. Thisdoci!not provethe absenceofehloridein thesitica.
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As!ightexcessofa sodiumhydroxidesolutionwas addedto solutionsof
aluminumchlorideand ahttnin~n Butphate. Théprécipitâtesweredialyzed
until no test for chloridewasobtainedwithsilvernitrate andnonefor mn-

phate withbariumchloride. <\8before,this doesnot provethe absenceof
chlorideorsulpbatein théalumina.

Ay~Xrcs<~C~a<t'MOUS~MMtHO<tM(/Silica.

Solutionsweremade up of water-glasswithor without causticsoda,
and ofaluminumsulphate,chloride,or acetatewithor withouthydrochloric
acid,suchthat on mixingthe precipitatehad approximatelythe right ratio
of aluminato silicaand the solutionswereslightlyacid. The précipitâtes
werepurifiedasfaraspossiblebydialysis.

Thegelatinousmateriak,atumina,silica,and the three mixturesof dif-
fcrentmolecularproportions,weredriedon a water-bath,remoistenedwith
waterand moldedby haad into baUs. On standingexposedto the air all

night,all crumMcdto powderor did so whena stight pressurewasobliged.
Theeffectofaddingeleetrolytesis shownin TableII.

~<<TT

ÏABLKII

Honding Strpngth of Wator-Hath-Dried Materiat after K'motstemng an<!

Air-Drying

Mtttcna) Mecttctytc addcd

Xunc Xaa Xa,CO, Xa,Ht'0< Xa0!t
Min. Max. Min. Max. Min. Max. Min. M*

A!~0) o oe e e a 0 0 o: a

;;AI:0}.8iO: e oo 0 e e ce e ce e

A~Ot.StO~ p P p P c pop P~ a

A!:0!.3SiO: p PP P P P P 2

SiO~ p Pp op p p P 1

p–Powdfted on drying in thc air oreasily cftMhe<
c–Xot powdetedby drying thé air or on a waterbath.

Headityerumbledwtth alightptesure.
Aftp)'heating in steam bath vcry oMity powderedbetwM'nthé fingt-r!

o–Xot powdfredby dry ingin théMfor on a water bath, but not tm)hard to cntst)hctw<'<'n
thé hn~M.
Tonhard to crushbetweenthe SngpMafter heating ina eteam bath.

r -Adasa-tikemuss.
Stickytnamthat dicinot dfy onstandinc 24 houM.

Additional cxpcritnents wfr(' tnade with thc ~s atununa-siHea mixture,

using a gelatinous atumina prcparod from ttluntinum acetate. Thé data arem

given in Table I!

il AffMod for the ~fcasto'fMf'~ of ~f~t<<'t'e /~<!s<!Ct'<}/<~ C'lay.

The results tabu!atcd in Table III arc not only unsatisfactory in them-

selves, but they depend too much on thc persona! judgtnent of thé experi-

menter. The conclusion was rcached tliat no rca! progress could be reached

until some mpthod was adoptcd that would allow thé bonding power of the
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KclattnousHtmor !na<Mto be evaluatednumericaHy.At the time thisex-

perimentalworkwas beingdonc(tç::), thc absenceofa standard method,

or even of a universaHyacceptedntethodfor mPasurinKtho plasticityof

clay,madeanarbitrarychoicenecessary.
Preliminarycxperimentsshowedthat a ballof clay tnoistcncdto plas-

ticity breaksdowninto smaMcrparticleswhenplacedtn an excessofwater:

that the aiMtricdball of claythat had beenmoistenedto plasticitybchavps

shuitarty;that thé time for the disintegrationofa ball of air-driedclayde-

ppndxuponthekind of claytaken;and that the i!ametime waarequiredfor

the disintp~ratio~of thc bailofclaywhenthc mudfroina disintpgratcdball

TAMLKlH

KfTcctof Attcmatt' Dryhtf; and Hctnoistpningon BondtHgof jAI~-tSiOx

Mixtures.

TitnM K)Mtfotyt?a<hM
tlriell

Xonc XitC) Xa,t'(), \a,HP()< Xa~H ~o,S<).
At)n.~tax. Min. ~tax. ~tin.Max. ~in. ~!ax. Min.Mex.

p co o PC e p P pc c e t

0 ce c p 0 p c po o p t

4 c pe e e o ce e po o po o

p–~owderedonttryincinthpair.
c–\ut comptt'tptypowderedondryingintheairbutverysoft.
o- Kcmaincdhantaft<'rdryinginthéair.
t PtMticafter<)r)'int;for<6hoursintheair.

is dried,moistcnedto plasticity,and tcstedagain. It wasfoundthat a day

tttoistpncdto itsbest plasticity,as shownunderthé thumb,givesthehighest

rotativeplasticityvalue for that material. It was alsofoundpossibleto

arrangesevcra)commercialclaysin the satacorderof relativeplasticityas

thcy are arrangedby thé ccramieengineer. In this paper thc timeof di~-

integrationofa clay bail willbc takenas a tneasureof thé relativeplasticity
of that clayat that température. The testasadoptedisdfscnbcdin thenext

pafafp'aph.

PlastidtyTest
Fivegramsof clay, driedand groundasforcommercialuse,waswcighed

out, moistenedwith water to optimumplasticity-as determinedunderthc

thumb-well kneadcdandmoldedintoa battinthé palmof thehand,aHowed

to dry for oneday in the air, and the air-driedbaHso placedinan excessof

waterat roomtcmperaturethat as thé ballof clay dMntcgrated,thesedi-

mentedparticleswouldfall away fromit. The time in minutes takenfor

the disintegrationof thé bat!of clayto a mudgivcsthe ntcasurementof the

relativeptasticityof the clay.1

'Talwalkarand1-l'armeleenamedthistestthe"BancroftTe~"(J. Am.CerMtte.Soc..
10,673(t9a7)).tf it proves<obeanacceptableandas&tisfactorytest,1wouldchoost-
that<tbeknownbythianamc.It MamodificationofthéSokohm-method.
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In TableIV are giventhé plasticvalues,as detenninedby thismethod,

of the ceramicmateriatsobtainedfromthe NortonCompany. Novalue :H

givenfortheBcntonitcclay. The clay8wellsup and doesnot flakeoffas do

thé otherclays. Thc effectof this swellingas a disturbingfactorhas not

))ppnworkedout.

TABLEIV

P!asticityof sotxct'ommercia!Claysand CeramicMaterials

Clay Plasticity Clay PtMticity

AtbanySUp(NewYork) 4 HighlandPot 10

AHen(Mary!andBond) 30 Kaolin (Florida Washed)4.5

Bcntonitc Xo.sKentuckyBond 15g

NortonBondB 8 No. 6 KentuckyBond t a

Brawh'tttMMssipptBond) 60 LigniteClay 7

Brimnctd

(ConnPcticutYaUcy) 8 SandyOpen 0.5

Mdspar ? Shippach(Cemany) 25

FuMer'sEarth 6

In TableVare giventhédata, as foundby this test, for the pxpcrunpnts

r<'cordedin Table III.

TABLE V

HffectofAitcrnatcDryingand ~emoisteningonthe Plasticityof the

3A~O,.tSi09Mixtures

Etectroh't'' PtMticityaftortimesdned
Four*added T" Th"'<* !-ouf

1 1
Mm.NaCt 10 4 1
Msx.NaC't to 15
Mm.N~CO< 8 t i
;Nfax.Na2C'Oa to !<!
Mm.Ka;HPO< 4
Nlax. Na2HP04 'o ï i
Niiii. Na2SO4 4
Max.N~SO< to '5auam. avayu~.1

Thévaluesin tbispn)u)nnare toohigh.

?'A<-.~ec/XMM'stMof thePlasticity Test.

The real dirHeutty in usinf! the time of disintegration of a ball of clay

axa measureof relative plasticity is in the molding of the test ball. To obtain

concordant and, at thé same timc, correct results, it is necessary that evcry

précaution be taken to mold the test balls with that amount of watcr that

willdevelop its highest plasticity. If thc test bail is molded too wet or too

dry, the measurc of the relative plastioity obtained will be too low. If the

tMt is run on too dry material, the error may escape attention; if the clay was
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too wet whenit wasmolded,it wouMbestickyunder the thumb. The nc-

eessityforobservingeveryprécautioninthé motdingof thctestM!s,sothat

thé arnountof liquid usedwillgive themaximumamount of relativep!as-

ticity, is shownby thé timeof dtsintegrationof test ballsof Bramlettclay

tuotdedinammoniawater,whichgivesa greaterdifférencethan iseasityob-

tained withwater alone (TableVI) and by the effectof too muchwater

(TableVU)whichwasobtainedby moldingtheclaywhenit wasverysticky.

A clay moldedwhenstickyandallowedto dry in the air spallsunderwater

with largerflakesthan whenit ismo!dcdwiththéoptimumamountof water.

Thèse lar~r flakesslowlybreakdownintoa mudthat maynotbe readily

'T*t. VïTABLKVI

Effect of not molding with Optimum Liquid Content

~toldinj! Condition DMntect-atutK T'mo

Clay fluid molded fluid

Bramtftt Ammonia Toowet watpr t66 min.

water

Ammonia. Toodry 10 mm.

water

Ammonia Optimum 40 min.

water

TABLKVII

Effect of molding a C!ay with too much Watpr*

Clay Htmtmty TnM
found ptMticity

No. 5 Kentucky 9 ~55

Fut!er's Harth 4 6

Fcldspar o X

Bramtettt 55
Io__ _rc__a _e .1J: ..1.N. ~w..nl. v."yn iev. nnfirnum ntNCfir.llP i.n l~rlM~nl1
Onc enrrt of <noMin<;a clay with too murh water for optimum plasticity is to develop

.stit'k!nc!<inthematerial.

tampcd intoa plastic masswitha glassrod. The total timc takenfor the

samplemoldedwith too muchwater to becomea non-plasticmaN;wasap-

proximatelyequal to the time of disintegrationof the test bailmoldedat

optimumplasticity,but the end.pointwasverydifficultto get.

As notedbefore,whenthe clay is moldedtoowetthcreis a residuatplas-

ticity in the spalled flakes. By tampingor stirringthe sedimentafter the

disintegrationof the test bail, the residuaiplasticitymaybe approximately

dctcrmincdbut it willnot bc correctto interpretallresidualplasticityasthf

result of moldingwithan cxcessof water. Thereare someclaysthat give

residua!plasticity whcn moldedwith optimumwater content. In Table

IV it is shownthat No. 5 KentuckyBondclayhasa lowerrelativeptastic

value than the Allen clay. Thcspallingof the Kentuckyclaygivesa flaky

spdimcntof a determinalyleplasticvaluewhilethe Allenclaygivesa non-
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plasticmud. It wouldnot bc correctto interpret the expérimentalrcsutts
as showingthat the Keatuckyclay wasnot moldedat optimumplasticity,
or that the plastlcityofthe Kentuckyclaywas superiorto that of the Allen

clay. Thecorrectinterpretationwouldbethat, whenmoldedwiththe opti-
mumwatercontent,thoplasticityof thé Kentuckyclaywasnot completely
developed.Thc practiceof stirringor gcntlytampingthe spalledmud is a

goodone;not onlydoyouget a better ideaof the workingpropertiesof the

claybut you aisoget someknowledgeof the posaibititiesof improvingthe

plasticitywherea moreplastic etayis desired.
Thc timeof dryingthé test baUsofa clayseemsto influencethe plastic

valuele88than the amountof waterusedin molding. TableVIII givesthe
relativeplasticvaluesobtainedbydryingclaysfordifferentlengthsof time.
Whcresmalldifférencesare shown,thesemaybeentirelydue to thé amount
of waterusedin théntoMing.AHsamplesweremoldedunder the thumb to
maximumplasticity. Large diiïcrcncesmay not be so explained,as thé

plasticvaluesof samplesof a claywhosemoisturccontentis but little dif-

ferent,varyon a smoothcurve, witha maximumplasticityat the optimum
watercontent. Thépaperof McUor'whichwasobtainedafter this part of
thé workwasdonc,givesa curveshowingthe relationbetweenthe amount.
of waterand plasticityas obtainedby Msmethodof measurement. The
twomethodsagreeas to thé pffeetof theamountofwaterpresent.

TABMSVHI

Thé Effectofthé T:mcofDtyingon RcbtivcPtasticity

Clay Ttmcdriedinair
ztthours tdays ~daya tzday)!

AtbanySlip .t 4
Attcn 30 z: 28.5 28

Bramtett 60 6~ 50 6o

No.sKcntucky t~ '45 '45

No. 6 Kentucky 12 to 9 S

HigMandPot 9.5 95
Shippach 2 5.s 22

MeHor's~"criterion"is that "no knownpropertyof the driedclaycan be

usedasan infallibleindexof théplasticityofthe wetclay,and tncasuremcnt!
ofplasticitydépendenton somepropertyof the driedclaycan thereforebc

dismiassedbecause'eventhough theymaymoasurean importantpropertyof

clay,that propertyis not plasticity." To mect Mc)tor'scriterion,mostof
thisworkhavin~beendoncbeforehispaperwasobtained,a studywasmade
of the slackingtimeof clays whcntheywere molstcncdto maximumplas-
ticity,asshownunderthé thumb. Sampicsof commercialclayaweremolded
undcrthe thumb withthe optimumamountof distilledwaterand without

dryingworeplacedinan cxcessof distilledwaterat differenttempératures.

Trans.FMadaySoc.,t7, 354('9M).
Trans.t'afadaySec.,17,3S4<'9~t).
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tn T.Hn TY t~n timf nf <))i<intcm-Htion at <)o"C i8 muttittitcd bv threc foIn TaHeIX thé timeofdisintegrationat 6o"CismuttipHedby threeforthe

purposeof readycomparisonwith thevaluesgiveninTableIV. Achoiccof

difïprenttemperatureswouldmake pofsiMea differentiationbetweenma-

teriab that wc-relittle plasticand alsobetweenmaterialsthat worehighly

plastic. At roomtempératurethe timeofspallingofa plasticclaywasvcry

longandat 8o"Cit wasveryshort. Thetempératureof 6o"Cwaschosen

as givinga sufficientlysharp ditTcrentiationfor the claysused. For the

vacationofceramicmaterialsof verylowplasticitya muchlowertempera-

ture wou!dbe moresatisfactory.

ÏABM:IX

DtsintpgrationTi)neofMoistClaysat DifîerpntTempératures

TimeofdMntw~tiontt Timcat6o°(
M'C 6o'C 8o"t' timMthrcc

AtbanySttp 100 14 4~

AHm no ?.!~ç ?~

Hramtctt toc 66

BrimMd 'oo s 15

HighlandPot 40 35 "~5

KaoUnMa.washed too 3 9

Xo.s Kcntucky 90 s 2 !$

Theamount of wateruscdin the moldingof thc test balls,that are dis-

integratedwhitetheyarc plastic,isas importantas it waswhcntheair-dried

hallswcreused. Asamp!eofKo. 5Kcntuckybondclaymoldedat stickiness

gavea s!ackingtimeof3.swhcntheplasticclaywasplacedinwaterat 6o"C.

Thisscnsitivencssto the amountofwaterpresent,whilevcryannoying,can-

not be usedas an argumentagainstanymcthodof testingplasticitythat

docsnotshowwith inereasingamountofwaterthat plnsticitypassesthrough

a maximumis,to quotcMeHor,"testingsomcotherpropertythanplasticity."

As momthan the optimumamountof watergivesless than themaximum

rftativGplasticityby this test, it docsnotsecmto bea methodforthemeas-

urctncntof the stickinessofclay. Also,toquotca ceramiccnginccr'"inthe

t;radinj!of the Bramlett and the Allenclaysmanywouldplacethe Allen

nrst. Thisdifferenceof opinionariscsfromthe factthat someofus distin-

t~ish betweenplasticityand stickiness.TheAllenclay isnot asmoldable,

that is,plastic,as thoBramlettbut thereisnoquestionbut that it hasgrcater

stichincss." The methodsof testing plasticitydcveiopcdhère showthat

thereisnoquestionofthesuperiorityoftheBramlettclayovcrthcAllenclay.

Theonlyscriouschangein relativeplasticitywhenthe ptastiomaterial

itselfwasallowedto spattundcr watcr,in placeof the air-driedmaterial,

wasthcchangein the positionof the Shippachclay. Thisis notaccountcd

for here. That the changein the positionof the AlbanyandtheBrimfield

ctayswasdue to thé carbonatesprésentwasshownfromthé increasedtime

ft-MonatcommunicationfromM.t' Beeeher.
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ofdisintegrationfortheotherclayswhena smattamountof a carbonatewax

addcdand the plasticclayplacedunderwater. Therelativeplasticvatm'

as obtainedbythe "Dry Method"scemedmorecorrectthan that obtained

by the "Wet Method." The Allenand the Shippachclays are considered

by ceramiccngineersto have the sameplasticvaluesand both are ioferior

in moldabilityto theBramlett clay. Atso,the timeofdisintegrationof thé

pelletofmoistclaygaverésultathat didnot seemalwaysto checkwellwith

the testunderthethumb,nor weretheyas satisfactoryin this respectas the

resultsobtainedwiththe air-driedpellets. Howcverthe use in this paper

TABLE X

RelativePlasticityof ClaysobtainedfromAir-driedand fromPlastic

Materials

FromDriedClay ClayatMaximumHasticity

Shippach go

Bramlett 60 Bramlett 66

Albany 4~
Allen 30 Allen 22a

No. 5Kentucky ts5 No. 5Kentucky t55
Brimfield 155

HighlandPot !0 HighlandPot ti

Brimfield 8

Kaolin 4 S Kaolin 9

Albany 4

of the resultsobtainedon air-dricdmaterialsdoesnot implya rejectionof

Mellor'scriterion. Unlessa claydriedin the air forseveraldayswouldbe

includcdas a wetclay,the applicationof this eritpnonhère is doubtedas a

shortair-dryingdidnot removeenoughwaterto destroythé film. The time

of disintegrationof the air-dricdmaterialis the methodused in the rest of

this paper, unlessit is definitelystated that the moistenedmaterial was

tested.

PlasticitytKClaysfromaddedËkc<ro~<es.

TheproHemof theeffectofaddingeleetrolytesto a gelatinousatumina-

silicafilmwasagainattacked. Noprogresswasmadcuntil kao!inwaasub-

stitutedfor the alumina-silicamixtures.A moistclaybas a distinctivefeel

underthc thumbthat is characteristic.Even a clayhavingas little plas-

ticityas a washedkaolinbas to somedegreethe ufeel"of body,of uniform

yield,of smoothncssboth of résistanceand of mobility,-that indefinable

somcthingwhichthe thumb recognizesas characteristicof a clay. The

alumina-silicamixturesdidnot havethis. Whenmoistenedto mobilitythere

wasthe feelof emptinessand not ofbody,thc yieldand the feelthat was

charaoteristicof6nc)ygroundsandandnotof a clay. The addedcarbonates

hadgivena stickinesswhenmoistanda stone-likemassupondrying. Whcre

air-driedclaywillusuallyrub awayeasilywhenabrasedand drying in a
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stfambathgivea softerfeel,thé atumina-richnuxturpsgavea hardermatcria!

the morecompletethe drying;and whenthe dryingwasmade veryslow

throughtheoccMionatadditionofa dropof waterto thésurfaceofa drying

pcUct,themMsset toa stone. 1wasconvincedthat themixtureswhendried

hadtoocoarsea structureto beclasscdasclays. KaolinwaschoscnbecauM'

it had the "feelof a clay." It wasknownto containverylittlematcrialthat

wasnot alummo-sHMc.It had a little plasticity,somethingthat eoutdbc

buttton,asa true plasticity. With kaolindefinitelychosenas the atumina-
I-silica tuatcria!and the plasticitytest as thé methodof measurcment,thé

TAB~)ËXI

KHectof Alkalineand AlkalineEarth CMorideson Kaolin

AmountofKaolinis fivegrams
v n 'I)I_u

svsuvtlaay va aswvaau ·o aavc gapusn

Xo. < _PtMticity_
sait LiCt XaCt KCt XHtO1 C'aCh ~t~'I,

i o.oo 4.s 45 4-5 4 S 45 4-5
2 0.0$ 6.5
3 o.to to 4.5 4.5
4 <5 '6 6.5 X

5 0.50 !6 6 4-5 3 4.5 4.5

6 t.oo t5.5 5~5 4.5 3~5 6~5 6

7 2.oo 14.5 5 3 5 7 6.5
8 4.00 14 4 3 3 7 5-5

9 6.00 12 3.5 3 3 6.5 5

to S.oo 14 7-5 3 5.5 8.5 6
)t 9.00 12.5 200 3 15 6
12 tO.OO ~6* 200 3 200 8 6
'3 n.oo 3.25
14 12.00 25.5* 200 200 t8o 46
!g t4.00 200 iSo 200
16 16.00 3~* 200 200av av.vv pv .cw..

ThèseexpenmentitwerpmedeontmotherMMpteofKaolin,théphMttfityofwhirh
<)Mnotexceed4.s.

décisionwasmadeto usethécommonsaltsofaUthealkaliandalkalinecarth

metatsusuallyreportedin an analysisofa clay. Lithiumsaltswereaddt'd

later becauseof the knownpresenceof lithiumsaltsin scawater.' Thefol-

lowingprocédurewasthenadoptedto studythe effectofaddedelectrolytes

on the plasticityof clay. A knownweightof a C.P. salt was addedto a

diluteslipcontaining5gramsof the clay. The waterwasevaporatedoffon

a waterbath. The dryresidue,moistenedto maximumptasticttyas deter-

minedunderthe thumb, wasmoidcd intoa ball,whichwasair-driedand

usedfor theplasticitytestas outlincdabove. In therecordingof thercsutta

Ctarhe:"DataofOcochemistry,"4thédition,<t9.
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thé weightof sait usedfi alwaysexprcssedas a percentageof thé weightof

clay taken and thé time in minutes requiredfor thé disintegrationof thc
air-driedtest bailin an excessof water isgivenasplasticity.

Whenan alkalineor analkaline earth ehloridewasaddedto kaolin,the

plasticityof whichwas4.5,a noticeableincreascin plasticitywasobserved.
bothwhcntested under the thumb and by thé plasticity test. The results
obtainedby the plasticitytest are givenas TableXI. Anincreascin plas-
ticitywasobtainedonlyafter thc amountof addedchloridewasin excoMof
a deBnitevalue,criticalconcentrationspecifiefor each salt. Hachchloride
at someconcentrationgaveto thé kaolinan increasedplastievalue. When
thé plasticvalueobtainedwas below70,thé plasticity couldbe compared
underthc thumbwith thatof commercialclays. Asno commercialclaywas
availablethat gavevaluesas high as too,valuesabovc70couldnot be in-

terpreted.
Thévalue200expressesthat the timerequlredfor the spallingof the test

bailwasvery long. Noaccountwas taken ofactual numericalvaluesafter
an elapsedtimeof thrcchours,as the loadedfeelunder the thumbof these

claysthat gavesuch bighspalling seemedentirely differentthan thc plas-
ticity of the Bramlettwhichwas the most plastic of the commercialclays
uscdfor the purposcof eomparison. The molecularconcentrationof thc

chlorideswherethe plasticitytest valuefirst reachedan approximatevalue
ofzoois

U(;t XaCt KCI XHtC) C~Ct, ~tgCt,
– 0.1;3 O.t6 O.tp O.!t 0.

wherethe figuresare expresscdin the percentagesof the salt dividedby thf
molecularweightof that sait. Theseamountsof salts wouldgivethe fol-

lowingapproximateamountsof saturatedsolutionsat roomtempérature:

KaC! KCt XH<Ct MgC),
Urarnsofsait used 0.4$ o.6o 0.50 o.~o
Approx.ceofsaturated

solution t. 255 z !.3

whichare withinthe rangeof the amountsof water rcquiredto moistenthé

clayfor plasticity. Withmuch addcdsait there is a scumofsait formedon
the surfaceof the air-driedclay, so ail thc added materialdidnot remain
within the pellet. Thisscum becomesmore pronounœd thé larger the
amountof addedsait. When no surfacesctun is present,it is interpreted
that the dryingsurfaceof thetest bailwasncvprwetwitha saturatedsolution
of thesait. Whenthereis a surfacescum,then there is appreciablelossof
waterafter thc formationof a saturated solutionat or ncar the surface.
Withthc additionof potassiumchloridethc presenceofa surfacescumcould
bcdctectedwith8% ofthé salt but not with6%. With n% ofpotassium
chloridetherewerewell-developedcrystalsformedon thesurfaceof the clay.
Fromthese observationsthe conclusionis formedthat the cxccssivelyhigh

plasticityvaluesdid notdépend upon thc formationof saturatedsalt solu-
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tion. There was no actual change in the plasticityof thc kaolinbrou~ht

aboutbythé useoflargepercentagesofa salt,asthc increaseinptastiovatuc

did HOtremainwhenthe materialwasmadeintoa slip and electrolytedf-

cantedoff.

With thé exceptionof the salts of lithium,thé high plasticityvatucK

obtainedthrough the addition of a sait to kaotinwouldnot survivethc

rc-form&tionof a dilute slip, thé decantationof most of tho supematant

liquidafter the clayhad beenallowedto settle,thédryingto plasticity,an()[l
the air-dryingof the moldedmaterial.

TABLKXII
KHectof Décantation of Electrolyteson Ptasticity

Amount of Kaolin is fivegrams

\o. Electrolyte _Pttmtidtyafter timmdecanted
added ~one OnceTwi<t'

to% N&Ct 900 3

2 !2%KC) 200 :.5

3 t.S~LiC! t6 !8

4 t.o~LiCt !5.s '88 !t

5 o.s~ LiCt t6 t5 to.s

The molecularconcentrationof the chlorideswhere their additiongave

the firstunmistakablcrise in plasticvalueis
t:f't ~ft T~f~t \*Mf't f'~f')- M<*f).
m-t .~a~t J\~t .\n<~t '~tt<~i< ~t);t'

''<salt 0.05 o.as $ :oo :.oo 1.00 1.00

Weight salt 0.0025 o.oi2 0.60 o.io 0.05 o.o;

g mol sait 0.00006 o.ooojt I 0.008 o.ooa 0.00045$ o.ooo;

wherethe g molsalt is weightofsalt dividedbythe molecularweightof the

salt. If thé valuefor NH~Ctis ducto an experimentalerrorand8% is

taken as the lowestv&Iuethat givesa positiveinerease,the g molvaluebe-

comes0.008forNH~CLNoreasonis advancedforthe plasticvaluesfor

and 4%NH<Ct. Thesevalueswcrcobtainedrcpcatcdly,asarc recorded.

A tabulationof the change in the plasticitytest valuescauscdby the

additionof alkalineand alkalineearth carbonatesto kaolinis given as

TableXIII. Lithiumcarbonategivcssomeplasticityat lowconcentrations

and sodiumcarbonateat higherconcentrations.

The action of a smallamount of lithiumcarbonategavean incteasein

the plasticitythat wasverynearlythesameasthatobtainedwiththe chloride.

(!ram Ptaat. C:ram l'Iast.. f:ram Ptaat.
Salt molecules motecules motecutes

LiCt 0.0001: !0 0.0003 t6 0.0006 i6

Li:COt 0.00013 ni 0.00033 n 0.0006$ 13

Nosuchrelationshipwasfoundfortheotherchloridesand carbonatesstudied.

This uniformityin actionof the chlorideand thecarbonateis foundto be
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due to the formationof lithiumhydroxideby hydrotyxisand thé toss of

the hydrogenchlorideand the carbondioxide,respectivety,during the drying
of the clay slip on the water-bath. Mcitor' pointsout that solutionsof

lithiumchlorideand carbonate toHehydrogcncMoridpand carbon dioxide

respectivelywhenheated. This is foundto be true inthepresenceof a clay,
as thèsematerialswhendriedon a water-bathandremoistenedare alkaline

to titmus. As only the minimumamount of lithiumcarbonate that was

TABM:XIII

Ptasticityof KaolinfromAddedCarbonate

Amountof Kaolinis fivegrams
of _HMticity_

m!t ~a~X), K~U, (KH,)~JU, Li,CU, CaCU. MeCOt

o.oo 4.s 4-S 4.S 4.S 4.S 4.5

O.ÏO tt

o.?:! 5
o.so ts 7.S5 !2+ 450 4-50
).oo '3
2.00 t3 70 6 ~.oo

4.oo !& 7.0 6

used is clearly within the amount required to forma saturated solution

withthe fewdropsof water uscdto moldthé clayat maximumplasticity,
the other data are due to somcof the lithium carbonateremainingundis-

solved.

Assodiumsulphateor matcriat fonnedfrom sodiumsulphate had bfpn

presentas adsorbedimpuritiesin someof the gelatinousaluminasused, the

effectof thé additionof a knownamount on the plasticityof kaolin was

obtained,Table XIV. The additionof a small amountof sodiumsulphate
to kaolingivesbothan increasedplasticitytest valueand a moreplastic feel

underthé thumb.

Theactionof lithiumas the sulphateis not marked,as o.6~cadded salt

gaveto kaolina plasticitytest valueof6. One-halfpercentand onepercent
of lithiumphosphateboth gavethe kaolinthe plasticitytest valueof 14.

The change in plasticity of thé kaolin broughtabout by thé addition

of sodiumsalts is
carbonate > sulphate > chloride.

Thecnectof the lithiumsalts shouldbe givenas

chtohdc'= phosphate= carbonate >suiphatc
ratherthan as

chloride> phosphate> carbonate >sulphate,
as the differencesin the effectof the eHoridc,phosphate,and carbonateare

smallerthan the probableexperimentalerror made.

"TtcattsconJnorpmtcandTheorctiea)Chemistry,"2,M~.
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~cc< of L<~«'MM.Sa<~o~ ~htW!'Ma«Ht!Silieu.

Cotnpounds of lithium had bcenfoundeffective in increasingthe ptasticity

of kaolin. Woutd such compound~when added to gelatinous atumina cr “

Ketatinous sitica give to these materiak thé property of bccotningRelatinow

when remoistened after repeatcd alternate wetting and dryins? To study

thc ctïect of eleetrolytes on Rt'tatinousmateriats that arc not clays, as ttus

tcrm is dcfined above, thé plasticity test is not madc the sole criterion. How

plastic th<' material may bc is of secondaryituportancc to thc presence or thé

absence of the property of plasticity of clay. To detertnine thé pre~nec or

thc absence of that propcrty designated plasticity of clay, tho following

critf'rions are uscd:

(a) The powdered matcria), moistpnpdto plasticity umst not have thc

~n(!y or the body!<'ssfcf'tof nnciyftroundsand or the M ofa tack of tnobitity r

of a Rround Mdspar or atumina. The fof! shnll be that of a clay.

ir

TAH).KXtV

DMticitvofKtmtinwithA(M<-<)SodiumSutphttte

("

Amountof Kaolinif)fivecmnM )

satt o 0.2 0.5 i 4 S 6 7 S f

Da~icity 4.55 7 7. 5 755 9 8.55 7 7.55 io r

(b) Thé nir-drying of thé material, after it has becn moistened to ptas.

ticity, must not Rivea eoucntpd stone-likeaggregate but one that may bc

abrascd or crushcd with approximately the samo amount of présure that

is uscd to cruxhor abrasc a clay.

~c) Hcpfatcd alternate air-drying and remoisteninK to plasticity m~t

not K'vc thé sandy, bodyless feel of a sand or the tack of mobtUty of a fetd-

spar or th<.stone-like texture of a cemcnted aggregatc. ~cre must be evi-

d<'nceof th<'présenceof gelatinous material.
)

f<)) The decantation of at least thrcc.fourths of the supernatant liquid

frotn thé wctt-scttted slip must not give a non-plastie mass. Kepeated de-

cantation or dialysis does not removethe plasticity of clayfrom natural clays.
ï

(c) Thé air-dried material, previousty molded when plastic, should givc

a characteriattc action of a clay when placed in an excessof water. Such a
n

characteristic action is that thc surface or the entire mass hecomes plastic,

and that aftcr an appreciable !apscof time thc mass willdisintegmte or spat)

off into a non-cohcringmud.

When gptatinous si!icas -.vcrchcatcd on a water-bath with the amounts

of lithium satts uscdwith the kaolin, the siMoawas plastic so long as it wa.s

not heated to comptcte drync~. When thc mass was dried and re-wet to

ptasticity, the material soon becamesandy in feel andlost the powcr of bond.

inginto a more cohcnn~mass than of a finelyground sand when it was mois.

tened with water. Lithium chloridedocs not give to gdatinous silica thc

propcrty of again becoming gelatinousafter drying on a watcr-bath and rc-
r

t
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moistening.Thealmostgrittyfeelof thé materialshowsthat therehadbecn
anentawtncntofgrain oizeandthat the matcrialwasnolongerofthé propcr
textureto bectassedas a clay.

Whenlithiumchloridewasaddedto a dialyzedgelatinousalumina,thc
rate of dryingonthe waterbath wasmuchylowerthan that ofa blankrun
that containednolithiumsalt. Thedricdmaterialdidnot havea sandyfeel
of thé characteristicfeel ofa finelygroundaluminawhenit wasremoistened
to plasticity. Thismaterialwasremoistenedto a masshavingthe charac-
teristicfcctofa fat clay afterthé thirdalternatewettingto a slip,dryingto a

powderon a water-bath,and remoisteningto ptasticity.
One-halfgramof lithiumcarbonatewasaddedto gelatinousalumina(2

KramsAtjO])ina dilute slipandthe materialtreatedas follows:

a–Evapomtcd to dryncsson a water-bath.
b–Moistcncdto plasticityand motdedin thc hand.
c-Heated onehour in a stcatn-bath.
d–Heatcd f.s hours in an air-bathat rro~ witha finaltempératureof

!20"C.
e–Powdcrcdand rc-hcatcdfor hour at tos°-! io"C.
f–Moistencdto plasticityandmoldedin théhand.
Aftcr this treatment, basedon the first three cntpnons,thé material

hadplasticityofclayand thcgelatinousmatcrialwouldagaintakeup water.
BischoPbasevaluatedptasticitybythe abilityofa clayto bondsand. This

matcrialwasmadeinto a slip and <; gramsof sandyopenclay (plasticity
testof 1/2)added,the s!ipevaporatedto dryncss,andthématerialmoistened
to plasticityandmoldedintoa test ball, whichwasair-dried. Whcntheair-
dricdtest bailwasptaccdunderanexcossofwater,thctest ball slowlyspaUfd
into a non-coheringmud. The water-soakedballwasnot plasticbut was

readilykneadedinto a plasticmass. Thismaterialwasvcry similarin its
actionunderwaterto thé Albanyslipclayandto theothernatura!ctaysthat
contain!nuchcarbonate. ThcAlbanyslipclaytest balls spallin an excess
of waterbut thercis no softcningof thc battintoa plasticmassduringthé

spalling. Thisdiatyzcdgelatinousaluminahadbccnprcpafcdfromaluminum

sulphatoand containedmaterialsadsorbcdfromsodiumsulphate.
Althoughitwasshownthat lithiumsaltswouldholdaluminagelatinous

whenthé materialwas alternatelydried and rcmoistenedto plasticityand

that thé counnercialclayscouldbcmademoreplasticthroughits addition,
Profcssor Papish,usingarc-spectramethods,coutdfindnoincreaM-in the

valueof tho lithiumlines whenthe kaolinand thé bondclaysusedby me

wercplacedinthearc. Thismadcit probablethat thèsectayscontainedno

lithiumin anyfonnand that theirptasticitydcpcndcduponsomcthing<s<'

than lithium. JJthiutn'containingmatprmtshâvebccnfoundinclay. Pro-

fessorI.ord*ofOhio Statc Universitywritingon thé presenceof lithia in
Ohioclays states:"the cxannnationwasmadcofa considerablenumberof

"DiefouerfestenThune,"SX.
1Trans.Am.tMt.~tin.Kttg..t!. <;o5(t88.<-4).
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samplesandineverycasetheélémentwasfo~md,thoughinvaryingamounts

to judge by the intensityof the spectrum." He reported"combincdsoda

andlithia" wherea modemanalysisofclayreports"Na,0."

~ec< <~a ComMnaMoKfjf~c<~<ea mtthe~os~N~ ofKaolin.

The analysesof commercialclaysreport,as oxides,thepresenceof more

than one alkaliand alkalineearth metal. When morethan oneelectrolyte

wasadded to kaolin,the amountof plasticityobtaincdexpedmontaHywas

foundto agréewiththé amountcalculatedfrom thé sumof their individuat

effectsonlywhenthe salts addedcontainedthe samecation. Salts with

thesameanionbutdifférentcationsor acombinationofsaltswithnocommon

cationor anionshowednoagreementbetweenobservedandcalculatedplas-

ticity. (TaMeXV). Also,it becameapparentthat the presenceofa definite

sattgavea speciScaction. Whenpotassiumchloridewasaddedor theaddcd

salts weresochosenthat a re-combinationof the ionspresentwouldfonn

potassiumchloride,thé plasticityfoundexperiraentallywas less than that

obtainedby theactionof the othersatt aloneon the kaolin,if the amounts r

présent,or that couldbc formed,wasshownin TableXI to depressthe plas-

ticity of kaolin. The actual or possiblepresenceof ammoniumchloride

~ave a simi!arresult.

TABL}:XVTABM:XV

Hncetofa Combinationof Electrolyteson the Plasticityof Kaolin

Amountof Kaolinis fivegrams

Eteetrdytesadded Hasticity
Catcututcd Foutxt

t .%CaC!. 4%MgCt. 8.s 6

2 4~CaCt! :%MgCt, 9.5 7

3 S~NaC! i~LtCt '9.Sg 82

4 4%Na,CO, !%NaCt t99 '?SS

S 4%Na.,CO, :%NH<Ct ~4 X

6 4%(NH~CO. :%NH,Ct ili 6

7 ~Na,CO, 6%NH<C1 8 3

8 .%M~O, 4%NH<Ct 8 6

q ~KtCO~ 6%Ca.C! 5

,o ~N~CO, 6%CaCt~ 20 '20

itl ,Li,CO, 8%NaCt aoo

a ~K~C'O, ~CaCt. 19(~) 4.5s

4%M8C!' h

The additionof from t/4% to 9% of t'th'M"~chtoridc(TableXI) )M<t

bccn foundto give thé sameplasticity to kaolin. Théadditionof sod.utn

chloridewithUthiumchlorideor carbonate Mnowfoundto givea much

greaterptasticitythan that whichwouldhave bcenpredictcdfromthe study

of thé effectofeach actingalone. A!so,it wasfoundthat the presenceof

lithiumsattswerenot necessary,as the combinationofsodiumcarbonateand

calciumchlorideproduceda claythat had a veryhighptasticitytest value

and that workedwe)tunderthé thumb.
1]

)
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H bas beenfound in thé study of thé actionof the chloridesonkaolin

t hatonlywiththo addition ofthe lithiumsaithadtherebeenanythingUkea

permanentchangein the plasticityof the kaolin. Withaddedsodiumohloride

theincrcasedplasticity rcmainedso longas it waspresent;withita removal,

thokaolinregainedits originalplasticity. Thereseemedto be noevidence

that if thokaolintook an appreciableamountof the sait byadsorption,by

bancexchange,or through anyother cause,that thé plasticitywasaffected

byit. Withthc lithiumsalt thédecantationofabout90%ofthc liquidthat

formodtheslip,twicc repeated,loft the materialwiththrectimesitsoriginal

plasticity. Either the kaolinheld the lithium,or somecompoundof the

lithium,muchmore firmlythan it could the sodiumor somecompoundof

thésodium;or thé lithium chloridehad broughtabout somechangein thc

kaolinitselfthat was not broughtabout by thesodiumsalt. It is ofcourse

possiblethat both could hâve happoned. One differencebroughtabout

by thé additionof lithium chloridewas that the wateruscdfor thedisinte-

grationofthe test balls alwayshad a decidedturbidity. Thisturbiditywas

alsofoundwithadded lithiumcarbonate. Thisturbiditywasobservedwhen

thé lithiumsalt was aloneor usedin combinationwithothersalts. Lithium

chloridedidnot act likesodiumchloridebecauselithiumchloridehydrolyzes

andsodiumchloridedoes not, and the removalof the waterfromthe slip

onthe water-bathhad removedsomeof the hydrogenchloride,as shownby

thealkalinereactionof the slipsthat wcrercformcdaftera kaolinhadbeen

evaporatedto dryness from a lithium chloridesolution. The actionof

lithiumchtohdeor of lithiumcarbonateshoutdnotbecompaicdto theaction

ofsodiumchlorideor kaolin;it should becomparedto the actionofa com-

binationofsattsonkaolin. Théturbidityshowedthat adenoccutationeaused

by thc presenceof thc lithiumhydroxidehad taken place. That denoccu-

lationalonewouldnot giveincreasedplasticityhadbeenshownby thefailure

nfsodiumhydroxideto makethe alurnina-silicamixturesintoplasticclays.

No. io, TableXV had shownthat it waspossibleto givoa high plasticity

to a kaolinwithout thé presenceof a lithiumsait. Anotherreasonhadbeen

foundto explainthc high résultaobtainedwhena smallamountoflithium

chlorideor carbonatewas addedto kaolinor to a bondclay. Thequestion

remained,–wereall the increasedplasticityvaluesobtainedby thesubse-

quentflocculationin the conccntratedsolutionsproducedin the finalstages

of thedryingof the slipon the water-bathfroman increaxeddenoceulation

that had takenplace whenthe slip had beenmoredilute? If this wastruc,

thentheactionof any materialthat wouldpeptizea clayactingin théprés-

enceof a materialthat couldflocculateit wouldgiveplasticity.

ThcActionof/occM~a<~ipMaterialsw Peptizing<Soh<<tOK<.

Toinvestigatethe effectonthé plasticityofclayof theactionofa noccu-

latingmaterialin a peptizingmedium as an explanationof the causeof

plasticityofclay,a salt wasaddedto a clayslipthat hadbeenmadealkaline

throughthe addition of an alkalinchydroxideor carbonate. Theslipwas

evaporatedto dryness on a water-bath,thé clayremoistenedto plasticity
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and nioldedinto a tcst-baU. Théair-driedtest-ballwas allowedto dMnte-

~ratc underwaterand thc timeof disintegrationrecordedas thé plasticity

of the clay. t

'fhc actionofcombinedalkalinehydroxideandalkalinechlorideon kaolin

(Table X\'I) beomesmore evidentwhensontc of thcse andsomeprevious

results arc recalculatedin tprmsof a commonunit, such as NâiiO. Tabh'

X\'II givessucha recalculation.
1

TABLEXVII

Pta~ticity of Kaolin from a FlocculatingMaterial in a Peptizing Médium

Amount of Kaolin!s five grams
(.,(: c~ "é

1

Nu. ~'tt K~!t Xa~'O, M't X~;t PtMticity

4.5

2 ..88 8

3 0.8 40 !3
t

4.0o 4

5 0.4 o.6 o.8 s

6 0.5S o-'

7 o.8 i 3.5S

8 t.s 7

TABLEX\'II

Recatcuiatcd KaolinPlasticity Values

Amount of Kaolin is 5 grams

\o. ~tatcn~addcd \a,0c<tuivak'nt t'tMticity

4.S
2 Sodium chloride o.t4~fï: 6 S

Sodium carbonate o. 155 ij

Sodium chloride

and carbonate o.6~c

g Sodium hydroxidc 0.6 8 '1

6 Lithium chloride 0.15~ 'o '1

y Lithium carbonate 0.33~ I

8 Lithium phosphate 0.09~ n1

The comparison of the action of the chloride and the carbonate of sodium °

shows that the carbonate is twicc as effective as the chloride and that the

added effectobtained with the carbonatemay bc duplicated by allowing the

chloride to rcact in an alkaline solution. AIso, the deHoccuIatingaction of the

dilute solution of sodium hydroxide aloneand thc later flocculatingaction of

thc concentrated solution obtained through thc evaporation off of thé watcr

on thc water-bath did not give as much increascd plasticity as thc use of

a mixture of NaOïl with the morepowerfulagent of flocculation thc chtoride.

Further, it had bccn found that t part of lithium chtoridc to 2000 parts of

kaotin gave a ptasticity of 6-t/! and that t part to !ooo haw a p!asticity of

L)
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to. Nowit is foundthat i part of combinedsodiumhydroxidoand car-

bonateto tgooparts ofkaolingivesa plasticityof t Theactionof lithium

wasBpeciBcin producingplasticityonlysofar as lithiumsalts represented,
under thé conditionsof the experiment,a Hoccutatingmaterialin a pep-

tizingmédiumor a simuttaneouBpeptiKingand flocculatingaction.

It hasbeen noted that one effeotof thé additionof lithiumchlorideto

kaolinis thé productionofa turbid slip. It at'!0wasfoundthat théaddition

of sodiumhydroxideto a bondclay produceda turbid slip. Whcnsodium

chloridewattused as the f!occu!atiHgagent it wasfoundmoresatisfactory

to replacea small part of thé sodiumhydroxidewith potassiumhydroxide

than to adda largeramountof sodiumchloride. Thisdid not givea clay

withmoreptasticitybuta claythat scemedmorelikea commercialclayunder

TABLEXVIII

ActionofCombinedAlkalineHydroxideand AlkalineSaits on Xo. 5 Ken-

tucky BondClay
Amountof clayis fivegrams

cl*~ ~é
~o. Xt~H t~UH ~&t:l K~t K,6b, HMtit-ity Slip formedby

tjtMticitytest

t 155 ('jcar

0.8 50 Turbid

3 0.8 !.o 60 Turbid

4 0.4 i.o 34 Fa.irtyctcar

S 0.8 4 9.5 Turbid

6 0.8 z 12 Turbid

y 0.8 2 t6 Turbid

8 t.oo to ")g Turbid 48 hrs.

ç 1.0 :.o !8 Ct<'aredin94hrs.

to 0.4 0.6 o.8 $0 CkarasBramtett

lllip

thé thuntb. In cxpcrimcnts onthc effectof combinedhydroxidesand chlorides

on No. 5 Kentucky bond clay thc characteristics of the Brambtt clay were

tnore nearty duplicated with thc use of sonn*potassium hydroxide with thc

sodium hydroxidc. No. to, Table XYIH in "fcpl" undcr thé thumb and in

the absenceof excessiveturbidity in the slip fonned through thc disintegration

of thc air-dried test-ball ctosety rcscmMcd thc Brandett clay. Including

thé amounts of X~O and K;0 reported in thé analysis of this clay (Table I)

and the amounts équivalent to thc hydroxides and the chloride added, this

synthctic clay would give on analysis, Na<0 = !.3~f and K20 = i.as~c or

!cssthan the sum of XatO and K~O in thc Allenbond clay. Under thé thumb

and by the plasticity test, the Allen was the inferior clay.
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Asnotedabove,the 10. 5 Kentuckybondclaystaokswith largerflakes

than thé Allenor the Bramlettandthèselargerflakeshaveptasticity,as they

may be tampcdtogether wttha glassrod into a plasticmass. TheNo. <;

Kpntucky bond clay acts as thoughflakesof higherplasticitywereheld

together by a material of lowerplasticvalue. Thé increasein ptasticityin

No. !o wasaeeompanicdby the formationof a muchsmallerflakeon the

disintegrationof the test-baUand thèse small flakescouldnot be readily

ttunped togetherto form a plasticmass. In all the testsoc No. 5Kentucky

bond clay thc présenceof a smallamountof potassiumhydroxideseempd

beneficialin that it preventedthéextrctncdenoccutationcausedbythe uae

of sodiumhydroxideatone.

Ttn' plasticityof Xo. s Kentuckybond clay wasraisedto 45with th<*

productionofa very clearplasticitytest slipandlargesizcflakesonspalling,

whcn with tho addition of 0.8' of sodiutnhydroxidethere was alsoadded ]

0.2~ of sodiumacid sulphate. Aswellas havinga highplasticitytest this

was also an exceptionallygoodclay undcr the thumb. The amount of

sodium sulphate.that wouldremainafter the neutralizationof thc acid p

stttphatcwouldbc 0.74~ and theamountof fonnedsodiumsulphatewould

tx*0.24~, whichtoKctherwouldbe equivalentto 3.4%Na:0.

~~t'C<<)f.StM)M««MCO«.S~ep<M~MMOKffMocc«<a(«MMt/i!«?Mt'K<t<!Md&<C<

Lithiumsattshave beenshownto be cnfctivcin increasingthe plasticity

of kaolin,of bondclays, and ofgelatinousalumina;but not to beeffective

in kccpingp'tatinous silicaplastic. It bas alsobeenshownthat the action

of the lithiumwasnot specifieandthat kaolinand bondclaysarc mademore

plastic througha combincdpcptizingand flocculatingaction. To determine

thc pn'Menccor the absenceof that propertycalledplasticityofclay in a

getatinf'usatuminaand a gelatinoussiticato whicha lithiumsatt had been

added, fivecriterias have beenformutated. Thesecriteriasare now used )

to studythe cnect on gelatinousaluminaand gelatinoussilicaofcombined

t~eptixingand flocculatingmateriats. a

~,y~ – getatinoussiticawaspreparedas descri))cdabovefroma water- i

~ta~ssolutionand the sodiumchloridewashedout witha dilute sodiumhy-

droxidesolution. When slipsofthis materialwhichwerealkalineto litmus <

wen' evaporatedto dryncssthe remoistenedmasshad the sandy,bodyless <

fcel of a Kroundsilica sand. With the additionofsmallamountsof cither

lithium chtoridcor of sodiumchlorideto thé getatinousmaterial,onc evap-

oration to dryncssand remoisteningto plasticitygavea materialthat had a
·

stighttybotterplastic feel underthe thumb than thématcrialto whichthere

had beenno addition of an etcetrotytebut there wasno evidenceof the

ptasticityofclay. The texturewassandy; the bondingwasthat character-

istic of groundsilica. Thepresenceoflithiumor ofsodiumchloridedoesnot

prcvcnt, and possiblyhastcns,the growthof grainsizeuntil the materialis

no longerof the propcr textureto be etassedas a clay,as the flocculationof

t

t
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t with a )~)<tt!vftv )<n~manxiont nf fM~f!i)t<nnhtnfifift nn<! itttgelatinoussilica witha relatively largeamountofsodiumchlorideand its

subséquentremovalby décantationgave,whenthe water wascvaporat<d
o<T,a materialwitha textureof a sand.

With the substitutionof bivalentbariumin place of thé nonovalent
sodiumor lithium a plasticsiticawasobtained. In expérimentawithkaolin
and withNo. s Kcntuckybond clayit had beenfoundthat théuseofpotas-
sium hydroxideto replacesome of the sodiumhydroxide,whileit did not

give a higher plasticitytest value, gavean artificialproductmore like a
naturatbond clayunderthe thumb thanwasobtainedthroughthéuseof the
sodiumcompoundalone. To makea silicathatwasplasticthiseiïectof the

presenceof potassiumhydroxidcwasused.

Toa gelatinoussilicanot completelyfrcedfromadsorbedsodiumchloride
and alkalinewithsodiumhydroxidesome(0.2g.) potassiumhydroxidewas
added. After heatingthismaterial,whiohwasina diluteslip,fora shorttime
on a water-batha smattamount (o.t g.) of bariumchloridewasaddedand
the solutionevaporatodto about 60ce whenit wasfoundthat flocculation

had takenplace. The solutionwasdilutedto twiceits volume. The pre-
cipitatedmaterial waswellstirred, allowedtosettle, and two-thirdsof the

supematant liquiddocanted. Aftera third washingby décantation,thé
dilutedslip was evaporatedto dryness,wateradded to forma diluteslip,
and as much of the supematant liquidas possibleremovedfromthe floccu-
tatodmaterial. Thedecantedliquidhada slightopalescenceandwasalkaline
to litmus. The silicawasagain evaporatedtodryncss. Whenmoistenedto

plasticity,the materialhad the textureand fe~!ofa kaolin. Thecharacter-

istic bodylessfeelofgroundsand couldnot bedetectcd. Thetnateria!was
air-driedand again moistcnedto plasticity. Twice the plasticmasswas

workedunder waterwith a spatulaand thesupernatantwaterdecanted.
Twicethe siticawasiiioigtenedto plasticityandair-dried. Whenre-wetto

ptasticitythe materialwasnot sandynor didit hâve the feelof a finely
groundsand. Afterre-dryingin theair, thé materialwasplacedunderwater
whereit softened and couldbc readilykncaded.Threcdayslaterthemass

was twicewct to plasticityand dricd. Sixdaysof rigoroustreatmcnthad
not made the material into a sand or sitt. It was plastic, as it had
retainedthé powerof takingMpwaterafter modemdryingandas it would
softenunder waterto fonna plasticmass.

~hMHtKa.–Ifplasticityof clayisobtainedwhcncvcrgelatinizedmateriats
are subjectedto a simuttaneouspeptizingandcoagulatingaction,then the

plasticityof gelatinousatumina broughtaboutby the additionof a lithium
salt shouldalso bobroughtabout by the simattaneousactionofan alkaline

hydroxideand a noccutatingsait. It is knownthat sodiumchloridewill
flocculatecolloidalalumina. It is thoughtprobable,thoughnot proven,
that causticsodain lowconcentrationswillpeptizealumina.

Asthé plasticityof kaolinmay beincreasedby thc simultancousaction
of sodiumchlorideand sodiumhydroxideandas it wasnot foundpossible
to makea plastic siticathrough the additionofthèse materials,then if thé
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silicawasnot the seatof thc action,thealuminamust hâvebeenand thero

wassomcconcentrationin the dryingto a powderon thé water-bathwhere

the atuminain thekaolinwaspeptizedby the alkali.

The peptizingactionof ditutebutions ofalkalinehydroxidesongelati-

nousatumina.wasstudiedthroughthe actionofamatgamatedaluminumon

distittedwater, and on dilutesolutionsof sodiumhydroxide.It wasfound

that the action of the amatgamatedaluminumon distilledwatergavene

t)cpti?pdcolloid that couldbc noccutatcdthroughthé additionof sodium

chlorideto thé clearliquid,that a N/:o sodiumhydroxidesolutionactcd

uponthc atnatgamatedatuminumto giveappreciableamountsof peptizcd

aluminathat couldbe ftocculatedthroughthe additionof sodiumchloride

to the clear liquid,but thé amountof colloidso noccutatedwasrelatively

smallwhencomparedto thc amountofahuninathrownout bytheaddition

ofhydrochtoricacidto the liquidfromwhichthe flocculatedcolloidhadbeen

filtered,that in solutionsthé alkalinityof whichwasN/9, the amountof

aluminaheld peptizedand consequentlycouldbc Hoccutatcdthroughthe

additionof sodiumchloridewas relativelylargewhencomparedwith the

amount.remainingafterthe flocculationby the chlorideandwhichcouldtx'

obtainedfrom the filteredsolutionthroughtheadditionofhydrocbloricacid

to acidreactionandammoniumhydroxideto basicreaction. Asaluminawas

pcptizedby thc dilutesolutionsof sodiumhydroxidoandflocculatedfrom

thembysodiumchloride,it isprobablethat the increasedplasticityobtained

fromthe simuttaneousactionof sodiumhydroxideand sodiumchlorideon

kaolinwasdue to theiractionon the alumina. Aiso,it shouldbc possible

tomakealuminaplasticthroughtheuseof thèsematerials.

Throughthe useofgclatinousahminapreparedfromtheactionofamal-

gamatedahtminumon distilledwatera materialcontainingno adsorbcd

electrolyteswasobtained.Thiswasusedto studythéeffectofaddedsodium

hydroxideand addedflocculatingsalts. Whensmallamounts(0.05and o.t

grams)ofsodiumchloridewasaddedto thisgelatinousmaterialmadeinto a

stip, the water evaporatedoffand the solidmatcrialrcmoistenedto plas-

ticity,the secondevaporationto drynessgavea materialthat couldnot be

motdcdas it had nocoherencewhenmoistened.Asmallamountofchloride

actingalonedid notkeepthe gelatinousaluminain a statein whichit could

adsorbwater.

Ge!atinousaluminawasmademoreplasticthan Floridawashedkaolin

andit continuedtohavethecharacteristicreactionsofa clayafterit hadbeen

eighttimesalternatelydriedon a water-bathand remoistenedto plasticity

un()erthe thumb. It waspreparedfromthe gelatinousalumina,madeby

thc actionof amalgamatedaluminumon distilledwater,towhichwasadded

0.3gm sodiumhydroxide,0.1 gm potassiumhydroxide,0.4 gmof sodium

chloride,and that amountofwaterwhichwouldgivea N/o hydroxidosolu-

tion. (Asnoted abovetheadditionof thepotassirmhydroxidewasthought

to bc bénéficiain that it preventedtheextremedenocculationobtainedby

thesodiumhydroxidealone.) The slipwasheatedforonehourona water-
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bath,dilutedto twiceits volumeandas muchas possibleof thc supernatant

liquiddecantedoff fromthe settledmaterial. The eludgewasevaporated
to drynessona water-bath. Thismaterialwasthen alternatelymoldedinto

a plastic mass, wet to incipientstickinessand then againevaporatedto

drynesson a water-batheight titncR. This material continuedto have

thé propertiesof a clay in that it had underthe thumbthofeelofa clay.
Whendried to a powderona water-bathit wouldagaintake up waterand

becomeplastic. Whenmoistenedto plasticity,moldedinto a Rphcreand

air-dried,it softenedslowlyunderwaterandcouldbceasilymolded.

That this was not a specifieactionof alkalinehydroxidoand sodium

chloridewasdemonstratedby the substitutionof bothbariumchlorideand

sodiumsutphatefor the sodiumchlorideandthe substitutionofsodiumcar-

bonatefor thé sodiumhydroxide.
The treatmentof thc ntateriatobtainedthroughthe simuttaneousaction

ofsodiumcarbonateandsodiumsulphatewaslongandrigorous.Duplicate

samplesspalledslowlyand wereplasticonehourafter beingplacedunder

water. (Theplasticitytest.) Theprevioustreatmentof this materialhad

beenas foUows:'

a. Alternatelymoistenedto plasticity,dried in the air, remoistenedto

plasticity,madcintoa slip,andre-evaporatedto dryness. 4 times.

b. Moistenedto plasticity,driedin a steam-bath,madeintoa slipand

thefiupcrnatantliquiddecantcdfromthesettledsludge. timc.

The methodusedfor the préparationofa plasticaluminathroughthe

additionof alkalinehydroxideand bariumchloridewas identicalto that

givenfor sodiumcMorideandalkalinehydroxideexceptfor the useof 0.2

gramof bariumchloridein placeof sodiumchloride. Thismaterialwas

eighttimesalternatelywetto a plasticmassand thencompletelydriedon a

water-bath. After this treatmentthe moldedair-driedmaterialwaseasily
kneadedintoa plasticmassafterit hadbeenallowedto remainundisturbcd

forone-halfhourunderwater. Somespallinghadtakenplacein thistimc.

Conclusionsand Summary

i. The causeof plasticityofclayis théformationin themoistenedclay
of a continuousgelatinousexternalphasethroughthe actionof water in

makinggelatinousthe materialthat formsanenvetopingsurfacearoundthe

non-gelatinou,sparticlesandaggregatespresentin the clay.
t. Plasticityofclayisnota propertyofa claystip,unlc8sthegelatinous

cnvetopcssurroundingthe non-getatinousparticlesand aggregatesfonn a

continuousexternalphaseandthc non-getatinouspartlelesand aggregatcs
formthc dispersedphase. Whcrcthé continuousexternalphaseisa liquid
andthe dispersedphaseis madeup of particlesandaggregatcsthesurface

ofwhichis fonnedby a gelatinousenvelope,the matcnathasthepropcrtyof

viscosity. ït doesnot havethepropcrtyofplasticityofclay.

'Thé tncrcMCt)pttMticitynf?ctay onagcingMduc<n<hemnduatdcvdoptTx'ntofa
gftatinnustitmM?rmuttcfrcpfattdtempérature«n<imoMturcchan~
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3. The materialthat Mcapableofbecominggelatinouswhenit Mmoi!

tened is maintainedby a simuttaneouspeptizingand flocculationaction

whichpreservesthe gelatinousenvelopcand hindersor preventsthe change

of its materialinto somethingthat wlll not take up water and become

Kt'tatinouswhenmoistened.

4. The presenceof organicmatter, of dissotvodcarbon dioxide,or of

t'teetrotytesm the supernatantwateror in thcclay itselfis not the causeof

plasticityof clay. Suchmaterialsare agentsthroughthé actionof whieha

sufficientamountofmaterialcapableofbecominggelatinouswhenmoistened

is formedand oncehavingbeenformed,by anyagent,is preserved.

5. Therelativeplasticityof claymay beevaluatedby the timetaken

for the continuousextemalphaseformedby the cohereinggelatinousen-

velopesto bercplacedthroughtheformationofa continuouscxtemaiUquid j

phase dispersingas the internaiphaseseparatedparticlesand aggregatcs

t'achenvelopedwithgelatinousmaterial.

6. Twomethodsaregivenforthemeasurementof the relativeplasticity

of clay:the one,usingtheair-driedmaterialthathad beenwet to itshighest

plasticity as determinedunder the thumb, the other, using thé material

whiloit is plastic. Therelativeplasticityofsomecommercialbondclaysas

obtainedby both methods:s given. )

7. The relativeplasticityof clay obtainedthrough the testingof the

materiatthat had beenair-dried,after it hadbeenmoistenedto its highest

plasticity,isusedin thispaperas it seemstogiveresultsmorein agreement

with acceptedrelativeplasticitiesofcommercialbond clays than the alter-

natc mcthod. This test is:a smallamountofthematerialto bc tested,in a

finestate of division,is moistenedto its highestplasticity,as detennined

under the thumb, motdedin the palmof thehand to a test-ballwhichis

allowedto dry undisturbcdin theair 16 to 24hours. This test-ballis thcn

so placedinan exeessofwater that the spalledparticlesmayfallawayfrom

thé disintegratingtest-ball. The timcin minutesrequiredfor the wasting

away of the test.ball is recordedas thé relativeplasticityof clayfor that

materia!.

8. A dilutesolutionof sodiumhydroxidepeptizesalumina,but not ail

the aluminumpresentin the solutionis so hcld,as the additionof sodium
5

chloridewillnot flocculateall the compoundsof aluminumin thé liquid.

The ratio of thc amountheld peptizedto the total amount presentwas

grcatcr whenN/9 sodiumhydroxideactcd upon amalgamatedaluminum

than whenN/20 solutionwasuscd.

o. Gelatinousaluminaand alsogelatinoussilicawasmadeintoa plastic

material.

t o. Theenterionsestablishedto déterminewhena materialhadplasticity

of claywere:-

a. Thepowderedmaterialwhenmoistenedtoplasticityof claymusthave

the characteristicfeelofa plasticclay.
b. Theair-dryingofthe plasticmassmustnotgivea cementedaggregate.
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c. Kepeatedalternate moisteningto plasticityof clay and moderate

drying mustnot removethe propertiesof bondingandof mobilitywhen

thé materialtarcmoistenedto ptastioityof olay.
d. Whenthé material is made :nto a dilute slipand the supernatant

liquid decantedfromthe weU'setttedsludge,re-dryingandre-moiening to

plasticitymustnot givea non-plasticmass.

e. Thematerial,whichbasbeenmoldedintoa test-ball,whcnmoistened

to plasticityof clayand then driedin thé air,muetnotspatiawayat once

like a finelygroundsand whenplacedunderwaterbut fonn a mass that

may be readilyworkedinto a plasticmassor a surfacelayer of plasttc

materialfonnonthe test-ballor theentireundisturbedmassbecomeplastic.

ï i. Théconstituentmaterialofa clayandtheir structureare important

only so far as kind of materialandnssilitymay aid in the formationof a

gelatinousmaterialaroundthe non-getatinousparticlesand aggregates.

t z. In actualc!aysthe effectofhumusmustalsobeconsidered.
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HKATOF WKTTING OF CARBON BYBIXARY LIQl'II) MIXTUKKB

Bï F. E. BARTJOLASPYlXCiPU

In order to interpret data obtained in a study of heat of wetting of snlids

by a binary liquid system it is désirable to keep in tnind thc conditions whieh

may exist during the processof adsorption. When an adsorbent cornesinto

contact with a solution, its surface is exposedto both solvent and solute
molécules. Theoretically, one of three thingsmay happen: (i) the Bolute

moléculesmay be adsorbed exclusively; (s) the solvent molecules may be
adsorbed exclusively; or (3) both solute and solvent molécules may bc ad-

sorbed. In the latter case preferential adsorption of either soluté or solvent

may predominate. Suppose the adsorption of A from a binary mixture

of A and B be exclusive. So long as there is sufficientA to cover the surface
of the adsorbent, noneof B will be adsorbed. If, however,one decreases the

concentration of A until there is an insufficiontamount of it to form a com-

plète monomolecular layer on the surfaceof the adsorbent, some of B will

then bcadsorbed. If, on the other hand, both A and B arc adsorbed, but to
différentdegrees, thé surface of the adsorbentwill bc covered by both com-

ponents.
ln the study of adsorption from solutionsit has beencustomary to deter-

mine merely the change in concentration of the solution and to disregard
the adsorption of the solvent, Le., relative and not absolute adsorption values

have been determincd. C'alculations have been based on the assumption
that solute only wasadsorbed. Volumechangesdue to adsorption of solute

bave bcendisregarded this traitaient mayinvolveappréciableerrors. There

is evidence that both solvent and solute are always adsorbed. Bakr and

McBain1using charcoal as adsorbent with toluene and acetic acid in the

vapor phase found that both toluene and acetic acid wore adsorbed and

conetudcd that "true sorption of both solvent and solute is in accordancc

with the conception that toluene and acetic acid can replace each other

in the adsorbed film." Attempts to détermineabsolute adsorption of solute

from solutions have been made by Williams,2Osaka,*and Ostwald and Iza-

guirre,1but no reallysatisfactory metbod has been developed.
It is also customary in adsorption studies to disregard the question of

fraction of thc surface area actually covered by each of the components.
1t is our belief that information along this line will throw some ltght on the

nature of adsorption and may eventually lead to a mcthod for the deter-

mination of absolute adsorption of each component. It was the purpose of

this investigation to obtain information bearingupon these problems.

1J. Am.Chem.Soc.,46,2718(1924).
Modcl.K. Vetenskapsakad,N'obcl-Inst.,2, 271191.1).

•Mcm.Coll.Sci.KyotoUniv.,1, 257(1915).
Kolloid-Z.,30,279(1922).
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It iswellknownthat heat isevolvedwhena solidis wettedby a liquid.

Disregardingthe mechaniswof wettingand assumingno chemicalréaction

to oecur,it may bostated that tlieheat of wettingrepresentsthe decrease

of total surfaceenergywithintheSystem. Sincesurfacetension(or inter-

facial tension)is numericallyequalto thé free surfaceenergyper unit area,

Hcliiiholtz'»équation E » S T dS/dï may beappliedwhere8 is used

to reposent eitherthe surfacetensionof the solid(or freesurfaceenergy

per unitarea)or the interfacialtensionofBolidagainstliquidand E thetotal

surfaceenergyper unit area.
Whena solid(sayof totalareaa) isiininersedinliquid,it is assuinedthat

no cxtemalworkis donc.1 Supposewelet Ki repotsenttotal surfaceenergy

P la. 1 ""1\ c

of thc solid and ];:12the total interfacial cnergy of the solid-liquid system.

Then, in accordanœ with the First Law of Thennodynamics, thé heat

evolved, -Q, is mpresented by the followiiig cxprcsston:

-Q = n(1. 1':12)

which in tum is equal to

~c H } 'l' 1

n t' l '12 dT d1`~)

where SI and Su refer to surface tension of thé sotid and interfacial tension

ot the solid-liquid mspectively. l'hus thé hetit of wetting is direct!y propor-

tional to surface area. Since the interfacial tension values (812) for different

liquids again.gt a Rivcn solid are différente the degree of wetting of a solid

1 It will bc assumed that, whena solid ia immeraed in a liquid! thc only appreciable

ellergy change-whiehOCCUI'8in that duc te the suwitution of a sobd-liquid interface for

Ilsolid air interface; that any l'nel1O'l'hangesdue to slilht rhanges in concentration of

IIOlutionor to the VCI'3'8IDallvolumechang!!wit bÎlI the lI).stemare of aucha low order that

thé thermal chsng!!aob8l'1'V(!(llireaccuratewithin the limitauf experimentalcrror.

2 Barlt'II and Ostcfhof: <rlloid 8.ml"ium Mono)p-aph.5, (1927).).
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by différentliquidsmustbe differentandaccordinglythe heat ofwetting
for eachof theseSystemsmustbc different.Thishas beenshownby thc
workofa numberofdifférentinvestigators.1

If both liquidsare adsorbedfroma binarymixture,the heatevolved
mustbedue to thecoinbinedeffectofbothliqeids. Shouldthewettingbeby
onecomponentonly,the présenceof theothercomponentwouldnotappre-
ciablyaffecttheamountofheatevolveduntilthe concentrationofthemore

stronglyadsorbedcomponentshouldfallbelowa certainlimitwhiehcorre-

spondsto the fonnationofa completemonomolecularlayer. In caseboth

componentsare adsorbcd,the heat evolvedmust be differentfromthat

evolvedif but oneisadsorbcd.ThèserelationscanbestbeshowninFigs.1-3.

Fig. 1 representsthe caseinwhichBonlyisadsorbed. Astheconcentration
of the solution is decreasedprogressivelyfromiooÇ£B, the heatevolved
is the sameat cachstepuntilthere isan insufficientamountofBprésentto

fonn a monomolecularlayer (point0). Asthe concentrationof B is de-

creasedfurther, the hcatofwettingbecomesprogressivelylessuntilpoint('

is reached,whichcorrespondsto the heatofwettingof pureA. Fig.2repré-
sentstheconditioninwhichAisadsorbedc1(cl.1sivclyfromsolution.CurveE
of Fig.3 représentaadsorptionofboth components.B is indicatcdas being
adsorbedpreferentiallythroughoutthe entirerangeof concentration,while
curveFreprésentetheoppositecase,i.e, Ais preferentiallyadsorbedthroughout.

If the two componcntsare adsorbedin the saineratio as that of their

compositionin the solution(i.e., no preferentialadsorption)the heat of

1(irimm,KaudenbuschandWolffZ.angew.Chem.,41,104(1928);PatrickandGrimm
J. Am.Chem.Soc.,43,2144(1921);Gaudechon:Compt.rend.,147,209(1913;;Herbst
Kolloid-Z.,38,314(1936);AndressandBcrl:Z.physik.Chem.,122,81(1926).
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wetting will change linearly with thc concentration as is indicated by the

dotted line, provided that a molécule of comportent A occupies the same urea

on the surface of tho adsorbent as a molécule of component H. If the heat

of wetting be determined for différent concentrations of the solution, and if

a horizontal line bc drawn from a point on the expérimental curve thus

obtained to the dotted line, the point of intersection of the horizontal to

the dotted linc will then represent the ratio of the solid surface occupied by

cach component when the solution is of the composition given by the point

on tho experimental curve. The extent of deviation of thé experimental

curve from the straight line, measured horizontally, gives a relative measure

of préférentiel adsorption at any particular concentration. Thus by measur-

ing the heat of wetting of an adsorbent with solutions of any concentration we

should be able to determine thé fraction of the surface actually covered by

each component, as also the effect of composition of the solution on the rela-

tive distribution of the two components on the surface of thé adsorbent.'

Experimental

Materials: The carbon was prepared from Merck's pure cane sugar by

charring it in a platinum dish. After it was charred, the carbon was ground

in an agate mortar to a fine powder and heated to 1 2oo°Cfor twelve hours in

thé absence of air. This carbon was then heated in a covered alundurn thimblc

with a Mekcr burner for six hours with a limitai supply of air. It was cooled

in a desiccator and stored in a weighing bottle. livra though the carbon

prepared in this manner might have contained a trace of impurities intro-

duced by the flame rendering it unsuitable for exact work on adsorption of

electrolytes, thc amount of itnpurities was not sufficient to invalidate the

Jn tlm Inst two rases (Hg.3) the situation in complicatedby thc fact that the surface
areas coveredby caeh of the moleculesof différent molecularspeeiesare probably in most
cases not identical. Thercforc,even though no preferentialadsorptionwere to occur, the

change of heat of wetting withcompositionwill not be Uncar. The deviation of the curve
from the atraight line dependsupon the relative area eoverodby the molecules (and also

upon the différencein the heatof wetting values of thepure liquida). U » to bc nntcd that
thèse curves would never crossthe straight line. In the liquidewe have used, it is very
improbablethat the surface areacoveredby one kindofmoléculeis muchgreater than that
cuverai by theother. conséquently the actual deviation wouldnot bc great. If the expéri-
mental (coroposition-heatof wetting)curvewere foundto crossthé atraight line, it is vcry
probablethat preferential adsorptionofeach of the componentsoccurredover someportion
of the concentration range eventhough the point of inversion(i.e.,the point of zéroadsorp-
tion or no prefcrential adsorption) may not be identicalwith the point of intersection. A
(•«seof extrême preferential adsorption, that of alcohol-nitrobenzene,haa been stuciiedby
C. K. Sloan of this lalwratory, who foundthat both componentswercadsorbcd by carbon
even though the alcohol wasmuchlessadsorbed than the mlrobenxcne. The concentration

currcspomlingto zéro prefcrentialadsorption as determinedby him was found to be very
cloac to the concentration representingthe point of intersectionof the heat of wetting-
pomiHBitioneurvewith the dottedline. Thereforc, thedeviationof the actual (compoàtion-
hrat of wetting curve in case of no prefcrential adsorption)curve from the stralght line
mustbe slight and for practicalpurposeswemay conàderthé twocurves identical. l'nless
the exact area occupied by themoléculesofeach componentis known,michcurveswillonly
give a qualitatuv indication of prefcrential adsorption and can not bc considérai as re-

presenting a quantitative ntcasurement. (The restrictionmadeabove will. however,not
invalidateour discussion). lligorously,thé straight Unein thc figurerepresents the change
in thedistribution of thé solklsurface betweenthc twoliquids,whetheror not thc molecules
of thé one occupiasthe aamearea as the moléculesof théother.
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heatof wettingdata. Ail liquidawerepurifiedby standardmethods. The
dilute solutionsweremadeup by weightand the concentratedones by
volume.

Apparatusand method:The calorimeteruaedin this workwasa Dewar
flaskwith fittingssimilarto those usedby Patrickand Grimm1(Fig.4a).
Thecoverof the flaskwasgastight. BoththeBeckniannthennometerand
theheating coilwereceinentedinto the coverwith DeKhotinskycernent.

r- r-

Thestirrer wasmercurysealed. Whenthebulbcontainingthe solidwasset

in position,the wholesystemwas gas-tight;no evaporationwasdetected

overa six-hourperiod. Thecarbonpowderwassealedin a thin walledglass
bulbwhichin turnwassealedto a glassholdcr(Fig.4b). Afterthe bulbhad

bcenintroduced,thewholeapparatuswasplacedin a felt jacket. Theliquid
wasstirred continuouslyuntil the temperatureremainedconstantfor at

lrasttwenty minutes. Thisprocédureis important;otherwiseit is verydif-

1J.Am.Clicm.Soc,43,itu (1921).
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ficultto obtain uniformresults. The bulbwasthen brokenby pushingit

gentlyagainstthe wallof thocalorimeter,andthochangein temperaturewas

noted. Just beforethe bulb wasbroken,the températureexternalto the

calorimoterwasraiscdslightly(abouto.s°C)so that the températureof the

liquidafter wettingand that of the surroundingswas the same,heat loi»

wasthus tninimized. With somepracticeit waspossibleto maintainthe

températurewithinthe calorimeter(afterwetting)constantfor at least ten

TABLEI

Heat of Wetting of Carbon with Binary Mixtures

1. Benzène-Acétone 3. o-Bromonaphthalene-
Carlon disulphide

Molepercent Heatper Molepercent Heatper
ofC«H« gm.carbon ofC8t gm.caroon

0.0 28.6 eal 0.0 25.1

1.48 29.3 12.8 26.5

3.00 30.0 25.2 272
6.06 30.2 47.6 27.8

23.62 30.5S 64.4 28.5S

71.4 30.9 72.8 28.8
84.1 31.0 91-S 29.9

96.6 31.2 98.0 30.7
y* 100 32.7 100 31.2

2. Alcohol-Nitrobenzene 4. «-Bromonaphthalene-
Nitrobenzene

Molepercent Heatper Molepercent Heatpei
ofalcohol gm.carbon ofnitrobenzenc gm.carbon

0.0 31.7 cal 0.0 25.1
2.6 31.3 2.7 25.5

00.o 31.2 8.1 25.8S

36.2 31. 1 12.3 25.9

80.7 30.9 41.88 26.0
98.1 30.8 92.3 26.rr
99.5 29.1 96.oo 26.2
99.7 27.8 97.8 27.2
99.8 26.5 99.0 28.9

100 23.3 100 31.7

minutes. In ail casesthe calorimetertempératurereachedthe maximum

withintwo minutesafter the bulb was brokenand remainedconstantfor

fiveor sixminutes. Thistemperaturereadingwastakenas thefinalreading.
Theheatcapacityof the calorimetertogetherwiththat of the solidwasde-

tenninedby addinga definiteamountofeloctricalcnergyto the systemand

notingthe températurerise. In somecasesnoattemptwasmadetoequalize
thé calorimeterand roomtemperatures,but instead,thermometerreadings
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weretaken at fifteensecondintervals, and correctionsfor heat losswerenwde

by applying WhiteV formula. The two niethod» gave close agreement. In

ordor to make sure that no evaporation of liquid occurred, the heat capacity
of thé system was determinedat two hour intervals. ldontical results were

obtaincd in every case.

The results for four binary liquid systems are given in Table F, and are

plotted in Figs. 5-8.

Discussion

Froru the data obtuined two interesting faets are noted. The first is

that neither coinponontis adsorbcd cxclusivelyat any concentration, and

the second is that "positive" adsorption of each liquid occurs over a certain

range in each of the systems, the degrcc of adsorption of cach component

being dependent upon the concentration of the solution.' It thus follows

that the umial methodofmeasuring amount of adsorbed solute is not strietly
aecurate since the usual assumption regarding the non-adsorption of the

solvent is not justified. It is also évident that the determination of surface

area of adsorbents by adsorption experiments, as used by Panetli and

Vorwerk,3l'aneth and Radu,4 and Cîarner,Knight and McKie*will inost

probably give low values, even in those cases where the adsorption is not

affected by the hydrogenion concentration of the solution, becauseallowance

wasnot niade for the adsorption of the solvent.

If it bcconsideredthat surface tension,or interface tension, is thé deter-

mining factor in adsorption,and if Gibbs' theoreni can bc rigidly applied to

fsolid-liquidinterfaces,wchave for a systemcontainingan idealsolution,

u, = (dS,dlM) = i/RTdSu/dlogc,

where Ui i.sthe excessof component 1 at the interface, FI is the cheniica.

potential of component t and Ciits concentration in the bulk of the solutionl

Since the adhesion tensionA is given by the equation

Aia«=>Si St«

we have at constant température,

dA,s = dS«

as the surface tension of the solid Si is a function of température only. The

formulation

ul = i/KT dAis/dlogci

expresses then the relationof adhesion tension to adsorption,' that is, the

constituent which raises the adhesion tension of the solution against the

1J. Am.Chem.>Soo.,48,1147(1926).
This conclusionhnssincebeenconfirmée!byndsorptionexpérimentacnrriotloutin tliis

laboratorybytheinterforometricmethod.
Z. physik.Chem.,101,445(1922).

Ber., 57,1221(1924).
J. Phya.Ohem.,31,641(1927).

( BartellandHloan:J. Am.Chem.Soc,51,1643(1929;.
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xolidwillbo positivelyadsorbed. It iswellknown'that formanysolutions

the concentration-surfacetensioncurvobasa minimumpoint. liy analogy,
it is reasonable to expect the interfacialtension ourve for solid-liquid '•

Systemsto exhibita similarrelationship.Likewise,a maximumpointin the

adhésion tensionconcentrationeurvemightbe expeeted. It followsthen J
that positiveadsorptionof both componentsmay take place. It wasfound

experlinentally,*however,that in someSystemswhichshowed"positive" 1"

ad.sorptionof both components,no maximumpoint existedonthe adhésion

tension-concentrationcurve. Lettinge representthe concentrationof thé J

componentwith the higheradhesiontension,dAu/dlogcwasfoundto be

alwayspositive.» Asboth li andT arepositivequantities,UIshouldneces- Z

sarily be positivethroughoutthe wholerangeof concentration.This was

foundto bo contraryto fact. It thus followsthat adsorptionof liquidsfrom

a binarymixtureona solidsurfacecannot be completelyaceountedforby

the interfacialtension-concentrationrelationshipsalone. It shouldbe re-

utarked,however,that this is net a conclusiveproofof the inapplicability
of Gibbs1theoremasrelatedto solid-liquidinterfaces. It is wellknownthat

if a substanceraisesthe surfacetensionof the solvent,the inereaseisusually

very small. If a similaractionoccursat a solid-liquidinterface,the effect s

of thecomponentwitliloweradhésiontensionmaybesmallwhencompared =--

with that of the onehavinga higheradhesiontension. The methodavailablo

at present for the measurementof adhésiontensionmaynot be sufficiently

accurateto detect thesmallincreaseofadhesiontensionducto the addition

of a secondcomponent,(but this is notbelievedto be thecase.) Workis

beingconductedin this laboratorywhiehwillpermitof moredetaileddis-

cussionof this pointlater.

Theaboveapparentanomaly,canhowever,bc accountedfor inanother

manner. For the sakeof simplicitytheprocessof adsorptionfrombinary

mixtures may be treated by thc followingthermodynamicallyidentical

process. let the adsorbcntbe first addedto the pure liquidA, and after

equilibriumliasbeenestablished,a smallamountof liquidB, whichhasa

loweradhesion tensionagainst the solidthan A, bc addedto the system.

LiquidB willthen displacca smallamountof A fromthe solidsurfaceand

equilibriumwillagain1» reached. Thefreeenergychangesaccompanyinp

the wholeprocessare as follows:

Whatmough:55.pliysik.Chem.,39,129(1902).
BartcllandMiller:unpubliahcdrésulte,
Theadhésiontensionvalu-»ofthel:quidsused,againstcarbon,areapproximatelyai

follows:
Carbondisulphide 89.5BartcllandOstcrhof

o-Bromonaphthalcnc•« 89.2
Benzcnc = 81.1
Nitrobcnïcnc 78.7 unpublwhcd
Acetone «= 71.0BartcllandFu,unpublishml
Alcohol 56.0 unpublished
Water = 54.7BartcllandOstcrhof

r-j
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Whenthe solidis wettedby liquidA,thesolidsurface,a, witha surface

tension S>,is replacedby an equalinterfaceof interfacialtensionS». Thé

changein frceenergyat constanttempératureand pressureis representedby

JdF »
a

j
"dS a(Sit S,) -a A(,_A,

whereA(s-a) is thé adhésiontensionof A againstthe solid. Supposea

sinall amountof B is then added. Adsorptionoccursin finite time. At

zéro time, that is beforethe adsorptiontakesplace,the concentrationof A

is et and that ofB isc(. Afteradsorption,the concentrationsarc c»'and ci'

respectively. Wchâvethen c*') et,and ci' «ot.Thefreeenergychangedue

to changein concentrationisas follows:

AF« AFa+AFb

whcreAFb is thefreeenergychangedue to changein concentrationofsolu-

tionas a resultofadsorptionofB, andAFAisthat dueto the desorptionofA.

Asthe processofadsorptioninvolvesa changein concentrationof the solu-

tion, the changein freeenergyis representedby

dF
=

J Pi
vdp

1 P,

where;•is thevolumeand P the osmotiepressureof the solution. Fromthis

it followsl

AFB« AdP^-RTlog.^
JPt

v dP
?*

RT
Ci

whichis a negativequantity (n is the numberof moleculesof B removed

fromsol itionbyabsorption). In asimilarmanner

AFA-^RTlogcj'N c2

whichis positive. It is not to bcconsideredthat n and n' (the numberof

moléculesof Arestoredto thesolution)arc identicalunlessthearea occupied

bya moléculeofAisexactlythe sameasthat occupiedbya moléculeofB.

Sinceci, theconcentrationof B, is verysmallat the start, a slightad-

sorptionwillcorrespondto a largerelativechangein concentrationof B,

while the concentrationof|A remainspracticallyconstant; consequently

there is decideddecreasein freeenergydue to the adsorptionof B. VVhenB

displacesA fromthe surfacethereiaa changein freesurfaceenergy,as the

adhesiontensionsofAand B are not thesame. Thedecreaseof freeenergy

due to the adsorptionof B is (a'A,_B), andthe increasedue to the ad-

sorptionof Ais (a'A,_A),wherea' is the areaon the adsorbentwhichwas

formerlyoccupiedby A but is nowtaken up by B and (A.-B)and (A,_A)f

are the adhésiontensionsof B andA respectively.The total changeinfreo

1 Forthistreatmentit isassumodthatthesolutionisidcal,otherwiseactivityvalues
fthouldbcusedinplaceofconcentrationvalues.
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surfaceenergy isofcoursethe algebraicsum of the two changes. If, as we

have assumed, (A._A)is greater than (A,B), there is an increasein free l

surfaceenergyducto the adsorptionof B. Sincethe adsorptionofa liquid

of lowadhésiontensionfrom anotherof high adhesiontension is generally «

veryslight,' this increasein free surfaceenergyis small. Hence,it appears

that a net deereasein free energywillresuit due to the differentstepsoc-

casionedby the processof adsorption. It wasfound' that the adsorptionof

the componcntwithlowadhesiontension,B in the case in question,fromA

followsthe Frcundlich'sequation. It follows,then, that at higherconcen-

trations more13willbe adsorbedthan if but a trace of it wereprésent. As

oneincreasestheconcentrationof B,the freeenergydecreasedue to dilution

of B through adsorptionof it willbecomesmallerand smaller,whileon the

other hand, the inereaseof free energydue to displacementof A becomes r

relativelygreater. Whenthèse twoquantitiesbecomeof the samemagni-

tude there willbeno preferentialadsorptionof cither component,i.e. the

relativeconcentrationonthe surfaceofthe adsorbentwillbe the sameas that j
in the bulk of thesolution. This is reprcsentedon the curvesby the point

wherethe experimentalcurveintersectsthe dotted line. If the concentration

ofB is further increased,the decreasein freeenergydue to dilutionbecomes »

smallerthan the increasedue to displacement.Hence,B willnot displaceA ~f
fromthc surface,and A will be preferentiallyadsorbed. i

Thèsecurvesalsoshowthat eventhougha liquidwithlowadhesiontension ï

can displaceonewithhigheradhesiontension,the adsorptionof the former

isusuallyveryslight. If the two componentshavenearly the sameadhesion

tension,suchascarbondisulfideandalphabromonaphthalene,thepreferential

adsorptionis low.

It is generallybelievedthat heatofwettingis a measuroofadsorbability.

Herland Wachendorff*concludedthat lessadsorptionwilloccurfromthose

solutionsthe solventof whichhas a high heat of wetting, as the highad-

sorption of the oneeomponentwillgrcatly decreasethe adsorptionof the

other. Grimm,Raudenbuschand Wolff,4froma studyof thé heatof wetting

of silica by alcohol-carbontetrachloridemixtures,also concludedthe liquids

showinga higherheat of wetting arc more stronglyadsorbed. Whilethis

gencralizationis truc in most cases,it is by no meansuniversal. Alphabro-

monaphthalenegivesa comparativelylow heat of wetting with carbon,

but it is stronglyadsorbedfromnitrobenzenewhiehhas a muchhigherheatof

wetting. This isreallynot surprisingsincethé heat of wettingis a measure

of the total surfaceenergy changeand not the freesurfaceenergychange.

The latter is measuredby thc adhesiontension and this valuefor alpha-

bromonaphthalcneagainstcarbon ishigh.

The curvestendto confirmthe viewexpressedby Firth and Pursc*that

waterin silicagelcan be completelydisplacedby alcohol. Eventhoughthe 'â

>BartcllandSloan:J. Am.Chero.Soc.,SI,1643(1929)-
BartcllandSloan:J.Am.Chem.80c,51,t637(1929).
Kolloid-Z.,36,(ZsigmondyFestchrift)36(1925)-

«Z.angow.Chem.,41,104(1938).
»J. Phys.Chem.,30,617(1926).
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adhésion tension of alcohol against silica cannot bc determined directly,
the calculated value wasfoundby us to beonly a fewdynes lowerthan that of

water. As the twoadhésion tensionsapproach each other, noone component
will be predoniinantly adsorbed. If pun>nlcohol be continuouslyadded and

deeantedoff there is no rcasonto expect (from the présent data) that thc last

tmeo of water cannnt be completely displaced.

Summary

t. The heat of wetting of carbon with binary liquid mixtures lias been

determincdwith four différentbinary liquid Systems.
2. A method has been proposedfor the détermination of the fractional

part of total surface of adsorbent possessedby cach of thc two components.

3. It was found that in no case was ctthor one of thé liquids in a given

sy.stcni"exclusively" adsorbni. The component with the higher adhésion

tensionwas adsorbed preferentiallyover a widc range of concentration while

thé component with the loweradhésion tension was preferentially adsorbcd

only at low concentrations, in small amounts, and over but a narrow con-

centration range.

4. The applicability of Gibbs adsorption thcorem to solid liquid inter-

faces has been discussedand oneof the discrepancicsbetweentheory and fact

pointedout.

5. The thermodynanùcal relations which must cxist in the process of

displacementfrom the adsorbedstate of one liquid by another werepresented.

6. The gênerai relatioaship whieh exists between heat of wetting and

adsorption was discussed.

Chemicalhibomlory
UnkersUyofMiclrigan
AnuArhor,Michigan



THE RÔLEOFHYDROGKNIONCONCENTRATIONIN THE PRE-

CIPITATIONOFCALCIUMANDMAGNESIUMCARBONATES*

HVli. P.CADY,(1EOHOKKKMMKKKHANDMARYEI.VIBAWBKK8**

ThcpHvalueat whicha solutionofcalciumacidcarbonateprecipitates
out calciumcarbonatedependsonthe concentrationoftotal calcium,and a

solutionwhichcontainscalciumcarbonateas a solidphasewillbeginto

precipitateat a muchlowerpH valuethanonewhichdoesnot containthé

oolidphase. Henceit wasbelievedthat, inviewof thegreatimportanceof

carbonateequilibriain naturalwaters,a quantitativestudyofthe decreasing

hydrogenionconcentrationofpuresolutionsofcalciumacidcarbonateandof

magnésiumacidcarbonateduringprecipitationwouldbcofvalue.

Trcadwelland Reuter1determinedthesolubilitiesof the acidcarbonates

of calciumand magnésiumat variouspartialpressuresof carbondioxide,
and foundthat, whcnthe partialpressurewasnegligible,the calciumand

carbondioxidewereprésentin solutioninexactlythe ratioto formcalcium

acid carbonate. In magnésiumsolutions,howcver,the magnesiumprésent
whenthépartialpressureofcarbondioxidewasimmeasurablysmallwasin

races»ofthat necessaryto fonnmagnesiumacid carbonatewith the carbon

dioxideprésentinthé solution, GreenfiVldandBaker2measuredcolorimetri-

callythepHvaluesofwatersamplesofknownfreecarbondioxideandcalcium

acid carbonatecontent. Fromthe equilibriumequationfor the firstdisso-

ciationofcarbonicacid,GreenfieldandBakerdeducedthefollowingrelation:

m -V5X ,cr« (frccCO,) + 1 X to-8v
(bicarbonateCOt)

wherc (freeCOj) and (bicarbonateCOj)are both expressedin parts per
million. Auerbachand Pick*workedout thefollowingequilibriumequation

for the system,CaC03:Ca(HCO,)s:

(H+)
l/k'k*

+( "^T*
bk' 4br a + 2b aa + 4b aa + 4b

wherea denotesthe bicarbonatecarbondioxideand bthe carbonatecarbon

dioxideinpartspermillionandkiandk«arethefirstandseconddissociation

constantsofcarbonicacid. GreenfieldandBuswell4determinedthepHvalue

ContributionfromtheDepartmentofChemistryofthel'niversityofKansas.
Froma dissertationpresentedbyMaryElviraWeeksinpartialfulfilmentofthe

requirctnentsforthedegreeofDoetorofPhilosophyat thol'niversityofKansas.This
workwasbegununderthédirectionofProfessorKcmmererat thel'niversityofWisronsin
andcompletedunderProfessorH.P.Cadyat thel'nivereityofKansas.ProfessorKem-
morerhasdiedsincethismanuseriptwassubmittedforpublication.

1 Treadwellandlicuter:Z.ar.org.Chem.,17,109(1898).
3CireenficldandBaker:J. lnd.Eng.Chem.,12,989(1920).
AuerbachandPick:Arb.kais.Oesundh.,38,343(1912).

1GreenfieldandBuswell:J.Am.Chem.Soc.,44.1435(19221.
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at whichcalciumand magnésiumcarbonatescanbeprecipitatedfromsolu-

tionsof their acid carbonatesduringelectrometrictitration with calcium

hydroxidesolution.

Apparatusand Materials

A solutionof calciumacidcarbonatewaspreparedby addingsuiallpor-
tionsofa saturatedsolutionofcalciumhydroxide(madefromignitedcalcium

carbonateof C.P. grade) to a chilled,saturatedsolutionof carbonioacid.

('arbondioxidefroma cylinderwasbubbledthroughthe solutioncontinu*

ouslyto preventit frombecomingalkallne. Theportionofthe calciumacid

carbonatesolutionto be usedwasfilteredto makecertainthat no calcium

carbonatewasprésentas the solidphase. The carbondioxideusedin pre-

paringthe solutionwas bubbledthrougha solutionof pyrogallolin sodium

bicarbonateto removeoxygen. A portionof the carbondioxide,collectée!

overboiledwater,whenanalyzedto test the efficiencyof this methodofre-

movingoxygen,wasfoundto containonly0.19%of that gas. The oxygen
dissolvedin the calciumacid carbonatesolution,as determinedby the

methodof L. W. Winkler1amountedto 0.002gramper liter. Thefollowing

analyticalresultswereobtainedfor the calciumacidcarbonatesolution:

MgO nil CI- nil

S04~ nil Fe 0.00036gm.per 1.

Themagnésiumacid carbonatesolutionwaspreparedina similarmanner

frommagnésiumoxideof C. P. grade. The analysisof the MgOgavethe

followingresults:

CaO nil Cl" 0.43%

S0r~ nil Fe 0.25%
The mercuryused in the calomelhalf-cellwasdistilledby themethodof

Hulett,*and the calomelwaspreparedfrom the C. P. gradeby repeated

washingwith distilledwater. The potassiumchloridewas re-precipitated

bypassinghydrogenchlorideintoa saturatedsolutionof the C. P. salt,and

subsequentlydecrepitatingto expelhydrochloricacid and moisture. The

voltageof the normalcalomelelectrodereferredto the normalhydrogen
électrodeas zérowastakento be0.282gvoltat 330and0.2848voltat 25°.

The hydrogenélectrodeswereplatinizedin a 3% solutionof platinum
chloridecontaining0.02^ of leadacetate. Contraryto frequentstatements

inthe literature,it wasfoundthatleadacétateisnecessaryfortheproduction
ofa velvetydepositof platinumblackand that, providedthat the solution

iskeptscrupulouslyclean,suchdepositsareentirelysatisfactoryforhydrogen
electrodemcasurements.ThisfactbasbeenpreviouslynotedbyBeansand

Hammett.3The électrodeswereplatinizedforeightminutes,withreversais

ofthecurrenteverythirty seconds.A freshportionof thedilutesulfuricacid

in whichthe électrodesweresubsequentlyelectrolyzedwasusedcachtime.

Olddepositswerealwaysdissolvedoffwithaquaregiabeforercplatinizing.

1Winkler:Bcr.,21,2843(t888).
Hulett:Z.physik.Chem.,33,611(1900).

»BeansandHammett:J. Ara.Chem.Soc.,47,1215(1925).
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The distilledwaterused in makingthe standard solutionswasboiled

vigorouslyfor threehours,a slowcurrentof carbondioxide-freeair being

drawnthroughduringthecooling. StandardN/44 solutionsofhydrochloric
acidand sodiumcarbonateweremadeupwiththis carbondioxide-freewater.

An N/4.4 solutionof hydrochloricacidwasalsopreparedfor titratingtho

samples taken fromthe magnesiumacidcarbonatesolution. AUstandard

solution werekept in bottlesprovidedwith soda-limetubesand arranged

so that burettescouldbe filledwithoutaccessof carbon dioxide. The

sodiumcarbonateusedformakingthe standardsolutionandforstandardizing

the hydrochloricacid solutionwas preparedby heatingchemicallypure

sodiumbicarbonateforhalfanhour at a températureof about3oo"C.The

indicators thymolblue-cresolred and bromphenolblue werepreparedas

recommendedby Simpson.1The buretteswere calibratedby the United

States Bureauof Standards.

A two-literaspiratorbottle A, fittedwith rubber stoppers,hydrogen

electrodeandglasstubesas shownin Fig.t, wasusedas reactionchamber.

The stoppersweresecurelytiedonto preventaccidentalcontaminationofthe

calciumacidcarbonatesolutionwith waterfromthe thermostatbath. The

hydrogenelectrodeH madeof 7 mm.Pyrextubing wasstrongenoughso

that it couldbeslippeddownthroughthe snugly-fittingrubberstopperas

the removalof samplesfor titration eausedthe levelof the solutionin A

to fall. AUrubberconnectionswereboiledin sodiumhydroxidesolution

to remove sulfides. Hydrogen,purifiedby bubbling throughsuccessive

towersofalkalinepyrogallol,dilutesulfuricacid,distilledwateranda calcium

chloride tube C containingabsorbentcotton,entered the reactionchamber

through the glasstube a. Part of thehydrogen,after passingthroughthe

purifying train,bubbledthroughthe two-literWoulffbottleW, whichcon-

Simpson:lad.Kng.Chem.,W,709(«9*4)-
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tained someof tlic saine solution as that in A. By placing a 3-em. length of

capillary tubing inside the rubber tubing at each of thc pointsc, and by slip-

ping tube f up or down through the rubber stopper, the hydrogencould be

made to bubble vigorously into A through the glass tubes a and d simul-

tnncously, thus providing adéquate stirring. The glass tube b served as an

outlet for the hydrogen and for the carbon dioxide which wasdisplaced from

the calciumacid carbonate solution. The connection with the calomel cell

was made by mcans of the glass tube e and the 7-ctn. crystallissing-dish1)

containing a saturated solution of potassium chloride. Tho pinchcocks pi
and ps on the rubber connections were kept closed while the level of the

potassium chloride solution in l) was adjusted to prevcnt diffusion into

thc tube c. This was accomplished by raisins or lowering the platform

support on which thc dish D was placed. The pinchcock p»was used for

permanent!)' closing thc rubber tube r after thc glass tube e and thc glas»

tip T had beenfilledby suction. Saniples for titration wereremoved from A

by temporn'ily closing the rubber tube ijwith a screw-cock,and allowing the

hydrogen to force the solution out through thé rubber tube .S. The water

thermostat Hwas held to within ± o.°i 5Cby means of a mercuryregulator.
The potential of the hydrogenelectrode was read by meansof a Leedsand

Northrup student potentiometer and a standard Weston cell,whichwas kept

packed in absorbent cutton. The electromotive force of this cell was found

by eomparisonwith a similar United States Bureau of Standards cell to be

1.01814voltsat 28.6sC. Adial-form résistance boxof ton thousandohmsin

onc-ohmstopswas used in setting the potentiometer so that the portable gal-
vanometcr wouldgive zérodeflection. The sensitiveness of the galvanometer
was sufficient to permit the use of the potentiometer to its full limit of

accuracy.

Experimental Method

The hydrogen served the three-fold purpose of saturating thc platinum
black of the electrode, displacingcarbon dioxide from the solutionof calcium

acid carbonate, and stirring thc solution.

The changes in the composition of the solution were studied by means

of frequent observations of the pH value and déterminations of free and

bicarbonate ('(). andlater, (after the solutions became alkaline to thymol
blue-crcsolred), of the carbonate C'OS. The free C()a was determinedby the

method of Seylor,1using a 100 ce. stoppered, volumetric fla.skwith a bulb

blown above thé mark, as recommended by Tillmanns and Hcublein,3 to

prevent loss of C()2. Sarnples containing free CO2 were collected directly
in the volumetrie flask and titrated imtncdiately; those whichwere alkaline

to thymol blue-crcsol red were filtered rapidly through a dry filter, as a

precipitate of calcium carbonate would interfere in the titration. Since the

portion of the filtrate whieh first passed through the filter wasrejectcd after

being used to rinse thc 100ce. flask, the change of concentration duc to ad-

1Scylcr:Analynt,22,312(1897).
TillmannsandHetiblein:Z. N'Ahr.u. <«onu«sm.,24,439(1911).
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sorptionby théfilterpaperwaseonsideredto benegligible.The numberof

cubiocentimotcrsof N/44 Bodiumcarbonatenolutionrequiredto producethe

bluecolorof the thymolbluo-cresolredend-pointgives,whenmultipliedby

five,the concentrationof free CO»in parts per million. The bicarbonate

CO»wasdeterminedonthe samesamplebythe Hehner1method,thenutnber

of cubiccentimetersof N/44 hydrochloricacidsolutionrequiredto produce
the bromphenolblue end-pointgiving,whenmultipliedby ten, the number

of parts permillionof bicarbonatecarbondioxide. The carbonateCO»con-

tent of solutionsalkaline to thymolblue-cresolred was determinedby
titratingwithN/44 hydrochloricacidsolutionuntil the bluecolorchanged
to yellow. Thenumberof cubiccentimetersofacidnrultipliedby ten gives
the parts permillionof carbonatecarbondioxide. The titration wasthen

completedwith bromphenolblue as indicator. The numberof parts per
millionofbicarbonatecarbondioxidewascalculatedby subtractingfromthe

total volumeof acid used to producethe brompbenolblueend-pointtwice

the volumeof acid requiredfor obtainingthc thymolblue-cresolred end-

point,and multiplyingby ten.

The acidityof the filter paper wasdeterminedby titrating samplesof

distilledwaterbeforeand after filtration,0.05ce.of N/44sodiumcarbonate

solutionbeingrequiredto titrate theacid dissolvedfromthe filterpaper.
Thiswouldamountto 0.25ofa part permillionoffreecarbondioxide,whieh

is lessthan theexperimentalerror. Thetitrationsof thesesamplesof water

wereconsidcrablymoreaccurate thanthose of the highly-bufferedsamples
of the calciumacid carbonatesolution. Moreover,the rejectionof the first

portionof the filtratemadethe errordueto acidin the filterpaperentirely

negligible.
ThepH valueof the solutionin theréactionchamberA wasdetermined

beforeand after the removalofeachsamplcfor titrationand, whenthe pH
wasnot constant, interpolationwasmadeover thé short time intervalbe-

tweenrcadings. In the experimentswhichweremadeto test the Greenfield

and Bakerequation,the escapinggaswasalsoanalyzedat fréquentintervais

in orderto correctthe observedvalueof the pH for the partialpressureof

carbondioxide. The carbondioxidewas determinedwith the aid of an

absorptionpipette containinga solutionof potassiumhydroxide. Sincc,

exceptforsamplescontaininglargeamountsof freecarbondioxide,this cor-

rectionwasfound to be within the expérimentalerror, the gas was not

analyzcdin the later experiments,whichweremadeprimarilyto détermine

the pHvaluesat whichprecipitationwouldoccurin solutionsofvariouscon-

centrationsoftotal calcium,computedas the oxide.

Bovieand Hughes*state that whenhydrogenelectrodesare used con-

tinuouslyfora longtime they mayfaitto functionbecauseof poisoningby
mercuricion,tracesofwhichdiffuseoverfromthecalomelcell. Thecalcium

acid carbonatesolution in the reactionchamberA was tested, however,

1Hehner:Analyst,8,77(1883).
1BovicandHughes:J. Am.Chem.Soc.,45,1904(192.1).
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withammoniumsulfi.desolutionand, even afterrans lastingseveraldays, no

traceofmercuricionwasfound. Wheneveran unexplainedfallin the appar-
ent pH valueof the solutionwas obscrved,the hydrogenelectrodewas re-

b
placed by a freshly-platinizedone.

ExperimentalData

As the hydrogenbubbledthroughthe solutionof calciumacidcarbonate
the pH rose ratherrapidlyuntil, after a fewhours,the freecarbondioxide

had been practicallycompletelydisplaced. When the solutionwas very
j't..t- ~i.- --< t-t~– -t--– –_
dilute,the only furtherchangeswere
a verygradual loasof carbondioxide
at theexpenseof thebicarbonate,and
a correspondingriseof the pH value.
After the solutionreacheda pH value }
of 8 (i.e, becamealkalineto thymol i:
blue-cresolred), it consistedof cal- i
ciumcarbonateandcalciumacid car-

1
bonate. Withmoreconcentratedsolu-

p-tions of calciumacid carbonate the

solubilityproductofCa++and CO»~
wasfinallyexceeded,and calciumcar-

bonateprecipitatedout.
The pH valueof the solution re-

mained nearly constant during the

precipitation,and increasedagain as
lossofCa++becamemoregraduai.

A comparisonof thé curves, (Fig.
2) showsthat the pH valueat which

precipitationoccursisa functionof the

originalconcentrationof the solution

with respect to calciumoxide. To [

showthis relationmoreclearlythe pH
valuesat whichprecipitationoccurred

havebeenplottedasordinatesagainstthé correspondingconcentrationsof
CaO as abscissae,(Fig.3). The curve showsthat the precipitationvalue

of the pH is a linearfunetionof the CaO concentration.Henceif the cal-

ciumoxideconcentrationofagivensolutionisknown,thepH valueat which

it willprecipitateoutcalciumcarbonate maybe calculated(at least within

the rangecoveredbytheseexperiments)fromthe equationfor the curve:

pH = –0.0028 (CaO)+ 8.79,

where(CaO)isexpressedin partsper million,TableI.

In fourteen experimentsthe pH values were also calculatedfrom the

Greenfield-Bakerequation. It willbe notedthat for highconcentrationsof

carbondioxidetheobservedvaluesof the pH are lowerthan the calculated

ones. This maybeduein part to the inabilityof the hydrogenelectrodeto
r
1
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Table I

Data for Fig. 3

p.p.m. CaO Précipitationpli p.p.m. CaO Precipitationpli

123-3 8-44 239.3 8.10

133 8.41 270 8.io(?)

igo 8.26 385 7.70

213.7 8.19 267.2 8.04

immediatolyadjust itsclfto the rapldlychangingconditionof thosolution.
Thedisercpancyis partlyduealsoto the partial pressureof carbondioxide
abovethesolutionbut,evenwhenthecarbondioxidein theescapinghydrogen
wasdeterminedandthocorrespondingcor-

rectionsweremade,thepH valueswero

still low.Forsmallconcentrationsof car-
bondioxidetheobservedpHvaluesfallon
the theoreticalourve,the slopeof which

in this régionis verygreat. In Table II

the pH valueswerealsocalculatedfrom
the Aucrbach-Pickequationfor the car-

bonate-bicarbonateequilibrium.Hère,

again,theobservedvaluesarelowerthan
the calculatedones;but, sincethe slope
of the curve is verygreat, eloseagree- 1

mentis not to be expected.Theeurves

plottedfromobservedvalueslieeloseto the

corrcspondingtheoreticalcurves,Fig.4..1.6 .n.

TableII

Température 33*0

Half
Bound Total Carb.

FreeCo, COt CaO COt pHOb- pHCal.
Sample p.p.m. p.p.m. p.p.m. p.p.m. served culated

1 118.85 103.90 «32.3 6.12 6.56
2 80.85 100.45 128.0 6.55 6.73

3 56.5 104.2s 132.8 6.75 6.87

4 38.60 104.5 U3-I 6.86 7-02

5 t6.t5 103.65 132.4 7.36 7.34
6 3.50 105.1 133.9 7-8? 7.75
7 0.00 105.45 134.4 0.00 8.t4 8.00
8 0.00 100.35 '32-55 3-7° 8.30 8.49
9 0.00 95.65 134.3 9.70 8.42 8.93

10 0.00 94.1 131-77 0.10 8.46 8.91
11 0.00 66.48 91.08 g. 10 8.4t

12 0.00 57.85 73.68 5.70 8.43

13 0.00 55.35 70-5 2-10 8.44
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In thé elevenexperimentswhichfurnishedthédata for Fig. 5 the ther-

mostatwasmaintainedat a températureof 2 $T. Theéquationfor t he linear
curveexpressingthe relationbetweenthe concentrationof total calcium

1

oxideand the precipitation value of the pH is: j
i

pH » -0.0028 (CaO) + 8.745
1

The pH value at whieh a calcium acid carbonatesolution of given calcium

oxidc concentration precipitates calcium carbonate is inercased 0.045 of a

Sôrcnsenunit for a temperature increaseof 8°C. The température correction 1

of the 100ce. flask in which the samples weremeasured increasesthe values

obtaincd at 33°C by one part per million,Table III.

1

Table III j
Precipitation Data at as°C

p.p.m.CaO PrécipitationpH p.p.m.CaO Précipitationpli

170.9 8.a8 251.2 8.03

154.0 8.3t 3<>49 8-°2

214.0 8.27 H4-3 8.55

224.9 8.14 257.3 7 «97

245.6 8.oi
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PrecipitationofMagnesiumCarbonate

Whenhydrogenwasbubbledthrougha solutionofmagnésiumacidcar-

bonate,the pHincreasedrapidlyas thefreeCO4wasbeingdisplaced.With

verydilutesolutionssuchas tlveoneusedinTableIVtheonlyfurthcrchange

was the loss ofbicarbonate,with resultingincreaseof carbonate,carbon

dioxide. In TableIV, carbon dioxidewasvery slowlybubbledinto the

magnésiumbicarbonatesolutionandthendisplacedwithhydrogen,Fig.6.

TABLE IVTABLEIV

»«« “
Frco Bound Carb. Total
CO, CO, CO, MgO pHOb. phCal- i

.Sumple p.p.m. p.p.m. p.p.m. p.p.m. aerved eulated

1 161.7 68.6 au. o 8.87
2 nottitrated 68.66 8.94 t
3 160.15 68.8 209.7 8.83
4 180.5 S»-» au.i 8.69
5 206.as 24.8 au. 6 8.43
6 223.8 6.0 210.S 8.04
7 6.40 229.6s 210.4 7-68 7-78
8 11.65 225.95 207.0 7-38 7.66
9 16.0 226.is 207-2 7 -29 7S8
10 23.85 228.0 208.8 7.17 7.47
IIr nottitrated 226.50 207.5 S-^S

u 221.0? 6.17

13 80.2 228.65 209.5 6-8o 7.04

14 47.55 230.00 210.7 7°S 7-24
15 33-45 nottitrated 7.15

16 25.05 232.10 212.6 7.24 7.46

17 ai. 15 232.55 213.1 7-3S 7-Si
18 16.45 230.7 211.3 7-48 7-S8
t9 176.85 29.4 189.0 8.60
ao I/6.4S 3i-6 '90-7 8-°3 i

TABLEV
Half

Krec Bound Carb. Total
CO, CO, CO, MgO pHOb- pHCal-

Sumple p.p.m. p.p.m. p.p.m. p.p.m. œrvcd eulated

1 144.55 2350. s 2062 7-5» 7-6'

2 2196 53 2060 8.01

3 2093 154 «OS8 8.1a

4 1820 428 2059 8.33

5 1744.5 371 !938 8.35

6 I4I5-S 3«7 IS87 8.42

7 1252 247 1374 8.45

8 1024 245 1163 8.57
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In Table V and Fig.7 an inftectionappearedin tbe carbonatecarbon
dioxidecurve. With inercasingpH value the carbonateinercasedat thé
expensoof the bicarbonateearbondioxideuntilprecipitationofmagnesium
carbonatebegan. Afterthispointthemagnésiumcarbonatewasapparently
taken outof solutionfasterthan it wasproducedby lossof earbondioxide
frommagnesiumacid carbonate. The rate of precipitationofmagnesium
carbonatefrom thèse supersaturatedsolutionsis very great as compared
withthe slowtransformationofmagnesiumbicarbonateinto thecarbonate.

In Fig.8 is plottedthecurveexpressingthe linearrelationbetweenthe
concentrationof total magnesiumoxideand the precipitationvalueof the
pH, TableVI. Theequationforthis lineis:

pH = –0.00033(MgO)+ 9.12a

TABIEVI

Data for Fig. 8

p.p.m.MgO Precipitationpli p.p.m. MgO Precipitationpli
1846 8.48 1051 8.77

1303 8.73 2400 8.33
1458 8.62 2058 8.40
1141 8.75 207s 8.43

DiscussionofResults

It isevidentfroma studyof the curvesthat magnesiumcarbonatein-
creasesat the expenseofmagnesiumacidcarbonatemorerapidlythan does
calciumcarbonateat the expenseof calciumacidcarbonate. In solutions
of calciumacidcarbonatethe bicarbonatecarbondioxidebeginsto decrease
onlywhenthe precipitationvalueofthépH hasbeenreached. Inmagnésium
acidcarbonatesolutions,however,the bicarbonatecarbondioxidebeginsto
decreaselongbeforethisprecipitationvaluehasbeenattained. Theresults
are thus in accordwiththepreviouslymentionedobservationsofTreadwell
and Reuter. Thèseauthorsfoundthat a saturatedsolutionofcalciumacid
carbonatecontainsfrom1.13to 1.17gramsof calciumoxideperliter. The
mostconcentratedsolutionswhichwcstudiedweretheroforenotmore than
half saturated. It is difficultto obtainaccurateanalyticalresultswithsolu-
tionsmoreeoneentratedthanthisbecauseofseparationofcalciumcarbonate
assolidphaseduringtitration. Magnesiumcarbonate,becauseofits greater
solubility,precipitatesoutat muchhigherSôrensenvaluesthandoescalcium
carbonate.

Exceptfor lowconcentrationsof freecarbondioxidethe pHvaluescal-
culatedfromthe Greenfieldand Bakerequationarenot in accordwith the
observedvalues. It is possible,however,that in thèseacid solutionsthe
hydrogenelectrodewasunableto adapt itselfto therapidlychangingpoten-
tialof thesolution. ThepHvaluescalculatedfromtheAuerbach-Pickéqua-
tion are also not in accordwith the observedresultsforsolutionsalkaline
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to thymolblue-cresolred. Greenfieldand Buswell'foundthat whentheir

solutionof calciumacid carbonate,(the concentrationof which was not

definitelystated),was titrated witha one-tenthnonnalsolutionof calcium

hydroxide,precipitationof calciumcarbonateoccurredat a Sôrensenvalue

slightlyabovopH 7. It innot to be expectedthat these two methodsof

precipitatingcalciumcarbonatewouldyieldthésameresult. Greenfieldand

Buswellobservedthat, evenwiththeir chemicalmethod,severalhourswere

requiredforcomplèteprécipitation;preoipitationcausedby bubblinghydro-

Kenthroughthe solutionia still slower,however,requiringdays insteadof

hoursforcompletion.
Someof the calciumacidcarbonatesolutionsshoweda «lighttendeney

to riseto an abnormallyhighSôrensenvaluejustas precipitationwasbe-

ginning,and in the magnesiumacidcarbonatesolutionsthis behaviorwas

well-defined.Thèsehigh valueswereprobablydueto supersaturation,but

a precipitateofmagnesiumcarbonatewasalwaysplainlyvisiblelongbefore

the pH hadfallen to it» normalprecipitationvalue.

Summary

1. The pH valuesof solutionsof calciumacidcarbonateand of mag-
nésiumacidcarbonateof varyingconcentrationhave been observed,the

formerat twodifférenttemperatures.
2. Theprecipitationvalueof the pH hasbeenfoundto bea linearfunc-

tionof theconcentrationof the solutionwithrespectto total calciumoxide

or magnésiumoxide.

3. Empiricaléquationsforcalculatingthe pHvalueat whicha solution

of knownconcentrationof calciumoxideor magnésiumoxidewillprecipi-
tate hâvebeengiven.

1CireenlieldandBunwell:J.Ain.Chem.,44,1435(I9«)-



THE FKEESSINCPOINTSOFAQUEOUSSOLUTIONSOFTHK

HAUDESOFCADMIUM

BYFREDEK1CKH.OBTMAN

It waspointedout in a precedingpaper1that, in consequenceof the lack

of dependablefreezingpoint data for solutionsof cadmiumiodide,it was

impossibleto check the values of the activity coefficientsderivedfrom

olectrotnotivoforce measurementswith thosecalculatedfromthe freessing

pointsof the samesolutions.Witha viewto securingtrustworthydata as a

basisfor further caleulationsof activitycoefficientsof cadmiumsalts, thé

followingseriesof freezingpointmeasurementswereundertaken.

The modem methodsemployedfor precisemeasurementsof freezing

pointsinvolvetwo fundamentalimprovementsover the procédurefollowed

by Raoult8and his contemporariesin their pioneerworkin this important
ficld. Thèse improvementsare (i) thé substitutionof thermocouples,or

clectricalresistancethermometcrsfor the ordinarymercurythermometer,
and (2) the determinationof thé actualconcentrationof the solution in

contactwith the solidsolvent,whenthennalequilibriumis finallyestab-

lished.

Apparentlythe firstto replacethe mercurythermometerbythe thermo-

couplewas Hausrath.1 Other investigatorswho have employedthermo-

couplesfor precisefreezing-pointmeasurementsare Ogaka*,Jahn,*Dixon,8

Flûgel/ Adams,"Harkins.»Itandall and Vanselow,10and Hovorka and

Kodebush."

The platinum resistancethermometerwas first employedfor freezing-

pointdéterminationsby Griffiths"and subsequentlyby Bedford,"Barnes,

Archibaldand Mclntosh,"Elliott15andrecentlybyChadwell.1»

1Cictman:J. Phys.Chem.,32,945(1928).
Kaoult:Compt.rend.,1878tu 1886;Ann.Chim.l'hy».,(5)20,27;(6)2,4,8 (18K01

t<>(1899).
Hausrath:Ann.Hi.vsik,(4)9, 533(1902).

<Osaka:Z.physik.Chem.,41,560(1901).
Jahn:Z.physik.Chem.,59,31(1907).
Dixon:Proc.Koy.Soi'.Dublin,13,49(19m.i.

FlOgcl:Z.physik.Chem.,79,577(19").
Adams:J. Am.Chem.Soc,37,481(1915).
Harkiiw:J.Am.Chem.Soc.,38,2643-3717(1916).

»RandallandVanselow:J.Am.Chem.Soc.,46,3418(1924).
11HovorkaandRodchuah:J. Am.Chem.80c.,47,1614(1925).
»Griffiths:J.Chem.Soc.,«011,351(1891).
13Bedford:Proc.Roy.Soc.,83A,454(1910).
14Dames,ArchibaldandMclntoah:J.Am.Chem.S»r.,27,47(1905).
>'Klliott:J. Phys.Chem.,28,611(1924).
Chadwell:J. Am.Chem.Soc.,49,3795(1927».
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AlthoughUoloff"appearsto have.beenthe pioneerin determiningthe

exactcompositionofthesolutionin contactwiththe solidphasewhen equi-

libriumwasattained^tremainedforHicbards"topointout thogreatauperior-

ityofthisprocédureoverthat followedbyKaoultandhiscontemporaries.In

all ofthe recentandmoreaccuratemeasurementsof the freesingpoints of

solutions,Itoloff methodwith thé experimentalrefinementsintroducedby
Richardshavebeenfollowed.

Apparatusand Materials

In the present investigationall temperatureshave beenmeasuredby
meansof a platinumresistancethermometerin conjunctionwitha Mueller

bridgeand high sensitivitygalvanometermanufacturedby the Leeds and

XorthrupCompany. Both bridgeand thermometerwerestandardizedby
the Bureauof Standards. The thermometerhada resistanceRo,in mclting
iceof25.471internationalohms,a fundamentalinterval,F, of9.951inter-

nationalohmsand a value8in the familiarCallendarformulaof1 .49. The

bridgewascertifiedtobeaccurateto within0.00005ohmsunderthe spécifiée!
conditions.Duringthe entireseriesof measurementsthe variationin the

températureof the bridgewasmaintainedwithinthe limitsguaranteedby
the manufacturerto be withoutappréciableeffectupon the accuracyof the

resistancecoils. By includingin thé circuita suitableexternalrésistance,
the currentflowingthroughthe coil of the thermometerwasreduced to

approximately3 inillianiperes.With the précautionswhiehhavebeen taken

to maintainconstantconditionsin the circuit,'it is believedthat the tem-

pératuremeasurementsareaccurateto 0.00050.
Thetemperatureswerecalculatedby meansof the formulasdeveloped

by Callendar,

looCRt R.),
p F

and
t -pt = »(– i)(– Y

and Pt \ioo /\ioo/'

whercRtandR. arc therésistancesof the thermometerat thetemperaturet

and inmeltingice respectively,and whereF is the fundamentalinterval,
or différencebetweenthe resistanceof the thermometerat ioo°and at o°.

The true temperature,t, can bc calculatedfromthe so-called"platinum

température,"pt, by meansof the secondof the aboveformulasin which

8dénotesthe thermometerconstant,t .49.
Adiagramof thefreezing-pointapparatusis shownin Fig.1. An unsil-

veredDewarCylinder,A, 21cm. deepand 6 cm.in diameterwasemployed
as the freczingchamber. This cylinderwasfitted with a rubberstopper

throughwhiehpassedthe platinumresistancethermometer,B,a stirrer, C,
a droppingfunnel,D, for introducingthe solution,and a pipette, K, for

»Koloff:Z.physik.Chem.,18,572(1895).
"Richards:J. Am.Cheni.Soc.,25,i9t (l<jt>i).
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withdrawing«amplesof the solutionfor analysisafterequilibriumhadbeen

establishedwiththe ice. Thestirrer,0, consistedofan annulardiseofbrass

perforatedat rcgular intervalswithcireularholes. The stirrer and con-

nectingstem wereheavilyplatedwithgoldand thestem wasfitted witha
t 11o_

removableinsulatinghandle. Thetipof the

pipette,E, wasdrawnout to a capillaryto

preventthé passageof small fragmentsof

iceinto the samplesof solutionwithdrawn

foranalysis. Theflattenedsilvertubecon-

tainingthccoiloftherésistancethermometer

wasprotectedfromanypossiblechcmicalre.

actionwiththesolutionsby meansofa thin

coatingof a celluloselacquer known as

"zapon." This lacquer was applied by

dippingthe tube in the liquid and, after

allowingthe excessof zapon to drain off,

placingthe tubein a verticalposition,thus

permittingtheadheringfilmto dryslowlyin

the air. Whenpcrfectlydry, the tubewas

redipped,permittedto drain,andtheadher-

ingfilmof laequerallowedto drywith the

thermometerclampedin an invertedvertical

position. This procedureinsuredthe seal-

ingof any minuteporesin the filmwhich

mightremainafterthe initialdipping.This

methodoftreatmentprovedtobemostsatis-

factory,theoriginalcoatinghavingremained
intactthroughoutthe entireseriesofexperi-
ments. The freezingvessel. A, wasplaced
co-axiallywithina largebatteryjar, F,which,
when filled with a suitable mixture of ice and salt, served to maintain the

température surrounding thc cylinder, A, slightly belowthat of the equilib-
rium mixture in A. The température of the coolingmixture in F wasread

on a Beckmann thermometer, G. The outer vessel was insulated with a

laggingof thick felt.

Freshly-distillcd conductivity water was employed in the preparation
of the solutionsand also in freezingthe ice with whiehthe solutionswerc to be

inixed.The ice required foreach seriesof dcterininationswasobtainedbyfrecz-

ingconductivity water in appropriate shallowtrays in an clcctric refrigerator.
The salts employed in thc préparation of thc solutions were commercial

products of elieinically pure grade and were subjectedto further purification

by rccrystallization before use.

Experimental Procedure

In carrying out a détermination of the frcczingpoint of the pure solvent

atone, the outer vessel, F, was nearly filled with a mixture of ordinary finely
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erushediceandwaterand thé Dewarcylindcr,A, put in place,as shownin

Fig.i. Aportionof thopureicewasthencrushedto a snow-likemassina

cleanelothbagwhich,afterwashingwithdistilledwater,wasintroduoodinto

A withsufficientcooledconductivitywaterto producea mixtureof rfush-

likeconsistent*.Havingassembledtheapparatusas shownin Fig. t, and

havingthoroughlystirred the contentsof A, tho résistanceof the ther-

mometerwasmeasuredat frequentintervalsuntil it remainedconstantfor

at least twentyminutes. Thisconstantvalueof the résistancewas taken

as Ug. The valueof Hoas thusdeterminedwascheokedbeforecachséries

ofmcasurementsand anextrêmevariationoflessthan 0.0004ohmwasnoted

duringa periodof oversixmonths. Thevalueof the frcejdngpoint of the

swlventhavingbeen detennined,a previouslycooledportionof a concen-

tratedsolutionof one of the saltsunderinvestigationwasgraduallyintro-

duced,withconstantstirring,intothémixtureof iceandwaterin A and a

preliminaryreadingof the résistanceof the thermometertaken. Sufficient

cominonsalt wasnowaddedto thecoolingbathin F to insurea temperature

severaltenthsofa degreebelowthat oftheequilibriummixturein A. Read-

ingsweretaken at brief intervalsuntilthe résistanceremainedunehanged

fora periodof fully fifteenminutes,whenthisconstantvaluewas takenas

lt,. A 20 ce. sanipleof the equilibriumsolutionwasthen withdrawnby

meansof thc pipette, K,andthecontentofcadmiumsaltdetermined.The

analyticalprocedureadoptedfor the determinationof the concentration

of the solutionswas to evaporatethe solutionsto drynessandthen heatin

an electricoven to constantweight. By adding successiveportions of

precooledsolution and water thé températurescorrespondingto other

cquilibriummixturescouldbv determinedin a similarmanner. Through

th» exorciseof care in the choiceof the volumeand concentrationof the

solutionsadded to the icc and watermixture,it waspossibleto effectann

overlappingof the freezingpointdata insuccessiveseriesofdetenninations,

therebycheckingthe accuracyof the measurements.Owingto the hygro-

scopiccharacterof the chlorideand bromideof cadmium,considerablecare

wasnecessaryin order to insurethe removalof the last tracesof moisture

fromtheresidues,in thedeterminationoftheconcentrationofthecquilibrium

mixtures.

ExperimentalData

Thevaluesof the dépressionsof thefreezingpointofwaterprodueedby

solutionsof the chloride,bromideandiodideofcadmium,ascalculatedfrom

the readingsofthe résistancethermometer,aregivenin thesubjoinedtables.

In thèsetables,ni dénotesthc concentration,expressedin moisof salt per

1000gramsof water, 6 the dépressionof the freezingpointofwater in de-

greesCentigradeand 6/m the molaldepressionof thefreezingpoint.

Themolaldépressionsof the freezingpointgivenin theforegoingtablesarc

plottedagainstthe correspondingconcentrationsin Fijc.2.
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Table I

FreesringPointsof Aqueous Solution»of Cadmium Chloride -

m 9 $/m m 9 «/m =

0.0156 0.0743 4.758 0.2023 0.6733 3-329

0.0198 0.0871 4.392 0.2888 0.7516 3.285 =

0.0447 o.i8a» 4-«7' 0.3072 0.9517 3 098 j

0.0611 0.2377 3-893 0-3651 »"6> 3-OS6 j

0.0801 0.3000 3-744 0.5476 1-5549 a- 839

o.iiSS 0.4JSS 3.590 0.6577 1.8194 2.766

o.iîor r 0.4287 3.S71 0.7709 2.0849 2.705

0.1672 0.5764 3.447

TABLEII

Frawing Pointsof Aqueous Solutionsof Cadmium Bromide =

m e 9/ra m 0 9/m

0.016s 0.0683 4148 0.3354 0.9358 2.790 c

0.2043 0.0951 3.913 0.4303 1.1149 2-59»

0.0366 0.1367 3-736 0.4636 1.1850 2.556

0.0680 0.2377 3.497 °-5112a '-3O<»4 2.532 J

0.0893 0.2901 3-248 0.5232 1.3083 2.500

0.1139 0.3683 3-233 0.5372 1.3528 2.519

0.1994 0.5931 2.974 0.5967 1.5004 2-S>4

0.2236 0.6586 2.945 0.6360 1-5933 2.505

0.2581 0.7368 2.855 0.6396 1.5886 2.484

TABLEIII

FreezingPoints of Aqueous Solutionsof Cadmium Iodide

“, $ e/m m 0 »ni

0.0104 0.0357 3.433 0.2548 0.5206 2.013
0.0211 0.0673 3-io° 0.2702 0.5426 2.008

0.0323 0.09S3 2.950 0.2782 0.5585 2.008

0.0468 O.I267 2.707 0.3277 O.6595 2.OJ2

0.0699 0.1743 2.494 0.3377 0.6714 1.988
0.0822 0.2010 2.445 0.3620 0.7278 2.010

0.0874 0.2089 2.391 0.4263 0.8606 2.018

0.1075 OÎ426 2.253 0.4808 0.9705 2.019

0.1412 0.2991 2.115 0.5039 1.0180 2. on;

0.1732 0.3585 2.070 0.9847 2-3*8 2.36
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Slmilardata for thèsesaltsas detenninedby Kistiakowsky,1»Jones,*»
Jones and Chambers,*1Chambersand Frazer" and Arrhenius,»are also
plotted for comparison. Jones and his co-workers,as wellas Arrhenius,
havingexpressedthe concentrationsof their solutionsin moisper liter, it
wasnecessary,in order to comparetheir resultswith ours,to transformthe

Il 1 1.- –.–––~––––~––~

concentrationstabulatedin theirpapersto the molalbasis. In this calcula-
tion usewasmadeof the data compiledbyDrucker34onthe densitiesof the
cadmiumhalides. It willbc seen that the molaldépressionsof the more
concentratedsolutions,as detcrminedby thèse earlier workers,arc almost
withoutexceptiongreater than the correspondingdépressionsdetermined

by us. It labelievedthat this disagreementis to be ascribedto the use of
too colda freezingmixturein the outer bath of the Beckmannapparatus
whichwasemployedln almostailof theearliercryoscopicwork.

Kistiakowsky:Z.physik.Chera.,6, io8(1890).*>Jones:Z.physik.Chem.,11,542-544(1893).9 JoncsandChambers:Am.Chem.J., 23,89(1900).
ChambersandFrazcr:Am.Chem.J.,23,512(1900).a Arrhenius:Z.physik.Chem.,2, 496(1888).
14Abcgg'sHandbuchderanorganuchenChemie,2, 442,450,455.
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CalculatlonofActivityCoefficients

LewisandRandall"havedevelopeda formulafor the calculationofthe

activitycoefficientsofelectrolytesbaseduponthefreezingpointdépressions,

partial molalheat contentsand heat capacitiesof their solutions. Un-

fortunatelycomplètethermal data forthe halidcsof cadmiumare not as

yet availableand, therefore,we arcobligedto contentourselvesfor the

presentwiththe calculationof whatmay be termed"tentative" activity

coefficients,y'. Accordingto Lewisand Randall,7' can be computcd^by

meansof theformula

log7'= [ljdlogm-^4- >,
(i)

o o 0

where8is themolaldépressionof thefreezingpoint,mthe molalconcentra-

tion, v the number of ions into which the electrolytedissociates,and

0 I*wisandKandall:"Thcrmo<l,vnamicsandthoFreeKnorgyofChemiealSulistances"

ChaptersXXIIIandXXY11.
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j = 1 – 0/1.858MU.For solution»of all electrolytcsbelow 0.0; M, it

has beenshown by Lewisand Linhart" that

j j8«n«, (s)

wherea and0are constantsderivedbyplottinglogj againstlogm and noting
that a is the slopeof the lineand that logj3is the iiitcrwpton the axisof

logj. It follows,therefore,that

r-ï- r-ï- "r.

/"O.OI
0

j – jdlogin = – (o.oj)w (3)

J a
2.303a

The value of the first intégral in equation (1) between infinité dilution and

0.01M can be calculatcd by équation (3); its value between 0.01M and

:<LewisandLinhart:J. Am.Chcm.S«c.,41,1952(1919).

t
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higherconcentrationscan befoundby plottingj againstlogmand measunng

the areasubtendedby the curvebetween0.01Mandthé successivelimitaby

meansofa planimeter. In like mannerthe secondintégralin equation(i)

can beevaluatedby plotting9/m against9and meanuringthe corresponding

areas underthe curve.

Applyingequation(i), in the manneroutlined,tothedataof Tables1 to

III, the valuesof 7' givenin the sixthcohramofTablesIVtoVIwerederived.

TABLEIV

Activity Coefficientsof CadmiumChloride

m o/m i «tf-P-) A/A.(18°) 'Y' yU5°)

0 ^5
w`- 0.735 0.648 0.76

o.oi" S.i *-74 0-87 O-664 0.567 0.64

o.oa 4-So a-42 o.ji 0.584 0.484 0.49

0.05 3.99 2»5 0.57 0-453 0.380 0.31

o.t' 3.66 1.97 0.49 0.375 0.28g 0.21

0.2 î-3S «-8o 0.40 0.293 o-210 0.15

o.s 2.78 1.50 0.25 0.217 0.130 0.09

For comnarison with the values of 7', the valuesof y at 25°, as previouslyFor comparisonwith the valuesof 7', the valuesof 7 at 250,aspreviously

derivedfromour measuromentsof the electromotiveforceof cadmiumcells

(1), arcgivenin the last columnsof the tables. Thecorrospondingvalues of
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the conductanceratios, A/Ao,togetherwithvaluesof a as calculatedfrotn
thefreezingpointdata by theformula,a = (i i)/(n i) arealsoincluded
in the tables forcomparison.ThedataofTablesIVto VIareshowngraphi.
callyin Figs.3, 4 and5.

TABLE V

Activity Coefficients of Cadmium Bromidc

m 8/m i a(f.p.) A/A,(I8°J V 7(35°)

o.oos 0.660 O-527 0.65

0.01 4.6o 2.48 0.74 0.572 0.432 0.50

0.02 4.05 2.18 0.59 0.486 0.354 0.36 1

0.05 3.6o 1.94 0.47 0.370 0.249 0.23 3

0.1 3.24 1.74 0.37 0.286 0.179 0.17 t
0.2 2.97 1.60 0.30 0.200 0.127 o-12

j
0.5 2.54 1.37 0.19 0.072 0.08

TABLE VI

Activity Coefficients of Cadmium lodide «

m S/m i «(f.p.) A/A,(i8°) y' -/(as")
l

0.005 0.63 0.280 0.52

0.01 3.43 1.85 0.43 0.53 0.209 0.39

0.02 3.19 1.72 0.36 0.43 0.159 0.25

0.05 2.70 1.45 0.22 0.30 0.091 0.14

0.1 2.26 1.22 0.11 0.23 0.062 0.09

0.2 2.04 1.10 0.05 0.19 0.037 0.06

0.5 2.02 1.09 0.04 o.16 0.020 0.03

cC
Discussionof Results c

Inspectionof the foregoingdata reveals the fact that the valuesof y'
and y for cadmiumbromideare in fair agreementthroughout the en-
tire range of concentrationsstudied. This conformsto the results of
similarcalculationsmadeby Lewisand Randallfor sodiumand potassium
eliloridesand sulphuricacid. Whenwe comparethe twosets of valuesof
the activity coefficientfor cadmiumchlorideand iodide,however,we dis-
cover that they agreeonly in the moredilutesolutions.The valuesof y'
for the moreconcentratedsolutionsof the chloridearcfoundto bc greater
than the correspondingvaluesof y, whereas,in the solutionsof the iodide
the values of y' are foundto be less than the correspondingvaluesofy.
Thesedifférencesbetweenthe valuesof the activity coefficients,as deter-
minedby the freezingpointandelectromotiveforcemethods,are too great
to bcexplainedbythe absenceofthe thermaldata requiredfor the correction
of the activity coefficientsas detemined by the formermothod, for it has
heenshownby Lewisand Randall**that failureto applythe correctionfor
thermaleffectsto the valuesoftheactivitycoefficientsofsolutionsof sodium

1
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chloride,determinedby thefreesingpointmethod,produœsnoappréciable

error in the dilutesolutionsand introducesanerrorofnot morethan3 per

cent in thevalueof7 fora molalsolution.

As the resuit of an extonsivecomparisonof the ionisationvaluesof

typicalelectrolytes,derivedfromfreezingpointdépressionsandconductivity

ratios, Noyesand Falk" pointedout that the two methodsgiveionization

valueswhich,for mostunivalentsubstances,agreewitheachotherwithin

2 per cent up to o.iM, and that the sameis true of the unibivalentsalts,

potassiumsulphateandleadnitrate,evenupto 0.2M. Thehalidesandsul-

phates of bivalentmetals,on the otherhand, werefound to showmuch

largerdéviationsthanthis at o.rMando.ïM. Thebalidesofcadmiumwere

foundto présentwidedivergencebetweenthe two setsof ionizationvalues,

the valuesofa derivedfromfreezingpointdata beingas a rulelargerthan

the correspondingvaluesderivedfromconductivitydata. Commentingon

this divergence,Noyesand Falk pointout that the transferencenumbers

of these samesaltsare alsoabnormalin that the cationtransferencenum-

ber decreasesmarkedlywith increasingconcentration.

The tendencyof tho cadmiumhalidesto form complexmoleculesand

ionsin solutionsuggestsa possibleexplanationof thesedivergences.Thus,

Schmidt"and Bruns"haveadducedevidencein favorof the existencein

solutionofnot onlysimplemoléculesofCdl, but alsoof moleculeshaving

the compositionCdJ«,whichin dilutesolutionareassumedto ionizeaccord-

ing to the scheme:
Cd,I«t=ïCd++Cd8I,

In moreconcentratedsolutionseven largeraggregatesare believedto be

present, suchas CdJ8, CdJ.o or in gênerai(Cdl,)n,the last undergoing

ionizationas follows:

(CdIî)afc?Cd++Cdn-la-

It is equallyprobablethat the chlorideandbromideof cadmiumbeliavcin

likemannerwhendissolvedin water. In histreatmentof the halidesof the

bivalentmetals,Ephraim»states that, "Thereis thuseveryindicationthat

someat leastof the saltsunderconsidérationhavetwo or threemoleeules

conjoinedin the crystalstate,a structurewhichpersistaevenin theion*

It waspointedout by Jones and his co-workers"that the molalde-

pressionsof the freezingpointof a widevarietyof solutéspassthrougha

minimumvalueas the concentrationsof their solutionsare increased.TIip

concentrationat whiehthisminimumusuallyoccurswasfoundto bcin the

neighborhoodof 0.2M. In orderto accountfor thé existenceof thismini-

mum,it wassuggestedthat the dissolvedsubstanceundergoeshydrationin

NoyésandKslk:J.Am.Chcm.Soc.,34,48s09")-
»Schmidt:Ann.Physik,(4),», 337(«9*4>-
"Bruns:A.physik.Chem.,34,751(1925).
»Ephraim:"AText.bookofInorganieChcmtory,"trandatwlbyP.C.L.1borne,aai

(1926).
asJoncs:CarnegieInstitutionofWashington,PublicationXo.60.
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solutionand thus, as the concentrationof the solutionis increased,lessand

lesswater remainsavailableto funetionas solventand a progressiverise

in the molaldepressionof the freezingpointoccurs. Asimilarprocessmay

reasonablybc assumée!to take placein solutionsof the cadmiumhalides,

especiallysinceit has beenshownthat thosesubstanceswhichcrystallize
fromtheirsolutionswithwaterofcrystallizationarcalmostwithoutexception

proneto exhibitmarkedhydrationin solution. In the case of the cadmium

halides,however,the presenceof a relativelylargenumbcrof complexsoluté

molecules,withtheirrésultantcomplexions,shouldtend to causea déplace-
mentoftheminimuminthedirectionof increasingconcentration. Référence
to the curvesof molaldepressionof the freezingpoint of thesesalts,shown a
in Fig.7,confinasthis prediction. Withinthe rangeof concentrationcom-

prisedby thèseexperiments,it is apparent that cadmiumiodideis the only g
oneofthethreesaltswhosefreezingpointeurvespassthrougha minimum.

2

In viewof the variousconiplicatingfactorsinvolvedin the solutionand t
ionizationof the cadmiumhalides,it is, therefore,scarcelyto be expected

¡

that the valuesof the activitycoefficientsof their solutionsderivedfrom

measurementsof freezingpointdepression,on theonehand, and frommeas-

urementsofelectromotiveforce,onthe other,shouldbe in agreementexcept
in extremedilutions.

Summary

(1) The freezingpointsof aqueoussolutionsof the chloride,bromide,
and iodideof cadmiumhâve beenmeasuredby nicans of a platinum ré-

sistancethennometerfrom0.01Mto 0.5M.
(2) Fromthe freezingpointdata thus obtained,the activity coefficients,

uncorrectedfor thermaleffects,have been calculatedand comparedwith

correspondingdata previouslyderivedfrom electromotiveforce measure-

ments.

(3) The lackofagreementbetweenthe twosets of values hasbeendis-

cussedand is attributedto the manyconflictingfactors whichare involved

in thesolutionand ionizationof thecadmiumhalides.
c

HilUi'leLaboratory,
Slamford,Conn.

3i
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THE DKC'OMPOSITIONOFACKTONEIX CONTACTWITH

PLATIXUM

UV H. AL'STIN TAYLOH

Thecomparisonsthat haveso far beenmadebetweenhomogeneousand

catalysedreactionsare confinedto thosereactionsthat arcof secondorder
inthegas phase,bcconùngin gêneraiunimolecularwhensuitablycatalysed.
Thefunetionof the catalyst.seemsto bcto allowa sériesofsimplereactions
tooccur,the energyofactivationof anysinglestepbeinglessthan that of
thehomogeneousreaction. The problemnaturallyarises:what effectwill
a catalysthaveon a trulyhomogeneousunimolecularreaction?

In an attempt to solvethis problemtheréactionchosenwas thé deeom-

poritionof acetonewhiehHinshelwoodand Hutchinson1haveshownto be

trulyunimolecular. Thercappearsto be somepossibledoubt about the

actualreactionwhichwasstudiedinthiscase,namelywhethcr,as theauthors

claim,it is the primarysplit intocarbonmonoxideandfreemethylgroups,
orwhetherit is aotuallythe decompositionof ketene. Whateverthe true
answermay be,sufficethat hereévidenceisgiventhat it isthesamereaction

beingstudied in both cases.

That acetone is readilydecomposedeatalytieallyhas been shownby
Sabatier.2"The decompositionoccursslowlyat 240°andrapidly at 270"
inpresenceof nickel,yieldingcarbonmonoxideand the CH»radicalswhich

givea little ethaneandethylenebutchieflymethane,hydrogenand carbon."
It isthe latter substance,carbon,that precludestheuseofnickelas a catalyst
forkineticmeasurements.Severalattemptswereactuallymade to follow
the reactionin thismanner. It wasfoundpossibletoobtaina singlevelocity
curvewith a freshlypreparedcatalyst8but thé depositionofan apparently
abnormalamount of carbonevenat 200°almostcomplctlypoisonedthe

catalystfor succeedingruns,so the methodwasdisoontinued.

Theactionofplatinumspongeandpalladiumblackon ketonesis stated

bySabatierto belessintense. It seemedlikelythereforethat the bulkmetal
wouldbe somewhatactive thoughperhapsonly feebly. This less intense
actionmightreducethe quantityofcarbonformed,sinceHinshelwoodfound

onlya slight blackeningof the reactionvesselin the homogeneousdecom-

position.The poisoningactionwouldconsequentlyalsobe reduced. The
methodadoptedthereforewasto studythedecompositionona hot platinum
filamentstretched axiallyacrossthe reactionvesselwhichwas kept at a
constanttempératureof50°ina thermostat. Thereactionwasfollowedby
thepressurechangewithan apparatussimilarto that usedby Hinshelwood,

'Proc.Hoy.Soo.,1UA.245(I9a6).
'Ann.Chim.Phys.,(8)4,474(1905).
'11mcatalystwasnickelmtueedfromthenitrutcsupportcilonpumice.
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themanometerandcapillaryconnectingtubebeingwoundwithfinenichroiiio
wireandmaintainedasnearto 50°aspracticableto maintaintho acetone
gaseousduringa run.

Acétone,purifiedbythostandardbisulphitemethodand then twicedis-

tilled, wasfinallydistilledinto a Bmallfiasksealed to the reactionveBBel

througha three-waystopeoek.The apparatuswas evacuatedby meansof

an oil pumpfor at leastthirty minutesbetweenruns, the filamentbeing

Table I

A. Température « 844T

Initial Prawrp U» t» tnmii».

i9i 7-o 18.4 59 o
315 7.4 17-4 47.6
302 6.8 16.6 43.2
253 6.4 iS-2 3* -4
2522 70 '7-° 37-4
237 6.9 17.2 36.4
226 8.6 21.6 53.0

165 8.6 22.0 54.0

Ji. Température = 8goV

383 2.4 7.2 27°

SU 2-4 6.0 17. s

373 2.4 6.0 150

268 2.1J 5-44 12-77
229.5 22 S-5 12-6

182.55 '-99 4-6 9-88

C. Température
= €ji6°('

413 ti 3-5 170

36o 1.11 3-i 1 '5°

303.5 i.t 1 2.9 8.7

237.5 tiS 2-44 6.0

173 0.8 2.3 6.2173 0.0 *-i «•«

allowedto glowduringthe latter part of the evacuation. This wasfound

necessaryto avoidtheslightinductionperiodwhich is apparentin someof

the resultsat the lowtempérature,and maybave beendue to adsorbed

hydrocarbonsor possiblyearbonitselfon the filament. In orderto maintain

the températureof thefilamentconstantthroughouta run, and avoid tem-

peraturechangesdueto thechangingthermalconductanceof the surround-

ings,its resistancewaskeptconstantby placingit in onearm of a Wheat-

atoneBridge,thestandardresistancebeingof3ohmsandcapableofcarrying

15amps. The currentactuallyconsumedbeingonly about 1.5amps. the

heatingeffectin the latter,and consequentlythe changein resistancewas

negligible.The 'bridge'itselfconsistcdof two10,000ohmvariableresistance
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boxesso that the currentcarriedby them wasalso negligible. A délicate

galvanometerwasused for the balance,whichwas maintainedby varying

the externalcurrentthrougha rhéostat. Thatsome sucharrangementwas

necessaryisshownby the fact that the currentconsumedduringruns varied

by o.î amp.betweenthe beginningand end. The actual températureofthé

filamentwasobtainedwith an optical pyrometer,an auxiliaryobjeot letw

beingusedthebetterto focusthefilament. Thèsetemperatureswerechecked

bythe resistanceofthe filament,a smallcorrectiondue to the coldends being

necessary.
Measurementsweremadeat three differenttemperatures usingvarying

initial pressuresof acetone. The somewhatsurprising rcsult was that in

ail casesthe courseof the reactionwasquitesimilar to that foundby Hin-

shelwoodand susceptibleto the same analyticaltreatment. The degreeof

concordancebetweensuccessiveruns doesnotappear to be quiteso good.as

in the homogeneousreaction,whichmay probablybe accountedfor by tho

changingcatalytlceffectononeor other ofthereactionsoccurring.

That the reactionis unimolecularmaybe judged from Table I which

givesthe timestaken for the initialpressureto increaseby 25»5° and 75S

per cent.

The resultsof tÎSand Ut,are ample evidencethat the reaction is essen-

tiallyunimolecular.The variationsin the valuesof t™are nodoubt due to

the subsequentreactionsthat are possibleafter the initial decomposition

has occurred. That such reactionswhentaken into considérationwould

better the agreementbetweenthe variousvaluesat tjs and at taoas well,

canbe seenin thefollowingexamplesof t» correctedforB in Table I. The

values become1.5, 1.6, r.6, 1.6, 1.6, 1.5respectively.1 There can be no

doubt thereforeas to the orderof the reactionin general. The resultsob-

tainedfor the rateof pressureincreasewithtimearc shownin the following

diagrams,oneforeach temperatureas stated.

The curvesareidenticalin fonn with thosein the homogeneousreaction

being unimolecularin characterup to approximately70 per cent of the

changebut fromthat pointon continuingto increaseslowlybut steadily,

insteadof reachinga maximumvalue. Hinshelwoodhas suggestedthis to

be due to the subsequentreactionsof the freemethyl groups,in whichcase

the limitingslopeof the observedeurve wouldcorrespondto the pressure

increaseaccompanyingthosereactions. Byextrapolatingbackto zero time

as in Fig. 4, the valueof the pressureincreaseis obtained that wouldhave

beenobservedhadthe primarydecompositionof the acetonealoneoccurred.

This value is the value to whichthe pressureincreasebecomesasymptotic

for the simpleunimoleculardecomposition.The observedpressureincreases

after differenttimeintervalsare thereforegreaterby an amountwhichis the

différencebetweenthe aboveasymptoticvalueand the limitingslopeof the

1 Thevalue2.3abovemiwtnotbccomparée!withthé t.6heregivensinectheformer
isthctimetakenfortheinitialpressureto merea»by25 percent.,whereasthe latteris
raleulateclonthebasisofthcprimarydécompositionalone,asshownlater. r

il
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observedeurveat eachparticulartime. It is thereforea simplematter to

eonstructthe idealunimolecularcurveineachcase,the lowereurvein Fig.4

beingone'example.
1.1. ~r

being one^oxample.

Table II

Timoinmins. Obs.pressure Corr.pressure 1 ma-3°3 i» J9L
inercase increase t 104.x
in mma. x

000 –

4-21 18 .0475
8 39 38 .0566

11x 54 49 0531I

j6 67 60 0538
20 78 69 .0545
24 87 76 .0547
28 96 8ï .0554
3» 102 87 0566
36 107 9t .0578
40 112 94 .0586
44 "7 96 .0583
48 120 98 .0594
52 122 99 .0584
56 125 100 .0582
60 128 101 -0591
64 131 102 .0618

68 134 103 .0683

Mean=».057

TableIII
A. Température <= 844' C.

InitialPressure CorreotcdFinalPressure Meank

302 aao 0.063

165 104 0.057

B. Température » 89o°C\

382 230 0.208

331 218 0.202

268 192 0.196

273 180 0.208

229.5 l6a oi97

182.5 '36 0.228

C. Température =*9i6°C

4'3 *7° 0.392

360 246 0.376

303-5<! Sl4 0.402

237.5 '94 0.358

173 '3° O-392

i
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t
Fromthe valuesso obtainedgraphicallyit iseasyto calculfttethe uni- j;

molecularconstantat eaohtemperature.TableIIgivesthe résultaobtained

in onecase. Thoinitialpressurewas165mms.andthe température844°^

The extrapolatedvalueof the pressureincreaseis 104mms. and thé uni-

molecularconstantis calculatedon that basisasshown.

The degreeof constancyis quitegoodwhenconsidérationis takenof the

fact that a smallerrorin the limitingslopeof theobservedourvereflects

itselfconsiderablyin the constantscalculated.TableIII summarizesthe

averageconstantscalculatedfor variousruns made.

That the reactionso studied,andgivingtheabovevelocityconstantsis

substantiallythe sameas that observedby Hinshelwood,is evidentfrom

the fact that the percentageincreasein pressure(corrected)in both cases

is of the sameorder. Hinshelwoodcitestwocasesshowingpercentagein-

creasesof 77and 79respcetiwlyat differenttempératures.Thevariations
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hcre notedare greater than this but showno detinitetrend either with

changeofpressureata particulartempératureor withchangeoftempérature.
Theaverageincreasesfor exampleare7s, 68and 7percent insetsA, Band(' j

respectively.It seemsreasonableto assumethen that thecorrectedpressure
increasesaredueto thesamedecompositionas in the homogeneousstudy.

Thisisfurtherborneoutby thecalculationof the heatofactivationfrom
the velocityconstantsat the three temperatures. Plottingthe logarithme
of thevelocityconstantsagainstthe reciprocalsof the absolutetempératures
the straightlincin Fig.i» obtained. Theslopeof this linecorrespondsto

68,400calorieswhichis also the averageof the valuescalculatedby the
Arrheniusequationfor the températureintervals 844-890,890916and

844-qi60(\ This value is an excellentconfirmationof the value 68,500
caloriesgivenby Hinsholwood.That the valueis not a fictitiousoneIntro-
ducedby the particularmethodof mathematicalanalysisof the observed
resultsisshownbytheaccompanyingplotson the samefigurewhicharethe

logarithmeof the averagevaluesof the previouslymentionedtimesfor25,
50and7s percent increasesofthe initialpressure(andthereforeuncorrected)

plottedagainstthe reciprocalsof the absolutetemperature. The t« andtw
valuesobviouslylieon a straightlinewhoseslope is almostidentioalwith
that forthevelocityconstants. Thevaluesfor tî& showa variationwhichin
viewof theforegoingis to beexpected.

The gêneraiconclusionto be drawnfrom the results thereforewould

appeartobe that theprimarydecompositiontakes placeinthegaseousphase
in the hot zoneimmediatelysurroundingthe platinumfilament,the latter

merelyservingas a sourceofheat andinnoway actingcatalytieally.That
the platinummayaffectthesucceedingreactionsis possible.The particular
methodofanalysiswouldnotpermitadefinitedecisiononthepointalthough
certainirregularitiesin the laterpart ofthereactionmightbe taken tosug-
gest a smalldisturbingeffectin the reactionsof the methylgroupswhen

comparedwith the homogeneouscase. The observationby Langmuir1
that carbonmonoxideis heldto platinumexcessivelystronglymay account
in part for the smallcatalyticeffect,in that the surfaceis practicallycom-

pletelypoisoned. It couldnot howeverpreeludethe possibilityof activation
of a moléculein the immédiateneighborhoodof the wirebyradiationorby
actualcollisionwiththe poisonedfilament. It wouldseempeculiarthat a

«pontancousdécompositionof the acétonemoleculeshouldoccurin prefer-
enceto a bimolecularreaetionsuchas thatfoundby AllenandHinshelwood5
in the case of acetaldehyde. The factspresented howeverprove quite
definitelythe unimolecularnature of the reactionunderall the conditions
studiedand the identityof the heat of activationhereinfound,withthat
for the homogeneousreactionis strongevidencefor an identicaltnechanism.

In so far thereforeas the originalintentionof the paperis concerned,
to investigatcthe catalyticdécompositionas comparedwith the homo-

1Traira.FaraclaySoc.,17,6*rfl9J2i.
l'rnc. Hoy. Soc, 121A, 141 (19281.
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geneous,the workha»failed. Thepointmentionedinanearlierportionhow-

ever seemsworthemphasizingat this stagenamelythat underothercon-

ditions, as for examplewith an active nickelcatalyst, the depositionof

carbonis far in excessofthat observedduringthe abovowork. Thiswould j

suggestthat underthe latterconditionstheactualdecompositionisdifferent =

fromthat presumedabove. Suoha différencemightbe solelyin the sub-

sequentreactionsofthemethylgroupalthoughthe possibilityexiststhat the

initialdecompositionmightvary in the twocasesas weU. It wouldappear

possiblethen, that underthose conditionswherea catalytie effectis to be

observedthe résultawouldnot bedirectlycomparablewith thosefor the

homogeneousreactionand so thé initialobjeot of the work dcfeated. A
j

decisionon the pointwouldrequirefurtherinvestigation. =

Summary

1. The decompositionof acetonewasstudiedat various temperatures

and pressuresin contactwith a heatedplatinumfilament.

2. The resultsare identicalin form with thosefor the homogeneous rj

reaction,the samemethodofmathematicalanalysisbeingapplicable.

3. The primarydecompositionis unimolecular,with an energyof aoti- j

vation of 68,400caloriesas comparedwith 68,soocaloriesfor the homo-

geneouscase,suggestinga homogeneousreactionin a zone aroundthe hot
=

filament,the lattershowingnocatalyticeffect.

4. The largeamountof carbondepositedduringthe decompositionon

activenickelpresentsthepossibilityof a differentmechanismwhichmaynot

becomparablewiththe homogeneouschange.

NichaisChemicalfabomtmy,
.Vetol'or*Unicersily,NewYork,A',i



ANEWMETHODfoh EXTRAPOLATINGspecific HEAT i

CURVESOFORGANICCOMPOUNDSBELOWTHE

TEMPERATURESOF LIQUIDAIR

BY KENNETH K. KELLEY, GEORGE S. PASKB AND HUGH M. HUFFMAN

Spécifieheatdata on a largenumberof organiccompoundsdownto the

températuresof liquidair are to befound in the literature. Suchdata are

veryuseful,for fromthem the entropiesof the substancesmay be obtained

and thesetogetherwith the heatsofcombustionenableone to calculatethe >

freeenergiesofformation. Theentropyofa substanceisobtainedbyutilizing
the equation,S? = Jl* CpdT/T,whichmeansthat theheatcapacitycurves

mustbe extrapolatedto o° K. Therebas beennosatisfactorymethodsug-

gestedheretoforeformakingthisextrapolation. The spécifieheatsat liquid
air temperaturesare,of course,verymuchtoohighfor the useof the Debye
fonctionalone. A combinationof Debyeand Einsteinfunctionsmightbe

usedbyempiricallyfittingeachspecifieheat curve. Sucha processwouldbe

ratherlaboriousandit is questionablewhetheror not it wouldgivesufficient

accuracyin viewof the fact that in the caseof organiccompoundsail heat

capacitycurvesarejust enteringthe rangewheredCp/dTis large. The "n"

formulamethodsuggestedbyLewisandGibeo^forsimpleinorganiosubstance»
has beenshownto giveresults 15to 35% too highwhenappliedto organic

compounds.1
Themethodwhiehissuggestedhèrebas threeadvantages,(t) it is bascd

on experimentaldatadownto or below200K. and in noway conflictswith

anytheoreticalconsidérations,(2)it is simpleand veryeasyto apply and(3)
it givessufficientaccuracyfor mostpurposes.

Satisfactoryspecifieheatmeasurementsdowntoor below20°K havebeen

madeon the followingsubstancesin the crystallinestate-methyl alcohol,

ethylalcohol,hexylalcohol,isopropylaleohol,acétone,cyclohexanol,glyce-
rine, glucose,toluene,m-xylene(preliminary),quinoneand hydroquinol*
The molecularheatcapacitycurvesfor these substancesfall naturallyinto

twoclasses–oneforaliphaticandonefor cycliccompounds. In eachclass

theexperimentalcurvesare sosimilarin characterthat a typicalor standard
curvemay be easilyconstructedsuchthat any substanceof this classwill

haveat any temperature,approximately,the heat capacityof the standard

substanceat that températuremultipliedby a factor,this factor beingdif-

1LewisandCîibson:J. Am.Chem.Soc.,39,2565(1917).
«8eeKefs.3 la),3 (b)and3 (c).
(a)Methylalcohol,KeUey:J. Am.Chem.Soc.,SI,180(19391;(b)KthylandHexyl

alrohols,Kelley:SI,779(1929);(c)Isopropylalcoholandacetone,Kelley:51,1145(1929);
(d)Cyclohexanol,Kelley:SI,1400(1939);(e)Glycerine,Giauque:45,93(1923);Simon
andLange:Z.Physik38,2*7(1926);(f)Glucose,Simon:Ann.Pbyaik,(4),68,358(1922);(g)
Tolueneandro-Xylene.Kelley:J. Am.Chem.Soc.,SI,2738(1929);(h)Quinoneand
Hydroquinol,Lange:Z. physik.Chem.,110,350(1924).
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ferentfordifferentsubstancesbut havingthesainevalueat all temperatures

belowthoseof liquidair forany onosubstance. Astill better agreementis

obtainedIfa secondconstantis introducedandwe write

Cp(permole) = (A+ BT) CP° (")

wheroCp°is the molalspécifieheatof the standardsubstance. 1

It basbeenthecustominthe caseofmostofthe experimentalworkwhieh [

has beenpublishedto extrapolatebelowgo°K, sincethis température is j

easilyobtainedwithliquidair. Usingequation(i), wefind

Fia.i
ThebrokenlinogivcsthemolalheatcapacityofthestandardaU-

phaticsubstance.Theheavylineisfortwo-thirdsthemolalheat

capacityofthestandardcycliesubstance.

H*
jf^ Ajfa^

+ B
/°CpdT = AW+B jfcydT,

(.)
il 1 t/o

1

t t/e

whereS»is the entropyof the partieularsubstanceweare consideringat

900K andS0»istheentropyof the standardsubstanceat oo°K.

In TableI are giventho valuesof Cp°at various températuresfor the

standardsubstancesof each class. Thesevalues arc plotted against the

temperaturein Fig. i, 2/3 Cp°beingplottedin the caseof the standard for

thecyelicclasstobringtheourvesdoser togetherto facilitatecomparison.

Forany particularsubstancethe valuesofA and B in equation(1) may

nowbe readilyobtained. Ail that is neededare the molalheat capacities

of the givencompoundat two temperatures,say for convenicnce900 and

iao°K. Thèsevaluestogetherwith the valuesfor Cp°and the temperature

areplacedinequation(1)andthe tworesultingéquationssolvedforA and B.
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8»o'andJl™C/dT wereobtainedby graphicalintégration,extrapolation
below2o°K.beingmadeby meansof Debyefunotions. This latterpart is

smalland thereforenoappreciableerronsin the valuesofS°wand Jl*>Cp°dT 1

resuit. At the bottomofTableI aregiven the valuesofthese twoquantifies
forbothstandards.

TARI.1Î!T 1iable i

Data for Standards (per mole)

ClassI1 ClassIIIl Clawl1 ClanII
Aliphatic Cyclic Aliphatie Cyclio
CompoundsCompouuds Compounds Compound»

Temp.K. C°Pcal. Cpc3. Temp.K. C°pcal. C*pcal.

20 1.38 2.65 95 9.98 t4.67
,1

30 2.87 S-4S I00 10-3° ïS-ïi
40 4.40 7.80 105 10.65 rS-61
50 5.75 9-65 110 11.00 16.05
60 6.92 ir.oo 115 "-34 16.50
70 7.95 12. is 120 11.70 16.90
80 8.84 13.22 Sw° 8.05E.U. 13.7E.U.

90 9.64 14.20 ^«CydT 432 cal. 697cal.

In TableII are comparedthevaluesof B»obtainedby this methodof

extrapolationwiththevaluesofS»obtained directlyfromthe experimental
measurementsfor the twelvesubstanceslistedabove. In no caseis thedif-

férencegreaterthan 0.6E. U. or than 5.7%of the expérimentalvaluesof

Sw. Theaveragedifferenceis 0.3E.U. or about2.6%.

Table II

Molal Entropy Values forTwelve Compoundsat go'K.

Substance S» (measured) S» (calculated) Difference

Methyl Alcohol 7.9 E.U. 8.3 E.U. +0.4B. U.

Ethyl Alcohol 9.5 9.0 -0.5

n-Hexyl Alcohol 14.0 146 +0.6

iso Propyl Alcohol 10.6 10.o -0.6

Acétone 12.9 12.4 –°-5

Glycérine 9.9 10.1 +0.2

Glucose 13.2 13.3 +0.1

Toluene 14.5 146 +o.r

m-Xylene 15.9 16.0 +0.1

Quinone 13.5 13.2 -0.3

Hydroquinol 10.4 10.5 +0.1

Cyclohexanol 11.6 ir.4ç –0.2a
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Thismethodhas beenappliedrecentlyby the authors1in the révision

of the entropiesandfree energiesof nineteenof the organiccompoundsfor

whiehtherewereexperimentalspécifieheatsdown to oo°K. In no casewas =

there any reasonto believethat a satisfactoryextrapolationhad not been

obtained.

Summary

Anewmethodforextrapolatingheatcapacitycurvesoforganicsubstances

belowthetempératuresof liquidairfor thepurposeofobtainingthe entropies

basbeensuggested.

DepartmentofChetnittry. ï
StanfordVmvvnUy,CM/.
Mayl, 19X9.

P»rk»,lielleyandHuffman:J. Am.Chem.Soc.,51,1969(«9*9»-



THE HYDRATIONOF SUCROSEIN AQUEOUSSOLUTION

BY JAMES W. McBAIN AND S. 8. KISTLER

Proofof tbe existenceor non-existenceofhydratesin solutionisof con-
siderableimportanceto anunderstandingofsolutionphenomena.However,
eventhe simplersolutions,suchas those of sucrosein water,whichare not

complicatedby ionizationphenomena,have not given themselvesreadily
to a directdeterminationof the degreeof hydration,and numerousindirect
methodsofinferenceofmoreorlessdoubtfulvaluehavehadtobereliedupon.

Phillip'calculatedfromSteiner's*resultson the solubilityofhydrogenin

aqueoussucrosesolutionsthe degreeof hydrationof the suerosemolecules
withthe followingresults:

Percentagesugar 16.67 30.08 47.65
Mois,waterpermol.sugar 6.5s 6.0 5.44

H. C. Jones9and collaboratorsdetenninedthe degreeof hydrationby ob-

servingthe broadeningofthe absorptionbandsofcobaltsaltswith concen-
trationof thesolution. E. W.Washburn4evaluatedthe freezing-pointdata
forsucrosesolutionsfromLoomis,Morseand Frazer,Raoult,andEwanand
foundthat uptoa 2molarsolutionthedegreeofhydrationis 6. Byapplying
hisequationforthe viscosityofcolloidalsolutionsto 1.0%sucrosein water,
Einstein'calculatedthat therearesevenmoléculesof waterattachedto cach
moléculeofsugar. The calculationinvolvesthe assumptionthat the mole-
culesof sugarare very largespherescomparedto the molcculesof water.
Scatchard6findsevidenceof a hexahydratefromosmoticpressuremeasure-
ments. MissF. M.Hunter assumesthat hydrationaccountsfordéviations
of thé osmoticdata of Morse8andsimilarlycalculateddata fromthe heats
ofdilutionappliedto Morse'sdatafor20°. Usingthe équation(P(v-b) =

RT, and takingthe hydrationas thecxccssof b over the volumeof solid

sucrose,0.214liter (Einsteinuses0.209),the followingvalueswereobtained:

Molalityof sugar o.t 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Hydrationdeduced441611 1 8 7 6 6 6 6 6
fromdéviationfrom

perfectgaslaw.

Trans.FaradaySoc.,3, 141(1907).
Wicd.Ann.,52,275(1894).

1H.C.Jones:"Hydratesin AqueousSolutions,"CarnegieInst.Washington(19071.
Mass.Inst.Tech.Quarterly,21,377U908).

sAnn.Physik,4,34(1911).
J.Am.Chem.Soc.,43,3387(1921).
Trana.FaradaySoe.,22,1194(1926).
Am.Chcm.S.,48,291.1912).
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It is to be notedthat Einstein'scalculationof sevenwasfora 0.03 Msolu-

tion. MoBaintakes this incoropatibilityto indicatothat Morse's data for

dilutesolutionsarewrong,or rather thatresidualerrorin dilute solutions'm

undulymagnifiedby suchcaleulations.

By usingthemethodofultrafiltrationfirstused by McBainand Jenkins1

in the determinationof the degreeof hydrationof soapsin solution,wehave

beenabletomakethe firatdirectmeasurementsof the hydrationof sucrose.

MaterialsandApparatus

The ultrafilterused was of bronze,manufacturedby the Vereinigung

UottingcrWerke. In order to avoidany possibilityof reaction with the

bronze,the insideof the filter washeavilysilver plated,and all parts that

wouldcorneincontactwiththe solutionwereeither madeofsilveror heavily

silverplated. Nickelgauze,aoomesh,wasusedunder the membrane.

Themembranesusedwereof the typedevelopedbyMcBainand Kistler.3

Number600cellophane(duPont)wassoakedin waterfor a short timeand

then transfenedto 95%ethyl aleoholandallowedto stadd for from fifteen

minutesto halfan hour. It was then placedin the ultrafilter and a small

quantityof "Parlodion"(duPont) nitrocottondissolvedin 10 ml. of50-50

alcohol-ctherfilteredthroughat a pressureof Soatmosphères. The quantity

ofnitrocottonwassufficientto forma filmover tho surfaceof the cellophane

of 0.0005-0.0001cm.thickness. The abilityof the membranethus formed

to filtersucroseout of solutionwasfoundto be largelydependenton the

concentrationof the water in the alcohol-ethersolvent. By using absolute

aleoholandether,very thin membranesprovedto begoodmolecularsieves.

The thin membranesare very tender,however,and soondeteriorate,prob-

ablybecauseoftheformationof bubblesofnitrogenunderand in themwhen

the pressureisrelcased,sothat wefoundthat thickermembranes,deposited

fromsolventcontainingapproximately10%water, weremoresatisfactory.

Onesuchmembraneremovedover90%ofthe sugar froma 35%solutionwith

a satisfactoryrateoffiltrationandcontinuedin goodconditionfor eightdays

beforeshowingsignsof disintegration,inspite of fréquentchangesofpres-

sure of75-100atmosphères.Onemembranewas made by filteringa small

quantityofviscosesolutiondiluted inwaterthrough a No. 600 membrane

previouslysoakedin water. The viscosehad been kept onice sinceit was

madesothat noripeningor ageinghadoccurred. Thismembraneretained

approximately60%of the sugarfroma33%solution.

Thesugarusedfor the first part ofthework wascommercialcanesugar,

driedat 6o°. Forthelasthalfofthe workC.P. saccharose(Merck)wasused.

Nosensibledifferencein the sugarobtaincdfrom the twosourceswasnoted.

The specifierotationsof the two sampleswerowithin0.05^ of cachother.

ThemethylalcoholusedwasBaker'sSpécialC.P. Absolute. Pressureswere

obtainedby connectingto a cylinderofnitrogen.

>J.Chem.Soc.,121,2325(t933).
J.tien.Phyriol.,12,187(1928).
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ExperimentalProcedure

Ourworkrests uponthe foUowingprinciple:if a solutionof sugar in

water containinga little of some referencesubstance, in thiscase methyl

alcohol,of suchsmallmolecularvolumethat its concentrationis unaffected

by nitration,is forccdthrougha membraneof sumcientSnenessto hold back

someor all of the sugar,there willbea concentrationof thereferencesub-

stancein the nitrate anda correspondingdilution in the reoiduatunfittcred

solutionin casethe sugartnoleculesrctaincombinedwaternotavailableas

solvent.

A prplhnmar;'investigationrevealedthat suitable referencesubstances

are scarcewhenthe membraneshavesumcienttyfine structureto hold back

the majorpart of dissolvedsucrose. Saltsof the alkalimetalsweresome-

what concentratedby filtration. Methylalcoholhas provedsatisfactoryin

that its aqueoussolutionsfilter in nearlyunchangedproportion,particularly

sincewedevelopedan analyticalmethodthat enablesits rapidand accuratf

determinationin smaltquantités.

Afterformingthe membrane!Msitn,water is forccdthroughit to remove

the ethylalcoholand ether. Methylalcoholsolutionof thestrength to be

used laterwith the sugar is then forcedthroughtill the filtrateand residue

areofthesameconcentration. In orderto facilitatearrivâtat thiscondition,

it is expedientto add somealcoholsolutionand force part of it through,

drain the filterand repeatthe processuntil analysisshowssatisfactorycon-

centrations. With someof the membranesused, there wasevidencethat

part of the methylalcoholwas beingheldback, so that it wasusually con-

sideredsatisfactoryif thesolutionsaboveand belowthe membranechecked

withini~. Theultrafilteris then rinsedout withsomeofthesugar-methyl

alcohol-watersolutionthat is to be usedin the experiment,and thé charge

addedandplacedunderpressure. In the later experimentsweusedcharges

of approximately100ml. It is needlessto say that the pressuremust bc

higherthan the differencebetweentheosmoticpressuresofthe residueand

nitrate. Practicaity,pressuresbetween5oand ioo atmosphereshave been

foundadvisable. fauatty at the sametimethat the nitratewascollectedfor

analysis,werelievedthc pressureandsamptedthe residucinthefilter. That

enabledusverynicelytofollowthecourseof the changesoccurring.

Analysisiscarriedoutas foUows.Acarefullycalibratedpotarimetertube

is weighedand the wholeor a part of thesampleto be analyzedadded and

weighed. If allof the sampleisuscd,it enablesa botter chcekof the degree

of accuracythan if onlya part is taken. The tube is thenfilledwith water,

ctoscd,and the contentsthoroughlymixedby standingfirstononeend and

then on thé other till thc averagedensityis uniformfromoneend to the

other. It is then graspedby the middleand rotated rapidlyabout an axis

normalto it until it is opticallyhomogeneous.The wholeprocessusually

involvesabout five minutes. This procédurewas selected,rather than di-

tutingthe samptein a graduatcdnaskand fillingthe polarimetertube with

an atiquotpart, in the intcrcst of accuracy. After the opticalrotation is
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measuredandthe tetnperaturetaken,the solutionis dischargedintoa small
distiHiNgHask,the tuberinsedoutwithdistiUedwater,and the rinsingsalso
addedto theflask. Fromone halfto two thirdsof the solutionMdistilled,
condensingin a condenserwith an internai diameterof ~.s mm. The dix-
tillate isdilutedto a definitevolume,and aliquotparts takcn foranalysisfor
atcohot.

In the earlierworkthe methylalcoholwasdetenninedby obtainingthe

densityof thedistillatewith a pyknometc)'.Wherethe originalsamplewas

onlybetweens and10ml.and oontainedonlyor a per cent atcohot,it wan
foundimpossibleto obtainthe requisiteaccuracywitha pyknometer,and it
becameimpefativeto findsomeotheranalyticalmethod. Our laterproce.
durewasto addthesampleof the distillateto asmattErtcnmeyerOaskcon-

tainingan excessofsodiumdichromatedissolvedin sufficientlyRtrongsul-
furieacidtomakethe finalstrengthnot lessthan t: N. Thé Haskis corked

looselyandheatedfor tenminutesona waterbath. Underthèseconditions
the alcoholisoxidizedrapidlyandcompletelyto carbondioxideand water.
The solutionis transferredto an eiectrometrictitration apparatus and thé
excessdichromatetitratedwith ferroussulfate. Theetectromt'triedétermina-
tion of the end-pointis beautifullysimpleand is one of the mostaccuratc
déterminationsin quantitativeana!ysis.'

TheacouraciesobtainaMein theseanalysesaresatisfactory,beingwithin

0.3%or lessforthesucroMand o. for the methylalcohol.

Caktdaticas

It is not practicalto make thémembranesso densethat no sugarwill

passthrough,sincethe timerequiredfor filteringwouldbe inordinatelylong
and it wouldbeverydifficult,if notimpossible,to finda referenoesubstance
that wouldnotlikewisebe concentratedto a verytroubtesomcextentabove
the membrane.Hencethe cffectofpartial transmissionof the sucrosemust
be allowedfor by calculation.

Byassumingthat onlywater andnot alcoholis attached to thé sucrosp
molecule,onecanreadilycalculatcthe degreeof hydration fromthe con-
centrationsofthesucroseand alcoholaboveandbelowthé membrane. 1~'t
Mstand Malreprescntthé molalitiesof the sugarand alcohol,respectively,
abovethe membrane,and Ms: andMa~the correspondingmolalitiesbelow
thé membrane.Call the numberof water moleculesattached to a sugar
moleculeX. Then,sincethcre aress.s moisofwaterin jooo grams,the fol-

lowingsimpleproportioncan bc setup,

Ma.: Ma)__

5S.5 (X.Ms,) ° s!.s (X.Ms,)

whichgives,onsolvingforX,

Y = 5S-5(Ma< M&t)
'~`

Ma:Mst MaiMst

HmtettcrMdKobeha;J.An).Chen).8oc.,41,t~ (1919).
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Resultsand Discussions

The first fourdéterminationsweredonewithaugarsolutionsrangingfrom

0.9to t.9 molal,whichwere 1.58molalin methylalcohol. The degreesof f

hydrationcalculatedvariedbetween0.6and i r moleculesof waterper tnotp.

culeofsugar. Theanalysesweredoncby specifiegravit methods,however,

so that the probableerror isvery large. [r

The followingtable suH'marizesthe results that we obtained with six

differentsolutions,using alcoholconcentrationsof approximatelyo.5, !.5IS

and 3.5molalitiesand sugar concentrationsrangingfrotnabout o.6 to 2.6

motatity. In eachcasethe atcoholwasdeterminedbyoxidation.

\t~t..)!t! Wt'~wtt!nn
Sohttion

Stt)iar

MotatittM)

Atcoho)

HydrfKion

o. 1

Original
1.66 t .M

Fittratc(F) 0.95 '-58 2.4

He!<iduc(H) t.77 i-5' ~-9

No.: 2

Original
'ot i.5t8

F, o.s7[ J[.t76 négative

Rt 1.35~ '48.)

F.!<)()St)
– –––

Rs t.412 2 t.46!

F, 0.4~4 '-594 4.5

H, <-70:; t.4~ 4~

F< o.6to t.Sj: 3.'

t~fthrownout) <t.t82) (0.84:)

F5 '.ooo !.529 3-9

R:. 2.S46 '348

~0.3

Ori~inat 0.627 0.496

F, 0.329 0489 négative

H, 0.768 o.49S

F: 0.414 0.47~

R~ 0.870 0.49)

F, 0.477 0488

H, ).04' 0496

F< 0.630 0.502

!{, 2.3fo
0.6)0

Xo.4 4-

Ori)!'nat 0.565 o~~

F) o.!8o 0.47;!

Ht 0.634 o.<;t)

F; 0.231 o.4'/)



HYDKATIO~ OF~'CKOKH tX AQt'KOt'S SOU'TtOX t8ft

.Sotution Mototith'a Hy'trftOon.401tition

Mu({ar

Nli)lttlitien
Ateohot

M: O.?t6 O.St?

Fi o.ass 0.490

R, 0.838 o.StS

F< 0.336 o.so8

R< t.t48 o.s~z

Xo.s 5

Original o.7<)6 3.40

Ft o.t~ 3.43 ?.6

Ht o.9!S 3.30

F: o.t7<) 3.46 3.t

R:: (not sampifd)

F! o.too 3.4~

Rt 3~0 37 7

F< 0.100 3.44 34

R< '.667 3<'3 4-2

Ft o.t8? 3.43 43

H: ~4~ ~S' 44

No.6 6

Original i.K)<) 0.502

Ft 0.14; o.szt**

Ri t.$88 0.493

F<1 0.8;! 0.498 oy

R, 2.058 o.4<)6 o.3

8am<*membraneasusedinXo.5.
ThhhighvalueMattributedtoinoutHcientWMhiogofthémetnbreneMoreaddinc

theBugarmtution.

In consideringthe data presented,one must bear in mindthat all ofthe

oddsare againstan increaseinconcentrationof the referencesubstancein

the nitratewith a correspondingdecrease in the residue. Blanktests with

methylalcoholaloneinwater showedthat there isalmostalwaysan increase

in concentrationabovethe membrane, This tendencyto filterthe alcohol

outwouldbeaggravatedbythepresenceof thesugarmo!ecutessincethe!attcr

wouldtend to blockthé passagesthrough the membraneas they are not

ab!eto get throughfreely themselves. The positiveresults,obtainedin a

directionto indicatehydration,occurin spite ofother tendenciesto thé con-

trary, so that the figuresobtainedmust be interpretedas minimumvalues.

Aimostcertainlythe actual hydrationjtare largerthan our values.

Withthé dilute alcoholsolutions,other influencesarc strongerthan the

tendencyof the alcoholto concentratein the filtrate,and no evidenceofthe

hydrationofthe sugaris found. Just what the factoris that interfèresmore
in thédilutesolutionsthan in themore eoncentratedisas yetunhnowntous.
Wcfée!certain,howcver,that thenégative resuttsobtainedhavein nowise
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vitiatedthe conclusion,drawnfromthe résulteas a whole,that in not ex-

cessivelyconcentratedsolutionsofsucroseinwatereachmoleculeof sucroso

onthe averagbholdsin somewaynotless thanfourmoleoulesofwater.

Sincemost of our filtrationswere performedwith thin membranesof

nitrocottonsuperimposedon cellophane,it aeemedplausibleto us that the

disturbanceproducingthe negativeresults wascloselyconnectedwith the

characterof nitrocotton. Oneofus,therefore,performeda filtrationusing

a membranemadeby filteringoutviscoseuponcellophaneandconverting

the viscoseto cellulosewith acid. The sugarsolutionwasmadeo.~molal

withmetbylalcohol. In spiteof thedifferentmembrane,the analysesindi-

oated zero hydration.

SMamaiy
t. A methodof measnringdirectlythédegreeofhydrationofsucroseis

described.
Data aregiven whichindioatethat suoroseindilutesolutionis hy-

dratedwithnotlessthan fourmoleculesofwaterpermoleculeofsugar.

DepoftM~o/C~'t<*<'T/,
<S<<t~<M'<<0~tMMt<y,
Co~rnto.



THREXISTENCEOFPOTASSIUMALUMIN THE SURFACE

LAYEROFAQUEOUSSOLUTIONS*

BY E. ROGER WASHBURN

In a formerarticle'attentionwascaUedto thé orystaitinedepositwhich

oftenformaonthe stdesofavessetabovean evaporating,eaturated,solution.

Anexplanationwasofferedfor this phenomenon.If thé solutionwetsthe

wallswithwhichit is in contactit willcUmbonthem a littleabovethe flat

surfaceof thé liquid. Onevaporation,a orustis formed,separatedfromthe

materialof thewallsbya capillaryspacethroughwhichmoreliquidwiUrise,

wcttingthe wallsa littlefurther. ThisprocesswiUcontinueuntila heightis

reached,the samefor aUclean,wetted,surfaces;determinedonly by the

surfacetensionof thesolutionand the diameterof thé spacethroughwhich

it climbs,providingthat the capillarylayersdo not becomeblockedby

crystalsgrowingtogetherandin actualcontactwiththe glass.

R. 0. F. OaMey*causattentionto thefact that the phenomenonis dis-

cussedin a similarmannerin Watts' Dictionaryof Chemistryunder the

heading,emorescence.Theuse of this term to cover phenomenaof this

kindisnewto theauthor. Sulfurisnot,I believe,usuaUythoughtofasbeing

efflorescent,yeta depositofsulfurwilloftenformand creepabovea solution

of sulfur in carbondisulfide.

Hans Erlenmeyer'givesa detailedexplanationof the phenomenon

basedprimarilyuponthe faOuroofsolutionsofalumswhichhe investigated

to forma surfacedepositandto spreaduponthe wa1lsabovethe solution.

Thealums,hesupposes,décomposewhenplacedin water,potassiumalum,

forexample,formingpotassiumsulfateandaluminumsulfate. Thesecom-

ponentsaltain tum partiallydissociateintotheirrespectiveions. Theions,

tcndingto incrcasethe surfacetensionofthe solution,willaccordingto the

Gibbs'adsorptionrulebencgativelyadsorbedat the surface;whilethe un-

dissociatedmoleculeslowerthe surfacetensionunequaUyandthus are con-

centratedat thesurfaceinunequalamounts.If this be true,thecomposition

ofthedissolvedmaterialin thesurfacelayerwiUnot correspondto the com-

positionof thedoublesaltandno elimbingofalumwouldbeexpected.Just

whythe simplesalt whiehdoespredominatein the surfacelayerdoesnot

elimbon thé wallsisnotclear.

J. G. F. Druce*studiedthe amountof creepingshownby solutionsof

dictent salts and attemptedto formulatea table showingtheir relative

tendencyto crcep. His tableis of interestbecause,of theelevencommon

CoattibutionfromthoChemMtryLaboratoryofthéUniveratyofNebraska.

E.R.Washbum:J.Phy~.Chem.,31,~46(toa;).
Mvtttecommunicationtotheauthor.
Helv.Chim.Acta,10,896(!0!<7).

<Pharm.J.,no, 333(to~).
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sattswhichhp studied,he placesatum fifth in the abitityto creep,whereas

Krtcnmeyerctaimsthat thé alumsdo not forma crustat the surfaceat ail.

Drueedoesnot statewhichalum he used, nor doeshe indicatewhctheror

nothetookpainstoprovethat the crustwhichhe observedwasalum.

It hadbeentheexpérienceof the author that alumsdid not differcssen-

tiallyfromothersaltsin ability to ctimbon thc wallsofthe vcssetsalthough

no attempt had beenmade to prove that the crust whichfonnedwas the

doublesalt and not one of thé componentsalts or a mixtureof the com-

ponents. The experimentshave becnrepeatedwith this ideain mindwith

the followingresults.

Potassiumalum,MatUnckrodt'sC.P. quaUty,waspurifiedby two rc- r

crystallizationsfromaqueoussolution,was dissolvedin waterand the clear

.o!utionpouredinto crystaHizingdisheswhichwerethon p!aeedin desie-

cators above sulfuricacid. The crystallizingdisheshad been carefuUy
ck'anedby successivetreatments with hot alkalinepennanganatc,hydro-

B

chiohcacidand hot watcr. They werethen steamedthoroughlyand dried

in an electrieoven. Asexpectedfrompreviousworka crust did form and

spreadon thc glasswallsabove the solution. In somcinstancesthis crust

wasfirstnoticeableaftera day or twobut in the majorityof instancesseveral h

(iaysor a wct'kelapsedbefore the depositstarted to form. Crystallization
often~tartedat thebottomof the solutionbeforethe erustwasseenon the

watts. A study ofsomeof thc physicalpropertiesof the depositfrom thc

wallswasmadc inorder to identify it as oneor moreofthe followingsatts,

alum,atuminumsulfateor potassiumsulfate.

H.M.Chamot'givesthe meltingpointofpotassiumalumas02"C,and of

potassiumsutfateas loyo~C. The purifiedalum whichwepreparedmetted

at or.7°C' potassiumsulfate wasobservedto melt in the ncighborhoodof

!ooo"C;whitesamplesof hydrated aluminumsulfatewereobservedto loN'

thc water of crystallizationat tto°C. Samplesof thedeposittaken from

abovethe evaporatingsolutionof alumwereobservedto melt sharply at

<~).7"C.,not in theleastdistinguishabtefromthe mettingpointofthepurified

."attuM*din the préparationof the solution.

Potassiumalumcrystattizcsin the isometricor regularsystem,potassium <

sulfatein the orthorhombicsystcm,whilealuminumsulfateis monoclinie.

Owingto the factthat the crust is composedof irregular,tree-like,crystal

aggregatesit is noteasyto scparatcand identifythecrystatlineformof any

singlecrystal. Atso,the identificationof thc crystallineformofa fcwof thé

crystatswouldstill leaveopenthc questionas to whetheratl the crystalsin

thécrustwereofthesamecrystatlineform,andthuspresumablyofthe same

matcrial. Observationof the dendriticmass betweencrossednicolprism!}

stMutd,howcver,rcadityenabtc one to distinguishbetweenthc optically

isotropiccrystalsof alum and the anistropiccrystalsof cither of its com-

ponentsalts. fnvstigationxhowcdthe crust to bemadeup cntiretyof iso-

'"I':t(-m<-ntttry('h<'(nx-)t)~ticrost-opy,"tt'~t

r
h
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tropic crystals,therc beingno change in lumlnositywhensampteswere

rotatedbetweencroascdniçois. MampiesGfeachof thé simplesulfateswhen

simitar!yinvestigatedappearalternately lightand dark as is oharaeteristic

ofanistropiccrystals.

The Indexof réfractionof potassiumalumas givenby K. M.Ctiamot

(toc.oit.)is 1.450.Observationthrougha microscopeof mmpk'sof theerust

itumersedin turn in a seriesof organicliquidsshowedthat the refractivc

indexof the crystals wasbetwcenthat of chloroform(t.44)and that of

carbontGtrachloridc(t.46).

It is evidentfrom the above investigationthat potassiumalum will

fonn a crustat the surfaceof an evaporatingsolutionandspreadout on

thc wallsabovc the solution. This does not neccssariiymean that the

decompositionof alum and thc dissociationand preferentialadsorption

of the componentsaltsas mentioncdby Ertemneyerdopsnot take place.

The decompositionof thédoublesalt into itscomponentsattsundoubtedly

takes placeto a largeextent in dilute solutions,probablyto a muchless

extentin thésaturatedsolutionsused in thèsestudies. Theeffectof inor.

({anicsolutesonthe surfacetensionofwaterisusuallyverysmall,oftenthey

increaseit slightly,but in no case wouldweexpectverymuchadsorption,

eitherpositiveornegative,ofthesalts at thesurface.Thectïeotofadsorption

mayeasilybe overbalancedby the effectof the evaporationof the moro

volatilecomponentof the solution. For example,ethylacetate in small

amountsgreatlylowersthe surfacetensionofwater,as isshownin the fol-

lowingtableof surfacetensionsfor differentconcentrationsofethylacetate

inwater. Incachofthesecasesthe valuegivenis the surfacetensionof the

notutionwhenit is inequilibriumwith the vaporphaseabovethé solution.'notutionwhonit is inequitibnumwttn tnc vaporpnasettuuvftm:!-unmutt.

<'oncentration SurfaceTensionat 20.0Cd-.t1 t~win~fromwatervalue

~Mar/2 4: dynes/en). 30.5 dynes/cm.
1

/6 S5-6() '7-'

'9 S93 '4

t6 64.0 ~7

24 "9 "8

40 <'?.s5

From the usual interprétation of Cibbs' adsorption nue cthyl acetate

should concentratc in thé surface layer and thé surface tensionof a frcsMy

formedsurface should decreasewith time if this adsorption is the more im-

portant factor. The followingtable, typical of many studicsmade, shows

the changeof surface tension with time as observed with a half molar solu-

tion of ethyl acetate. The measurements wcrecarried out in an open U tube

type of capiUarhnctcrat 20.0° ± .t°. Thé first reading wastaken immedi-

atctv after the solution waa placed in the instrument and agitated. Thé

solution wasnot agitated again until at thc closeof thé run.

S.L. Migftowan<))- tt. Wa~hbunuJ. Phys.Chem.,32,3.:t-j53('9~8).
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't'imeetapsed Surfacetension Timeetap~ed Surfacetension
o minutes 42.8dynes/cm, 6o minutes 49.7 dynes/cm.

444 i~ M.s
M 45.7 175 i!S.='

m

46.9 aoo 5~.8
so 48.9 9~ 6:.6

Whenthe capillarimeterwasclosedsoas to saturatethovaporphasethe
surfacetensiontellslowlyto its equilibriumvalueof about4: dynes/cm.
Theincreasein surfacetensionbasbeeninterpretedbyBigetowandWashbum
(toc.cit.)as due to the fact that ethylacetateevaporatesfromthe surface
fasterthan it diffusestoor is adsorbedbythe surface;thusthesurfacelayerat
each succeedingmoment is morenearlypure waterwhichshowsits cor-
respondinglyhighersurface tension. That the change in concentration
thus broughtaboutis confinedto a verythin surfacelayeris indicatedby
thefact that aftera maximumvalueofsurfacetensionis reachedin an open
capiUarimetera violentagitationcausesthe surfacetension to faUat once
toverynearlyitsoriginallowvalue,fromwhichpointa secondrisewilltakc
place. Thisrisefollowedby a faUresultingfromagitationhasbeenrepeated
manytimeswiththesamesolutionwithonlya slightincreasein theminimum
valueshowingthat the total lossofethylacetate by evaporationbas been
veryslight.

H. M. Trimbte'workingwithorganicsolventsas wellas organicsolutes
observedthc samephenomenonas describedabove and uses the same
hypothesisto explainit. In addition,he observedwith thesystemcarbon-
disulfidein toluenea faUin surfacetensionwithtime. Thiswas to beex-
pectedfor two reasons. The earbon-disulfidebasa greatervapor pressure
anda greatersurfacetensionthan toluene,thus a preferentiallossofcarbon-
disulfideleavesa surfacelayerricherin toluenewithitscorrcspondingtylower
surfacetension. Atso the toluenewouldbe cxpectedto concentrateby
adsorptionin the surfacelayerbecauseit lowersthe surfacetensionof the
systent.

Conclusions

i. It bas beenshownthat a erust will fonnand spreadon the walls
abovean evaporatingsolutionof potassiumalum. Evidenceindicatesthat
thiscrustis potassiumalum.

AttentioniscaUedto otherinstancesin whichtheeffectofevaporation
mayoverbalancetheenectofpreferentialadsorptionof surfaceactivesolutes
at the surfaceof solutions.

J. Phya.Chem.,32,t:!t (t9:8).



THE SORPTION0F WATER VAPORBY CELLULOSEAND

ITS DERIVATÏVE8*

B. E. 8HEPPABC ANI) P. T. NEWBOME

Introduction

The "regain"of moistureby differentformsof cellulosehas longbeena

matterofgreatpracticalas weUas theoreticalinterest. With theextended

developmentof cellulosioproductsin both textileand other industriesthis

propertyassumesa widerinterest, in regardto thé numerouscellulosede-

rivatives. Its theoreticalimportancefor constitutionalcellulosechemistry

hasbcenrepeatedlyemphasizedby thosegreatpioneersof celluloseinvesti.

gation,Crossand Bevan.'

Thépresentworkis a contributionto thé followingproblems:

a. Sorptionand finestructure(miceUeand crystaletement).

b. Sorptionandmechanicalstructure(porosity).
e. Sorptionand ohemicatconstitution (solvatation).

Experimental

'l'he principalexperimentalresultsdetailedare the adsorptionand de-

sorptionisotherms,i.e., thé "moisturecontents"in equilibriumwith différ-

ent vapor pressuresat constant temperature. The apparatus used for

measuringthèsehasalreadybeen describedby oneof us,' but is illustratcd

herefor the sakeof completeness.
Asshownin Fig. i, it consistsof a McBain-Bakrquartz fiberspringbal-

ancesuspendedin thé adsorptionvcsscL The apparatusshownin thefigure

isplacedinsidea carefullycontroUedair thermostat.

Samplesof the materialare suspendedfromthé calibratedspringand

evacuatedthroughD by meansofan oilpumpto constantweightat a pres-

sureof0.01mm.ofmercury. WhenE isopened,a smallamountofthewater

containedin the capularytubebetweenCand Eisadmittedto théapparatus,

therebyproducinga definitepressureof watervapor. The weightof ab-

sorbedwateris determinedby the elongationof the springas mcasuredwith

a cathetometer. The pressureis measureddirectiywith a cathetometer.

Whenequilibriumis reachedmore water is admittedand a completeab-

sorptionisothermthus obtained. Desorptioncurveaare obtainedby ob-

servingthe equilibriumweightsat dinerentpressuresas watervaporis re-

movedthroughD by meansof thé vacuumpump.
It maybe saidat oncethat this apparatustransfersthe chiefdifficulties

in thisworkfromthe measurementsofthe sorptionvaluesto thepreparation
and definitionof the materials. Cellulosicmaterialsare by no meansthe

*Commomcat)onXo. fromtheKodakResearchLaboratones.
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most rcproductMeand readit~'charactertza.btcknown,to say théleast. In

consequence,oneimportant result,p<*rhapsthémostimportant,ofthcpresent.
workconsistsin thé conctuston~arrivedat i!tregardto definingthématerial
n)orechMdy..

In gênera!,tho materialwasus~'t!in thret'mainforms:
I..

a. as native fibrous nmteriat:

b. as dricd précipitâtes orpowders;
c.asthinMhwtMOt'nhMfromsoiu-

tions.

Xot aUtho matcriats of intercst can

be prepared in aU three forms, Native

cellulose cannot bc prepared in either

thé precipitated forni, or as films,sincf,
as will bc noted tater, it is qucstionaMf
whether any process of solutioncan bt'

(-ffectedon cellulosewithout denatunn~

it,that is, changinRits internatstructun*.

The AdsorptionIsothem, and the

Expression of Moisture Regain

Cellulose, and thc cellulosederiva-

tivcs considered in titis paper, are not

sotuMc in water, and thereforeare sub-

stances with limileclsu'~tKg in watcr.

'l'he amount of watcr adsorbedper gram

increases, at a given temperature, with

thé vapor pressure présent, to a max-

imum value for saturation. The most

suitabtc or représentative value for the

"moisturc absorption," on comparing
different materials of this kind, would

scon to bc the maximum or limit

value. White therc is muchto bpsaid

for this, and we shall so use it on

occasion, it muât bc pointed out

that considcrabtc caution is necessary
in regard to this value. That is bc-

cause while thc détermination is most
:nhf'f<' tthnvf )in))iftwn~tff.vft thf vnJttt*Sft<')Mitymadcin a M/ttf«<<'(/atmosphère, above liquid water, yet the value so

determined is likely to be somewhat towcr than thc truc value. The ab-

sorption inercascs very rapidly in thc ncighborhoodof saturation, but an

atmosphère above a liquid surface is usuany completely saturatcd for only
a very shortdistance aboYCthis,' or in smatt cndosurcs of nn'ta! Adjust-
tncnt to thc maximum tnay bc cffcctctt by soakingin the liquid,but this is

nttcndcdwith thf chance of crror dur- to rctcntion of mcchanicfdtyrctaincd
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liquid,an error whiehis least forsmoothsurfaces,as in gelatinplatesor thé
like. However,thevaporpressuresreadon thc manometerin ourapparatus
wcreequalto thésaturationpressuresofwater at that temperatureto within
theerrorof reading. Sincethe manometertay beyondthéadsorptionspace,
and thé systemwasthemwstatieaUyenclosed,weconsiderthat the values
for the maximaladsorptionswerovcrynear thé truevalues.

In comparingthé "water adsorptions"of thé differentsubstances,wf
shallgive the adsorptionisothcrms,andfrom thèse:

Adsorptionat Adsorption Integral
saturation at 50' H.H. adsorption

Thé intégrâtadsorptionis obtainedbygraphieintégration«f thé adsorption
isothennoverthewholerangeofvaporpressure.

TheMoistureRegainofCottonCellulose

Thérawfiber,orcottonsliver,containswaxyand~otherbodieswhichaffect
thé wateradsorption. Measurementsweremadeon ~<n))~«t'~ccHt~o~pn'.
pared by the OrganicItesearchDepartmentof this Laboratory,as wellas
on goodgradesof coMoK~M<CM,whichwerc used to preparethé cellulose

derivatives. Thesehad beengivenan alkalinekiertreatment,and had bc<'n

ftighitybleachedwithchlorine. Thea-ceUutosccontentof thèselinterswas
abovc90 per cent;fat and wax,0.5 percent. Thésomcwbatlowervatues

tnight be due partiy to residualwaxymaterial,but it wasalsofoundthat
an ox'ceM«<'Meanda hydrocellulosehadloweradsorptionvaluesthan either
standardcelluloseorcotton linters.

Thesampleofoxy-ccUutosewaspreparedby Mr. Murray,ofthe Ort~nic
ResearchDepartmentof this Laboratory,by treatmentof the cottonlinters

cellulosewith potassiumdichromateinnormalphosphoricacid for sixhou~

at s~'C., foUowedby thoroughwashing. The sampleof "hydroceUutosc"
shouldperhapsbe moreproperlytermeda dcgradedceHu!ose,sinceit was
notpreparedbytreatmentwithaqueousacid, but bydigestionof the cotton
linters cellulosewith nearly glacialacetic aeid containinga.s per cent by
weightofstrongsulfuricacid (too.4~ H:80<) at 3o"C.for threehourswith

powerfulagitation. It was then thoroughlywashcdto retnovcall tracesof

acid, dried and pretreated twenty-fourhours at tos" C. Althoughin the

formof a fine softpowder,and containinga little fixedsulfurieacid (0.80

per cent) it willbc scen that its adsorptionis muchtess than that of thc

originalfibrousmaterial,

There is someevidence,whichwillnot bc strcsscdat this tune, that thé
moisturcregain,orwateradsorption,of celluloseis progressivelytowcrcdby
<rcatmcntswhiehdégradethe ceHu!ose.In Table1are givcnthe viseositics
in cuprammoniumsolution2.0percentccHutosc,in3 percent coppcrin 16.

per cent NHa,and the maximummoisturcregainof thesecottonce!Mosps.
Sincethe "hydrocellulose"wasreducedto a powder,its externaldispcrsity
wasconsidcrabtygreatcr than that of the fibrousn)at<'ria)s,and thc change
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uf moistureregainmust be referredto someréductionof inNerdispersity.
Thefollowingtableand curveagivethed~ ontho watoradsorptionsfound

for thèsematerials.

TABLEI

Viwomty MoistureRegain

Standard cellulose 40,000 tir. s

Cottonlinters 4,800 i5.o

Hydrocellulose 10 to.3y

<tMwr'M< c~MmM~et*Ttt'e &'<
0- tïtMMM'etilJMM. MYMU.m.M~
~-ttTTeMUMCH O-tMMMttu.UUMt

Fm.: 2

TABLE II

Standard Cotton
CeUutoM Lintera Oxy-cellulose Hydrocellulosc

pP x/m p/F x/m p/P x/m p/P x/m

00 00 0 00 0 0

0.0!: 0.0029 0.059 O.OtO? 0153 0.0t24 O.!3t 0.0tt3

.tt6 .0162 .i6: .0191 .344 o~53 -~9 -<4

.266 .0:90 .300 .0:90 .57! -°433 -459 -0331

.497 .045S .463 .040! .8oo .0676 .747 0583

.669 .0603 .609 -o5'9 894 .0836 .900 .o8to

.809 .0806 .828 .0870 i.ooo -t!87 t.ooo .!039k)

t.ooo -t75' t.ooo .!497

')
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MercMhattcaand HydrateCeHutoae

Cellulose,suchas cottonfibers,mercerizedbysoakingm strongsolutions

ofcausttca!ka!ies,–i$percentand upward-and then washedto complete
removalof thé alkali, is knownto have changedproperties. The under-

lyingcauseforthesechangeswillbe notedshortiy. In particular,the water

adsorptionor moistureregaini8 coastdemMyincreased.' This was con-

firmedby ourmeasurements(sec TaMeIII andFig.3). Wehavealsodeter-

minedthe absorptionof watervaporby ce!!«!oseregeneratedfromcupram-
moniumby preoipitationrespectivelywithsulfurioacidand by alkali,fol-

lowedby thoroughwashing,andby ceMt(!oMregeneratedfrom celluloseace-

tate by oarefulde-esterificationwith i/! N NaOHsolution. (8eeTable

III andFig.3.)

TABLEIII

Standard Cotton Hydrate Hydrate Hydrate
CeUutMe Liaient Cettutose Cellulose CeUut<xe

ABC

p/P x/m p/P x/m p/P )c/m p/P x/m p/P x/m
0 0 0 0 00 0 00 00 0

o o:y 0.0020 o.os<) o.otoy 0.030 0.0056 0.062 o.oosy 0.06: 0.0163
.!i6 .0162 .i6a .oipt .001 .ois6 .1~0 .ot~y .169 .0370

.266 .0290 .300 .0290 .175 <~96 .37~ .0621 .325 .0636

.497 .0458 .463 .0401 -378 .0552 .59ï .0998 .509 .0804

,669 .0603 .609 .0519 .584 .o8o8 .875 .1635 -68i .1187

.809 .0806 ,828 .0870 .6y8 .0964 i.ooo .2347 .864 .1702

i.ooo .t75i i.ooo .ï497 -8i6 .1245 t.ooo .2657
i.ooo .2269

In this table,hydratecelluloseA wasmaterialpreparedfromcottonUn-

tet9by twenty-fourhours'soakingin 2oper cent NaOHsolutionat room

température,followedbythoroughwashing. HydratecelluloseB wascellu-

Icseregeneratedfrom cuprammoniumsolution,whilehydrate ceUu!oseC

wascellulosefromde-esieriSedcelluloseacetate. It wiUbe seen that the

moistureabsorptionsof thesematerialsare nearlyalike,and muchhigher
thm that ofnormalcellulose.This differenceis not due to anyfactorfor

moteeutaraggregation(potymerization),as can be seenon comparingthe

cuprammoniumviscosities.

Material \'McosHy

StandardCellulose 40,000
CottonLinters 4.800

HydrateCelluloseA 2,028

HydrateCelluloseB 5tr

HydrateCelluloseC 5.6

"Mercerized"standardcellulosebas itsviscositysomewhatloweredeom-

paredwithuntreatedcellulose,but oanbavea muohhighorviscositythan

a "normal"cellulosewhiehhaabeendegradedby aoidtreatment. Yetthe
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latterbas if anythinga lowermoMtureabsorption. Thé regencr~tcdcellu-

!ose8had extremelylowviscosities,yet theirmoistureabsorptionswereequal
tothat ofmercerizedcettutose.

ttMefTtttt<ft«))MU<t<TM~ j
<- tTMte*)~OM.Utt.MC. O-M~MttctttLMKtt &f
t-<«ir<)tt~tXTt))t. C. n
t-)«t«frt(tu.mett*,

t
Fic.3

1

Fine StructureofCettutose

Thpseresultsareingoodagreementwithwhathasbeenlearnedby X-ray
t

spectroscopyof the finestructure of cellulose,<.e.,concemingthe arrange-
r

mentof its atomsandatomicgroupsin crystallineorder. Thereappearsno

reasonfor regarding"mercerized"or "hydrate" celluloseas differingin

chemicalcompositionor constitution' from normalor "nativo"ceUutose.'

Againif weexpressthemolecularaggregation,or degreeof polymerization,

by the expression(C~[m05)a,there is no evidencethat the moisturead-

sorptiondépendsuponthe degreeof aggregationexpressedby n, at least in

)<ofaras thecuprammoniumviseosityisameasureof thisvalue. Ontheother
<
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hand, X-rayspectroscoptcexaminationbas shownthat there is a definite

and charactensticdifferencebetweenthe finestructureof normalcellulose

and that of hydratecdMose.'
Thé investigattonaof R. 0. Herzog,M. Polanyi,andcoUaborators,of 0.

L. Sponsicrand W. H. Doré,and more recenttyof K. H. Meyerand H.

Mark, havetedto a faidy definiteconceptionofthe finestructureofceUu-

loseand itsder!vativeM.Whiicramienbersg!vea wellmarkedSberdiagram,
cottoncellulosefibersgiveonlypowderdiagramswithsingularitiesindicatingvv, vvuuivmn.U'D (~ssovassJ~rvnwwuaw6sa
someapproachto a fiberdiagram. The
evidenceis to the effect that in both

thèse, and othervarietiesof native ceU-

ulose, the fundamental basis cell and
the spatial arrangement of thé atom tf

groupa in thecrystallitesarc the saine,
but that whereasin ramie the crystal-
Utesare to a large extent similarlyor-
ientedin thedirectionof the fiberaxis,
in cotton cellulosethe orderingof the

crystallites is less symmetrica! and

regular. <~

The interprétationof X-raydata for
cellulosewhichis most consistentwith
both the spectroscopieand the chemical
data is that ofMeyer andMark. This

leads, for normalcet!u!ose,to the con-
clusion that the crystallitesare formed
of long primaryvalence chainsof glu-
coseanhydrideunits gtucosidicattybound
by 1:4 o-tinkagcs,as in cetiobiose.Ha- 'n

worth's constitutionfor cellobioseis ac-
cepted, andthéglucoseanhydrideunit is

(
giventhé pyraxoneorhcxagona!ringform i~'

proposed by Haworth. The pyrazone rings arc ordered in thé direction

of the fiber in thé form of a digonal scrcwaxis. (Cf. Fig. 4.) Thiscrystal-
line part of the cellulose gives a fiber diagram from which is derived a basis

cell of the dimensions

rctation of the unit cell to the mo~ctf!<!rweight or limit of these primary

valence chain tattiecs. White the union along the fiber axis is by primary
valence of the –0–bridge, the association of the chains is by t!ccondary
valences or van der Waats* forces. The basis cell corresponds to a rhombic

cryftal symmetr~

a. 8.7 Â.U.

b. to.3Â.U.(Fibcraxis)
c. y.9 Â.U.

The smallest possible cell bas 4 (CeH)oOt) units. There is nonecessary

t'to.4 y

Spatiat arranzement of thé cet)o-
biose chains in thé dementMyceUf.
The ahadcdand uMhadedhexagone
(hexosan units) form digonal serews
about the b-aNS.

Mey<*)'and Mark: Ber., 61, 59~
(t9:8).

rinea are ordered in thé direction
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Comparisonof "native" and "mercerized"or hydrate ccUutoseshow~

that the latter givessmall but definitediisplacementsof thé pointsof the

fiberdiagram.
T.–Ttt TTABLE III

Equatorta! Pointa

Point Method 1 MethodH Index
Xative Hydrate Xat:ve Hydrate Xattve Hydt-atc

At Bt 0.1950 o.t9:< o.t94t o.tpït 002

A, B, .!76..1~ .t76< -i?!'

At – .142'~ ~4~

At Bt -t334 -4! .'33< -~4< 'o'

Bo – .t0!t – .!00o ttOOt

[t00

XattveCelluloseLattice
FtG.s$

HydrateCdMoseLattice
MeyerandMark:Ber.,61,?3 ('9~8).

The pointsof the "hydrate"diagramcorrespondto a basiacellof rhombic

orslightlymonoelinicsymmetryof

a. = 8.90 8.95Â.U.

b. ==9.95 -'o.osÂ.U. (fiberaxis)
c. = 8.02 – S.ioÂ.U.

That is, they showa MM<rac<MKin the fiberdirection,anda dilationin thé

twoother directionsat right anglesthereto.

The conclusionis reachedthat the mostimportantcharacteristicsof the

hydrate celluloseare accountedforif the hexosanunitsare so rotated with

respectto eachother that their planesbecomeapproximatelyperpendicular

to each other. "As thebasiscellsareat the sametimesomewhatseparated

in both directions,mercerizationinvolvesa slight pushingapart of the

formerlyco-chainedcellobiosethreads,accountingfor thehigherrcactivity."

This conceptionis iHustratedby the two diagramsin Fig. 5 reproduced

fromMeyerand Mark'spaper.
The conclusionthat mercerizationinvolvesonlya rearrangementinside

thebasiscellissupportedby R. 0.Herzog.'<It isagreedbybothMeyerand

Mark, and by Herzog,that the hydratecelluloselattice representsmore

stable, lessenergy-richarrangements;the nativecelluloselatticea morede-

formed,lessstablemodification.
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The hydrate cethuoselatticeis fonncd by actuat invasionof thé basis
ceUby sodiumhydrate molecules,16and after removalof the alkali,permits
intra-crystaHite,or intra-micettarabsorptionof, or sweUmf!by, waterand
other polarmotecuips.

Fine Stntctm-eand Sorption

The "finestructure" diiïerencesbetweennativeand mercerizcdcellulose
thereforeanorda reasonablebasisfor aecountingfor thé increasedsorption
of watervaporby the hydrateceHutoso.In part thismightbeaecountedfor

by the increaseof internatdimensionsof thé basiscell,but to considerthe
vohuneis onlyone wayof envisagingthe fact&It musta!sobc considered
that in the hydrate cellulosethe hydroxylgroupsof the celluloseare less

mutuallysatisfied,sothat theirattractionforforcignpolarmolecules,capable
ofdipoleorientation,is increased.Weshallreturn to this point on consider-
ingmoregenerallythefactorsdetemnningthesorption.

"HydroeeUutoHe"and oxy-cethuosehâve no diKerentX-ray spacin~s
fromthoscofnative cellulose."The only indicationsat presentasto their
"finestructure" is that the similarorientationof the crystaUitcsis reduced,
andthé proportionofanamorphousphase"is increased.The loweredwater

absorptioncomparedwith nativecelluloseis aecountableeither onthc view
that disorientationbas pennittedstill greater increaseof the mutualat-
tractionof the hydroxyls,or that the porespacehas beendiminished.On
the other hand, thé identity of the water adsorptionsof regeneratedcellu-
loseswith that of mercerizedcellulose,whichis inagreementwith theX.ray
investigationof thesesubstances,"is of great importance.

Esterificationand Sorption
The importanceof the freehydroxylsof cellulosefor the sorptionof

water is shownby the well knownfact of the great diminutionof water
adsorptionproducedby nitration,esterification,or ether formation. Since
thèsesubstancesstill have an appreciablewater adsorption,it becomcsof

importanceto considerthis, as wellas the relationof the sorptionto the
d<'greeofesterifreation.

In studyingthé sorptionbycelluloseestersoforganicacids,c.g.,ofcellu-
)oseacétates,it must bc noticedthat a priori wehave two seriesof these,
accordingas thcy are preparedby fibrousesterification,i.e., the celluloseis
neverdissolvedin the cstprincationmixture,but maintainsits fibrousform,
andsecondlythose in whichthecellulose(or rather theester) mdissotvedin
thé reactionmixture.~ Cellulosenitrates are uniformlymade by the first

procedure,whilecelluloseacétatesmay be madeby either,but practicaUy
for certainreasonsare usuallypreparedaccordingto the second. It must
le noted, howevcr,that there is little if any principaldifferencein the
primaryprocessof esterificationbetweenthe two. In eithercasetheesteri-
ficationis a topoehemiealreactionaccomptishedby reaction in the solid

phase, whichis only "dispprspd"or dissotvedin the acctytatingmixture
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(accticacidplusaceticanhydrideplusminéralacid)whenMme40 pcr cent

acety!hasbeonfixed.

The chiefdifferencesbetweenthe primaryheterogeneousreactionsin

thc two casesare in the uniformityofacetylationof the fibrousHo!id.<'In
14

the secondcase, where the acetylationproduotgoes into solution,thc

unaectylatedmaterial is progressivelyexposedto further attack. In the

former case, complctepseudomorphosiamay be accotnpUshed~givin(;a

cpUutoi'cnitrateor acetate fiberwhichshowsa "finestructure"of the same

lattice systemas that of normalcellulose." On the other hand, cellulose

aetates preparedby the secondprocedure,i.e., havingpassedthroughsolu-

tion, followedby précipitationin someform,showevidenceof a différent

"fine structure," and whencarefullyde-esterifiedwere found by R. 0.

HerzogandhiscoUabomtors~to givethe diagramof "hydrate"cellulose.

It appearsnot onlythat inany solutionsin organiosolvents(aceticacid,

acetone,etc.) the fibers arc dispersedat least to the crystallite building

blocks,but that the solventpenetratesthe crystallitestbemselves,and en-

larges thebasiscell,in thc samewaythat caustic&!kaMespenetrate in mer-

cerization,andenlargethe basiscellof celluloseitself. In tact evidencebas

heengivenby SheppardandeoUaborators"that insunicicntlyditutesolutions

this "Mlvating"effectextendsto completesplittingup of the crystaUiteinto
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moiecularthreads, so that recoveryfromthesesolutionsof materialgiving
the finestructure of mercerizedorhydratecellulosemeansthat there iaa

realrecrystaUization."
ït willbe seenthat our résultaforthewateradsorptionofde-acetylated

ce!!uloseacetate are in goodagreementwiththe deductionsfromX-raydata.
Wehave been able, however,to pushthe correlationsomewhatfurther

thanthis. There can bepreparedthefollowingseriesofcelluloseaoetatoa,

usingseriesin the senséof progressivedegreesofacetyiation:

Normal
Cellulose

)–––––––––––––––––––) 1
Normal Mercerized

Cellulose or

Hydrate
Cellulose

t––––f 1 i––––i
Fibrous Dope Fibrous Dope

Acetylation Acetylation Acetylation Acetylation
and and

Repreoipitation Heprecipitation
A B CD

The"finestructure"and moistureadsorptionofseriesB,C,andDshouJd

by and large agree with each other,and differmarkedlyfrom thoseof

sériesA. It has not beenpossibleyet to completethe data on these four

series,but thé dataplottedin Fig.6,andshownalsoinFig.yindicatethat:

a. Celluloseacetates made fromnormal (unmercerized)celluloseby
fibrousacetylation and not put intosolutionform a seriesin whichthe

moistureregain decreasesas the acetylinereases.Thé relationappearsto

be tinear. In the caseofthe nitratesexaminedby Wm"hefoundthe mois-

turcabsorptiongivenbythe equation

W = 334.4 S3.65N

~t.ti N

where per centnitrogen,butourdata for thissérie:!ofacetatesare in-

sunicientto determinewhethera simpletinearformof the typeW = <t –

b AisauSicient.
b. Cellulose acetates made frommercerized(hydrate) cetiutose,by

fibrousacetylation, or from normalcellulose,but put into solutionand

rcprecipitated,formanother seriesof celluloseacetatesof highermoisture

regain.This series,however,rapidlyconvergestomeetthe lowerseriesasthe

acetylcontentapproachesthat forthetriacetate(44.6%acetyl).
Thedifférencein moisturcregainbetweenthesetwo seriesweconsider

to bc due to the intra-micellaror intra-crystallincabsorptionof watcr.
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If weconsiderthattheprecipitatedtriacetatehasabothemodi6ed"hydrate"

celluloselattice (Fig,5) then the agreementof the moistureregainof this

materialwiththat of fibroustriacetatefromnonnal cellulose,whichmust

be assumedto havethe normallattice, tndicatesthat théchiefimportance
in the changeof latticestructureconsistsin the relativefreeingofhydroxyl

groups, so that they can exercisethcir futt attractionfor wateror polar
solvents.

Inter-micettarAdsorptioa

Althoughthe completeacetylationof celluloseto triaeetategreatly re-

ducesthe wateradsorption,yet it leavesit confilderablyhigherthan might

beexpectedafteresterificationofthe hydroxyls.Thusthecompleteacetyla-
tionofglucosetoglucosepentacetate,andofcellobiosetocellobioseoctacetate

reducesthemoistureabsorptionsto the verysmallamountsoftto~perecnt

at 100~ R.H. (seeFig.3). HB)HN!
It appearsfromthis, as wellas fromotherevidence,that a considerable

part of the totalmoistureregainby celluloseand its estersmustbc due to

thc structureoftheget, to inter-micellaradsorptionbyultra-microscopic

capillaryspacesor micro-pores.In the caseof cellulosenitratesheets-so-

called collodionmembranesfor dialysisand ultra-filtration-it bas tonf;

beenknown~that the porosityof thèsecotudbc controM inlargemeasure
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byincorporationof inert,<.f.,noo-soiventsubstancesin the fjojution,previous
tocoatingand dryingthe membrane,thesesubstancesbeingusuallyleached

outin thc subséquenttreatment. Membranesof "controlled"porosity-to
n certaindegree-were proparedin thisway. Wcproposetodeal with thé

behaviorof thosein a later communication,andwillrefer hèreto onlyone

caMofsuch modifiedporosity.

If a cellulosenitrate dissotvedin acetoneis allowedtoevaporatein an

atmospherecontainingconsidérablewatervapor,or is set in water, it is

wetiknownthat an opaquewhitefilmisproduced.Such filmshavea micro-

scopicallyporousstructure similarto meersehaum.We havecomparedthé

moistureabsorptionof such a cellulosenitratefilmwith that of the same

materialdried out in transparent fonn. Thedata are shownin Fig. 9 and

TableIV.

It willbe seen that the opaquematerialshowedmuch greaterabsorption
than the transparent material. Ttte loweringof thé atkorptionby pre-

treatingat !os"C.ispossiblydue to the collapseand sealingup of certain

pores. Sinceboth the transparent andthe opaquematerialwereprepared
fromthe same cellulosenitrate, of !0.8%N,it is evidentthat the dinerencc

inadsorptivcpoweris due solelyto thegelstructure.

Accordingto I~ordKetvin'séquation~forthe influenceof curvaturcon

thevapor pressureof liquid drops,théradiusis proportionalto the relative
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vapor pressure,and a high poreradius,and conversety.Thé poreradii
werecalculatedaccordint;to thb equation. 1

r °

L
where

r"'pore radius
e'='surfacetension of adsorbedwater-assumedconstantandequalto

that ofpure water~.4 dynes/cm,at ~o'C.
~f=gasconstant*=4.6: X 10'C. G. S.

p==densityof adsorbedwater-assumedconstantand equalto that of

pure water'= 0.99567at 30"C. c

y'=absotutetempérature<=303".
Hence,takingnumericalvalues

=, o-44S~X 10* em.

_x
tog~p

Usingthis expression,weobtainedthe followingtable:

TABLEV
Relationof MoistureAdsorptiontoPoreRadius

llnnnunOpaque
Mt OpMMO TraMparent

Preheated Preh-tted Ptet~ated
r –––––––––––––––––––––––––––––––

p/P Cnmft) x/m Q x/m Q x/m Q'

0 0 oo 0 oo 0 oo 0

o.oot 0.1486
e

.0! .2229

.025S .~783

OS .34~7
1 .4458 0.00675 6.88 0.00565 s-88 o.oo:? 5.~1

.2 .6379 ono 12.24 .0:015 to.s6 .0053 "35

.3 .85:7 .0163 t6.6x 0135! 14.10 .00815 17-45

.4 1.1204 .0205 :o.0t .0:70 17.69 .ono 93 SS

.5 :.48: .o:so :549 .0:1: :z.o6 .ot4t 30.'9

.6 :.oio .0304 31.00 .02625 27.3: .ot78 38."

.7 2.878 .0374 38.14 -03~5 38.93 -0230 49.~5

.8 4 6o[ .0485 49-46 .0402 41.84 .0296 63.38

.9 9,743 -0669 68.22 .0512 53-~9 .0374 80.09

.95 ~o.ot .0807 82.29 0634 65.99 -o4t9 89.7~

.98 so.83 .0906 92-39 .0777 80.87 .0458 98.07
1.00 – og8o6 IOO.OO .09608JOO.OO .04670YOO.OO

Columnt of TableVshowsselectedvaluesofthé relativevaporpressure
from o to i and column thé correapondingvaluesof the poreradiical-
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cuieted. CotumtM3, 5, and y give thé valuesof thc adsorptionscorre-

xpondiot!.In Fig. 10isshownthevariationofadsorptionwith"poreradius"

usingdata fromTableIV. The eurvesin this havethe samegénérâtform

as the theoreticalcurveof the funetion

tttt «MM MMtttt
e'e~*Mt'w MtMMw
x·

~TXMtMWttn<tf)t<tt

Fta.to

Fto.n

a<r

~T!.g~

ïn ordcr to obtain thé distribution of pore siœa, wc may plot –.– as a

function of r, or ot !og r. Figs. t and ti! show distribution curves obtained

in this manner. Plotting as f (tog r) is more satisfactory when thé most

fréquent pore is sma!).
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J. S. Andersen"investigatingthe sorptionof tiquidsby sitieagel stated

that onlypointson the desorptioncurveshouldbcusedto caleutat~thepore

radii becauseof ineomptetewettingof the wallsin adsorption. Thiswill )
t3enoted in dealingwith hystérésisbut it maybestatKt that a later catcu-

lation fromdesorptiondata with celluloseacetateshowedthat tbc general

~hapeof the distributioncurve,and the valueofthé mostfrequentporesize

werenot materiaHyaltered.
The mostfrequent poresizcfrontthe data isof radius s Â.U.or 10A.U.

diatneter. This valueis notsoverymuehlargerthan that of moderatoNiied

tnotecutes,and can hardtybc signiRcantin thécaseof smaHntotecu!essuch

as water,alcohol,etc.

Substance ~tokcuhf diameter

H~O S.6Â.U.

C:H,,OH 6.0. Â.r.

Hence, there is a considernblepossibiUtythat the capiUary adsorption ceases j
to be valid for smatt vapor pressurfs, corresponding to pore radii belowa

M'rtam va)u<

Sorption Hysteresis

At) of thé cpUutosicmaterials studicd showedsorption hystérésis. That

is, on desorption, the moisture contents at Rivcnvapor pressures intertnediatc

~twccn t and o are higher than on adsorption. On repcating the adsorption

and desorption, a new cycle is established. (~ecFig. 13.) Répétition of thé

sorption cycle (adsorption –~ desorption) te(}toa réduction of the hystérésis,

or narrowing of thé hystérésis cycle. This was less marked with the pre-

cipitated or powdered materiai than with the driedshcet or ntm.

Various cxptanations hâve becn given of this phenomenon. In tems of

thé pore thcory, on the first explanation, desorption is duc to evaporation

from the eurved surfaces in thé pores. On adsorption, or filling, the wettinx

is supposed !ess complete, thé contact angle, if any, greater, and therefore,
l'

i
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thé vapor pressurefora givenamountishigher;accordingto thishysteresis
should be largelyeonfinedta thesteepestpart of thé curve. Thisis not en-

tirely truc with our material,althoughthe area of thehysteresMcyclets

somewhatlargerfor the steeperpart ofthe ourve. Accordingto the second

explanationthe hystérésisisascribcdtoair in the poresinterferingwiththeir

wettingand filling. Patrick"foundwithsilicagelthat thoroughevacuation

coutd largelyeliminatesuchhysteresis,This doesnotseemadéquatewith

our rnaterial, since thé absorbentwasrepeatedlyevacuatedto a pressure
of 0.005 mm.,and yet hysteresis,thoughrcduced,wasstill quiteapparent.

J. McBain~and Fergusonhaveoffereda third explanation,in the case

of building materials (Gattonstone,etc.) whichthey havealsoappliedto

cettutosenitrate. Theyfoundthatevaeuatingfourtimesto 0.0000mm.stiiï

gave hysteresis. Theyfoundthateventhese"rigidgels,"assi!icagel,show

same "swelling"on adsorption. This they attributcd to "uncoup!iMgof

certain linked particles-through additionof a moleculeofwater to each

valency bond broken and exposed.Onthe whole,muchof the coupling
should tend to be irreversible,the atoneshouldshrinkand becomcstrongcr
and less susceptibleto moisturechange. For example,sorptionof nitro-

cotton maybe reducedto two-thirdsofit!<originalvalueby thismeans."

McBain and Ferguson'shysteresiscyclesfor Gattonstonewercstarted

with material already containinga certainamountofwater. Thé curves

are not extendedto the originof zeropressureand zeromoisturecontent.

It is to be inferredfrom theirproposedexplanationthat a certainamount

of water was irreversiblycoupledto thé adsorbent,althoughthis wasnot

tested by continuingdesorptionto zeropressures, ïn thé formgiven,their

hypothesisis not adequateforthé moisturesorptionbycc!Moseesters,be-

cause there is no permanentor irreversiblecouplingofabsorbedwater,and

no permanent deereascof the amountof water ad!iorbc<withattending

completedisappearanceofhysteresis.



t834 8.E.8HKPfARDANOP.t.!ft:W8ÛME

We do not fée!that a completeexplanationof thehysten~sphenomena
is yet available. A modificationof McBainand Ferguson'shypothesis

ntight be attemptedin tenns of relativeexposureand buryingof active,
UH groups,henceof changeof the wettingpower,whichis consistentwith

the first explanationin tenns ofcontactangle. Thiswouldinvolvea certain

amount of superficialreorientationof the moleoularunits,and this is sup-

ported by observationsofA. H. Nietz"on thé changeof workofadhésion

of alcoholandwaterto celluloseacetateon altematetreatmentwithmon'

and less polariiquids. TheproblemrequiresfuUorinvestigationwithcellu-

loseesters (nitrates,acetatesandothers)in whichallOHgroupshavebeen,

as far as possible,removedby esterification.It basbeenpointedout that

cellulosetriacetate,should,on chemicalgrounds,showprobablyno higher

absorption than cellobioseoctacetate. Again,Witt'sformulafor moisture

absorptionby celluloseacetatewouldmakethe absorptionfora completely
nitrated materialat 14. N praetioaUyzéro.

We proposethereforeto examinethe sorptionphenomenaof auchcont-

pletelyesterifiedmaterials. It shouldthenbe possibleto determinewhether

the sorptionandhysteresiswith the tessde-hydroxylatedmaterialscannot

bcexplainedintermsofsurfacereorientationsofatomgroupsof theadsorb-

ent, with attendingchangesin gelstructure.
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LEXGTH8OXNITROCELLULOSE*

<\ DY Il. B. DKVOHE, A. H. PFUNU AND V. COFMAN

Berthetotand C!audeohon'have shown that nitroce!tu!oscis deoom-

posedby ultra-violetlightwithevolutionof CO,,( '0,Ni, andN<0. Onthe

basisof their work, Ciuilbaud'eonstructedan apparatusfor the meafture-

mentof thèsedccompositionproducts. Sinccthen verylittle workon the

photoehemicaldécompositionof nitrocellulosebasbeenreported.
Thé action of suntightor ultra-violetlight on an unpigtnentednitro-

ccHutosefilmis accompaniedbya variety of phenomenain additionto the

gaseousdécomposition.The Nm becomesacid, its brittlenessinereases,

its tensUestrengthdecreases,andafter prolongedexposurethé filmbecomes

yellow. The viscosityofa solutionpreparedby redifisolvingan irradiated

filmis lowerthan that ofthe solutionfromwhichthefilmwaseast.

The workdescribedin this paperwas undertakenwith the purpoocof

determiningthe spectralrégionresponsiblefor the décomposition,and of

findingsomeconvenientmethodwherebythe décompositionby light of

differentwave-lengthscan be measured.

E)tpefimental

The nitrocettutoseused in this work was a lowviscositynitrocotton

containingt2.4~/fnitrogen. Tt)efilmsworeformedwith a to% solution*

of this nitroccttutosein a mixtureof 80% ethyl acetatewith :o% ethyl

ttteoho!.
Thesourceofultra-violetradiationwasa 'noopcr.HcwittverticalUviarc,

a mercuryarc in quartz. Thiswasoperatedwith t68voltsacrossthe tube

andwithacurrentof3.7amp.

ThioFilm

Ourfirstexperimentsntadeuse of the décompositionof thé filmitself,

Vcrythin filmsof nitroceUutosewere madeby spreadinga smallquantity

ofsolutiononthé surfaceof wateror tnereuryandremovingthe filmformed

on a wirering. The thicknessofthèse filmswasofthe orderofmagnitude

of o.oot mm.,and whenproperlymade theyshoweda fairtyuniforminter-

férencecolorover the entire surface. Filmsof this type, exposcdto thé

quartzmercuryarc, weregraduallydccomposcdby the lightwithformation

of.gas. This décompositionwasaccompanicdby a progressivechangein

ContributionXo.ts fromthet~tpcrimcntatStationofH.t. duPontdeXemouMand

Company.
1Compt.rend.,tM.2ot(t~tj')
~Compt.rend.,t6t, t~ ('9'5)-
'ThewordllootutionandMttMhHttt-an' usedheK'forthe))af<t-ofNtnptMty.Xitro-

<-c))M)"N'formsoonoida)diapcrsionswithor)tani<-fKth'cnts.
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thé thicknessof the film,anda correspondingvariationin thé interférence

eolorshownby the film. In orderto déterminethespectralrégionwhichix

responsibleforthis décomposition,a filmshowinga uniformblueinterférence

colorwasplacedin the focalplaneof a Gaertnerquartz spectrographand

exposedto themerouryarc for60hours. Theresultwasa numberofyellow

lines (interferencecolor)on the filin,correspondingto thé portionof thé

mercuryarc spectrumextendingfrom :6om~to tçom~.This showedth''

verypowerfulactionof the far ultra-violetbut didnot, withina reasonabh'

timoofexposure,indicateanyactionbythe nearultra-violetwhichisprésent

in sunlight.
IndicatofMethod

Anothermethodwhichwasusedfor the mcasurcmentof filindecomponi-

tion wasbasedon the tact that nitrocellulosefilmsincreaseinaciditywht'n

exposedto theactionofultra-violetlight. Thé apparentpH ofa to% solu-

tion of nitrocellulosein ethylacétateis approximately4, as shownby indi-

cators. Theunits inwhichtheacidityisexprcssedarc describedas apparent

pH, sincethe pH of a non-aqueoussolutiondoesnot neeessarilyhavethé

samemeaningasforanaqueoussotution.Ofthénumberofindicatorshavinf:

pH rangesaround 4, bromphenolblue (tetrabromphenotsulfonphthalein)

wasfoundto be the mostsatisfactoryas to sensitivityto aciditydevetopeti

in films. Thefilmsweremadebyspreadinga 10%sotutionofnitrocellulose,

containingo.ot% ofbromphenolblue,ona glassplatebymeansofa "doctor"

knife. Thesefilmswercofa deepbluecolor;onexposureto thé mercury

arc, the colorchangedto yellow,as a consequenceof the réductioninpH of

the film,producedbythe actionofthe radiationonthé nitrocellulose.Film!!

of this typewercplacedin the quartzspectrographand exposedfor oneor

two days. A yellowmercuryarc spectrumon a blue fieldwas obtained.

The intensityof actionof the variousrays wasrepresentedroughlyby the

degreeofcolorchangein theUnesformed. Thisspectrumextendedapproxi-

matetyfrom6oom~t023om~.
Attemptsweremade to measurethc relativeeffectsproducedby lines

of differentwave-lengthsin termsof thedifferentintensitiesofcolorchange.

For this purposemeasurementson the filmweremadewitha microphoto-

meter. However,sincethe thermopileonthis instrumentwasequallysensi-

tive to yellowand to bluelight,it didnot distinguishbetweenthe dinerent

coloredUnes. A furtherexperimentwasmadebyprintingthenitrocellulose

filmsin yellowlightonphotographieplates. Theyellowlinesprintedblack

whilethebluefieldabsorbedmostof the yellowlightandproducedverylittle

effecton the plate. Thé spectrumwasthenrepresentedas black lineson a

light field. These platesweremeasuredwith a microphotometerand the

result wasslightlymoresuecessMthan measurementson thc nitroceMose

films. AtypicatmicrophotometerrecordisshowninFig.t.
Oneobjectionto this methodliesin the fact that thc colorchangein the

indicatoris relativelyMmited.Whenthe acidityreachespH 3.4, the color

of the bromphenotbluetums deepyellow. loweringof the pH beyondthis

point doesnot produceany further change. This limitationin the color
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changeteads to over-exposureand consequentlyto an under-estimationof

thé activityof the strongerUnes,whenan exposureaunioient!ylongtoshow

t heweakerlinpHiagiven. Anotherobjectionto thé mierophotometermethod

of evaluatingthe relativeactlvitiesof differentparta of the spectrumUes

thé tactthat exposureto ultra-violetlightchangesthe absorptioneharacter-

i!<ticsofthe film. Whenthe colorof the filmchanges,the absorptionfor thé

incidentlight is altered and the rays of differentwave-lengthsareacting
underdifferentconditions,dependingon tho alterationproducedby each

in its particularpart of thé film. In additionto the modificationinabsorp-
tion of the filmas a resultofcolorchangein the dye,thc absorptionchar-

aetcnstiesof the nitroecHutoseitselfarealteredbyexposure.

FtQ.!i
.\UcfophotometerRecordofSpactrumona DyedFilm

ThresholdMethod

In orderto obviate the twosourcesof error introducedby thé narrow

rangeof the indicatorand the changesin the absorptioncharacteristicsof

the film,a thresholdvalue-the timeofexposurerequiredforinitialappear-
ance-was measurcdfor eachspectralline. The activitiesof the various

wave-lengthsof light are takenas inverselyproportionalto thesevalues.

For thedeterminationof thé threshoMvalues,a seriesof exposuresof in-

creasingdurationwasmadeona filmandthe timerequiredforeachlineto

appearwasfound by inspection. By this methoda strongmaximumof

activitywasfound at about313m~.
To convert the activity of each wave-lengthof light into relativeef-

fectivenesstwo things are needed:the relativeénergiesof the different

mercuryUnesas transmittedby the quartzspectrographusedin thiswork,

and thecoefficientofabsorptionof thofilmfor eachwave-lengthofthe tner-

curyspectrum.
For the purposeof measuringthe energydistributionin the apectrum,

the quartzspectrographwasconvertedintoa simpleformofmonochromator

by replacingthé plate holderby a moveableslit. A compensatedvacuum

thermopilewasplacedbeforethecollimatingslitand the mereuryarclocated

beyondthe moveableslit. The arrangementis shownin the diagramin

FiR. The moveableslit wasadjustedfor eachof the prominentlines

in the mercuryarc speetrumand the energyof the line measuredby the
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thermopilein conjunctionwitha LeedsandNortttruphighsensitivitygal.
vanometer. The ultra-violetabsorptionof the filmswasmeasuredby an

ultra-violet spectrophotometercoMistingof an arrangementvery similar

to that dcscribedfor thc energymeasurements.To findthe amountof

lightofany givenwave-lengthtransmittedbythé film,thé intensityof that

wave-lengthtransmittedby thc monochromatorwas first measured. Thé

filinwas~thcninoertedbetweenthé arc and the monochromatorand the

u

Pt0.a a

ArrangementofApperatmforEnergyMeaauremcots
A–MercuryArc D–CompetMatcdThenmopile
B–QuartzSpccttograph E–Gatvanometcr
C–MoveaMeS)it F–Scate

intensityagainmeasured. The ratioofthe twointensitiesgivesthe amount

of light transmitted bythe filmin eachcase,and thèsevaluessubtracted

fromunity givethe amountoflightabsorbedby the film.

In order to déterminethe degrceof décompositionof nitro-cellulose

with the useofa filmcontaininga dye,it isneccssaryto becertainthat the

tight bas no actiononthedye, andthat thereis noreactionof the dyewith

the nitrocetMosenor anyreactionin whiehthe dyefunetionsas a catalyst
for the decompositionof thé nitrocellulose.Accordingly,clcar filmsof

nitrocellulosewerogivenexposuresof oneday in thc quartzspectrograph,
and afterwardsdyed withbromphenolblue. The unexposedparts of the

filmwerestainedblue,but in the exposcdportions,the indicatorchangcdits

coloras it wasabsorbed. In this waya filinshowingyellowspectrallineson
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a bluefieldwasobtained, This methodof "devebptucnt"clearlyshowed

the productionof acidity and obviated thé chanceof any sidoréactions

dueto the presenceof bromphenolblue in the film. In the processfinally
workedout for this devetopment,the filmwas paintedwith an atoohoMc

so!utionofthedye. Thedevelopedfilmsshowedlinesfromtoo!njMto 400H)f<.

Thestrongestyellowcolorappearet)to be at about260tt~.

Efficienciesof theDifferentWave-Lengths

In theseriesofgradedexposurcsthe activityoflightofany wave-length

is inverselyproportionalto the timerequiredfor the firstappearanceof its

Fto.33
Enet){yENctencim

line. Atso,the timerequiredfor its appearancebcingconstant,the activity

is inverselyproportionalto theenergyof that particularwavc-lcngthandto

the absorptioncoefficientof the filmfor light of that wave-length.The

relativeeffectivenessof the variouslinesmay then be representedby thc

rcciprocatoftheproductoftimeofappearancebyenergyandbythe absorp-

tioncoefficient.In Fig. 3 therelativeeffectivenessor theefnoiGNcyforeach

line is plottedagainst its wave-length. The expérimenta!erroris rather

highbecauscof the difficultyof determiningwith any accuracythe time

requiredfora lineto just makeits appearance. Thereis,however,a sharp

peakin the curveindicatinga strongmaximumof decompositionper unit

fnergyin theregionrepresentedby the !ineat 3'3'T*
ln Fig. 4 quantumefficienciesare plotteciagainstwave-lengths.Since

the quantumeniciencyof any wavc-lcngthis inverselyproportionalto thc

numbcrof quantaof that wave-lengthprônent,the relativeefficienciesof

the variouswav~tpngthsarefoundby taking thc reciprocalof thc product
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of thé time of appearanceof the tincby thé absorptionoocmctentfor thé
Mmand by tho numberof quanta present. TheserelativeeSioienciesin

ctnpirioa!units are obtainedby dividingthe relativeenergyefiscieneiesby
thé wave-lengthsof thé lines.

Tho wave-lengthsof the light showingthe maximumactivityin eaeh
ofthe methodsuscdaregivenbetow.

ThinFitms 9S<"n~
ClearFilmsdevelopedwithbromphenolbluesolution 260m~

DyedFilms 313m~

N w N N w A h » H f

Fm.4
QuautumEfficiencies

The differencein thesevaluesis readilyexplainableifoneconsidersthc

absorptionof ultra-violetlight by thenitrocellulose.Nitrocc!!u!osefilmsof
the thicknessused (o.osmm.) arealmostcompletelyopaqueto wave-lengths
shorterthan 260m~,sothat nearlyall ofthe cnet~gyofthelighthavingwavc-

lengths :6s m~and belowis absorbedverycloseto the surface.Thèselines
havea very powerfulactionwhichis,however,confinedto the surfaceof the
film. They are particularlyeffectivein very thin filmswherenearlythé
entireenergyof the Unes2s<tn~,andbelow,is absorbcdand causesdecom-

position. This surfaceeffect is alsoconspicuousin the filmswhichwere

developedby paintingwithbromphenolblue,wherethe depthofpénétration
of tho dye wasvery small. The linesproducedby lightof shortwave-

lengths,whichhad acted on the surfaceonly, werebroughtout and were
not obscuredby a relativelylargethicknessof dyedfilm.

The lightofwave-lengths~oomjtt,andabove,wasverymuchless absorbed

by the filmso that the decompositionof nitrocetlutoseproduced.by this

light was distributedthroughoutthe film. C'onsequentty,the entirethick-
nessof the filmwaschangedin colorwherethe longerwave-lengthsacted

uponit and therewasno maskingactionof unaffeetedfilm.

OtherEffects
Films of nitrocelluosecontainingdiphcnytamincdevelopeda yellow-

browncoloron cxposureto the mercuryarc. This rcactionindicatedthé
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présenceof freenitrousacidin the film. This is in agreemcntwiththé dis.

colorationof malachitegreenin celluloiddeseribedby Hayteigh'asbasbepn

pointpdoutbytheauthom.'

Twootherphenomenaofconsiderableinteresthavebecnobserved.Thf

Hmtis the changein solubilityproducedby ultra-violetlight. Thiswas

shownby an incn'asedeaseof penetrationof solventinto the nhn aftt't'
n~nnmtw~ftonf f!)matif nitroecHutosewprcexposure. Clear films of nitroccttutosewer<'

exposedin thequartzspectrographandthen
ptacpdin a mixture of acetoneand watcr.

Since nitro-celluloseis insolublein water,a

precipitateof nitrocellulosein thé filmwas

fonned as rapidlyas its absorptionfor ace-

tone pennitted the mixtureto penetratethe )

film. This precipitategave a cloudywhite [

appearanceto the film(MusMng).Theexpos- t

ure of the filmin thé spectrographincreased

its solubilityto suchan extent that the tinc. E

of the mercuryarc tumed whitebeforethere j
wasany apparentactionof the solventmix- j
turc on the unexposedfilm. In thiswaywas ,]

obtaineda mercuryarc spectrumin the form t

ofwhiteUnesona olearfilm. ·

The other very strikingeffectis the pro-

ductionof brittlenessin thé filmby lightof

about 254 mjttwavelength.A filmof nitro.

cellulosewhiohhadbeenexposedin thequartz

spectrographfora weekwasbentdoublealong
& l

––– ~u

FM.55
(~rac)dnf{ofFUmat thf cet

254m<<Line
HP

the lengthof the expo~dstrip. A nuoroseopicexaminationshoweda great

numberofminutecracksat that part of thestripwhichhadbeenexposedto

the254m~ray. Thisbrittlenesswasfoundagainin anotherfilmwhichhad

beenexposedfora weekin the quartz spcctrographand thenplacedin an }
acetone-watermixturetoshow "Mushing." Ever;' lineshoweda uniform

whiteappearanceexceptthe 254m~line whichdevelopeda greatnumberof

cracki!.Fig.s showsa photographof this lineconsideraHyentarged. u

Summary
The actionof light on nitrocelluloseas a funetionof wave-lengthbas .j

bcen investigatedspectrographicaHyby meansof the decompositionof t

very thin films(o.ootmm.)and of thicker filmscontainingacidityindi- t

cators.

(t) Thicknessof thinfilmsis redueedby Xtoo-~ôom~.

(2) Acidityisincreasedby ~30-600mftwitha strongmaximumaround

3'3'n~.
(3) Theimbibingpowerof filmsis increasedbythe samespectralregion.

(4) Britt!cnM8i8 producedbywa.ve-!engthsaroundXï54mumuchmore

rapidlythan by the longerwavc-tcngths.

1Xaturc,122.fi¢;119211
Xatutc,123,(i~<t<t2X'Xatun:,t23,~ ()(~HL

<



STOÏCHIOMETHÏCRELATIONSIN HYDROCHLOHICACID.

GELATINSYSTEMSFROMVISCOSITYMEASURKMKNT8

BY KGBEBT K. BACON

Tho stoichiomctricnature of thé reactionbetweengelatinand HCt as

indicatedfromviseositymeasurementsinthesesystemsis shownin thework

presentedhère. Such relationshave been disregardedor overlookedby

many. Kruyt' and his co-workersconsiderthat the stoichiometricphases
ofprotein-acidSystemsare of relativenon-importanceif not non-existent,
thé mechanismof behaviorof these tyophinoeo!toidsbeinggovemedby
elcctrokineticphenomenathe same as that of tyophobiccoUoids.Many
othersfavorthépurelycottoidatpointofview. Examp!csof récentworkare

givenin papersby Ghosh~andFanselow*.

Récognitionof thé chemioatrelationscxistingbetweenproteinand acid
orbaseisgoneraUyacceptedamongothers/ Theyconsiderthat the behavior

oftyophitiooolloidssuchas thoseof the proteinsisdeterminedlargelybythe

chemicalgroupswhichconstitutethe molecule. Thus in the presenceof

acidsandbasesionizaMcsaltsofmoreorlessdefinitecompositionareformed
andsuchsolutionsowetheirpropertiesto the presenceof theseions.

The importanceof this latter pointofviewbasbcenshownin measure-
ments of diffusionpotentials in concentrationceUscontainingHCt and

getatin* Théplottedvatjes for thediffusionpotentialswithchangein con-

centrationof acid and gelatin indicatedthe formationof a highJyionized

gelatinsalt andgavetheequivalentweight'of gelatinas ctoseto 1090.
Further work' demonstratedthe importanceof doBninggetatin–HC't

solutionsin termsof free acid,puregelatin,and gelatinsalt,
Thépresentinvestigationisanattempttoapplytheideasoutlinedinthese

previouspapersto viscositymeasurementson similarSystems.Theresults
showthe samestoichiometricrelationsthat wereindioatedin that work.

Many investigationshavebeen carriedout on thé measurementof vis-

cosityofgelatinsohttionf! PracticaUyallof thisbas beenconsideredfrom

1t.It.Kruyt:"CoMoida,"(1927).TmndatedbyH.S.vanKlooeter.
'Ghoah:J.Chem.Soc.,130,yn (1928).
Panaetow:CoUotdSympoammMonograph,6(t~aS).

<T.B.RobertMn:"ThePhyaieatChemistryoftheFrot€iM,"(t9M):J. Loeb:"Pro-
teineandtheTheoryofCoUoidatBehavior"(199~),(t~); F.BottM)!t:"ColloidChem.
iatry."Ed.byJeromeAtexandef,2,(t~O).

FefpMonud Bacon:J.Am.Chom.Soc.,<9,t~e!(t9t~).
RécentworkofH!tchcock(J.Cen.Physiol.,12,~s, (*9~9))confinMthisvatue.In.

fettingiMetectncgelatintobeatapHofs.oineteadof4.7heCndsthat94X to**eqaiva-
lentsofH+ionm.!o MHCIcombineswttht {!.ofgelatm.Anequivalentweightoftogo
confespondsto9.t X 'o'~equivatentaofH+ioncalculatedontheSMMbMis.

BaconandForguson:J.Am.Chom.Soc.,49,to~ (to~y).
ï~eb:"ProteinaandtheTheoryofColloidalBehavior"(<9t4);Davis,Oatteeand

Browne:J. Am.Chem.Soc.,49,ts~6(!99t);Bogue:43 !764(t9tt);Frcundtichand
KeurMrche)-,Kottoid-3S,<8<(<9z6);Loebet:J. Phya.Chem.,23,763(t998)andmany
others.
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the pointof viewof the pH,viscosityourvesfor gelatinand aoidor base.

Suoheurvesreveallittle exceptthat thé viscosityis a funotionof the pH

andthat solutionsofgelatinofthesamcconcentration,preparedin the same

way,andofthe samepH havethe samcviscosity.Thusmanyworkerswho

have adoptedthé view of theexistenceof compoundformationbetwecn

gelatinandacidor basehavefailedto considerin theirworkthe influence

of thé very thing whichtheybelieveto be present. Davis, Oakes and

Brownesay that "the maximumin the curve (viscosity,pH ourve)at pH

3 to 3.5is unaccountedfor excepton thé assumptionof the formationof a

compoundat thispoint. Dataincludedin a paperintho courseofprepara-

tion supportsthis view." Asfar as the writer is awarefurthersupportof

thisstatementbasfailedto appearinany of their subséquentpapers.

Expérimental

Viscositymeasurementsweremade with the Ostwaldtype viscosimeter.

Thetemperatureforalldeterminationswas4o"C.Thistemperaturewas

maintainedby an etectricaUycontroUedthermostatregulatedto 4o"C ± .0$.

Thegelatinwasa pure,ash-free,calfskingelatin,a standardproductof

the EastmanKodakCompany.No attempt wasmadeto subjectthis to

anyspécialtreatment. Themoisturecontentwasfoundto be about14.

This wasdeterminedby heatingto constantweightat t!o"C.and was ap-

pliedasa correctionto all weighings.
The hydrochloricacid wasof C.P. quality, standardizedas 0.10M by

analysisasAgCL
Theresultsare indicatedinthe formof the viscosityratio

~'is.Tirne
of flowofgelatinsolutionat 4o"C.

ts.ratto = -––––-––-–-–~––––
Timeof nowforwaterat 25-0.

This isquite permissiblesinceit bas been shown'that solutionsof gelatin

orgelatinandHC1ofvaryingconcentrationsshowMttlechangeindensity.

Furthermorethe ageingeffectsthat are alwaysapparent in viscosity

measurementsongelatinsystemsvitiateanyrealmeaningforabsolutevalues.

Measurementsweremadeon a seriesof threedifferentconcentrations

of originallyuncombinedgelatinwith varyingconcentrationof .ioM HCI.

Oneserieshad the concentrationof ,545g. of drygelatinper 100ce.of solu-

tion, the other 1.09g. and thethird 2.18grams. Sinceit bas beendeter-

minedthat the equivalentweightof gelatinis approximately1000,the first

seriesmaybe designatedasa .05N solutionofgelatin,thesecondas .to N

andthé thirdas .aoN.

It is wellknownthat théviscosityof gelatinsolutionsvarieswith thc

mannerinwhichthe solutionsaremadeand that suchsolutionsshowsubi'e-

quentvariationswithtime,theextentandnatureofthevariationsdepending

uponconditions.For this reasona uniformprocedurewasused in making

upall solutions.

DavisandOakea:J.Am.Chem.Soc.,44,464(r922).
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The gelatinwasweighedout to thé nearestmilligram,transferredto a

NNaUbcaker,about30 oo.of boiloddistilledwaterweroaddedandthesolu-

tion effectedby stirringand heattngon an eleetrichot plateuntilthe tem-

peraturereached?o*'C.Withtheconcentrationsof gelatinused,thieproeess
oonsumedapproximatelyfiveminutes. Thé solutionwasthen transferred

to a !ooce.volumetrioflask,cooledto about 4o"-so"C.and .10M HCIrun

FtG.t1
VhcositychangMofgelatin-HCIsotutioMat ~o'C
withinejfCMtngconcentrationofHCI.

Curve !–0.54;t[.f[e!at!apertocceNotation
H–09 g.getatin

ÏIt–< g. gelatin

in froma burette.It waanoxt dilutedwith water, thoroughiyshakenand

filteredtwice. Aportionwastransferredto a smallglass-stopperedf)askand

placedm the thermostatfor i minutes.Fiveces.werethenintroducedinto

the viscosimcterby meansof a pipetteandthé time offlowmeasuredafter

)o minutes. In all casesthe firstmeasurementof flowwasmadoat approxi-

matelyone hour after thé gelatinhad first started to dissolve.At least

six measurementsweremade witheach solutionat fiveminuteintervals.

Theageingeffectduringthis timewasusuallyvery small. Eachdetennina-

tionwasmadewitha freshlypreparedgelatinsolutionand duplicatedeter-

minationsweremadeat varioustimesthruoutthecourseoftheworktoprove
that all resultsarc definitelyrcproducibic.
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Fig.i showsthe resultsof thesemeasurementswith the threesériesof

solutions.The viscosityratio is plottedagainsttho ratioof gramsof aoid

presentin 100ce.ofsolutionto gramsofgelatinpresentin the samevolume.

In eachof the three curvesthe viscoBityrises to a maximumvalueas thc

concentrationof acidbecomesgreater. The maximumpoint in eachcurve

oecun!at the samevaluefor the ratioofHC1to gelatin, Thisvalueis ap-

proximately0.034and representsthe ratio betweenan equivalentof HCI,

36.5g., and an equivalentof gelatin,iogog. Beyondthia point further

increasein acidconcentrationproducesat first slightchangein the viscosity 1

FtQ.!s

VMMMtychMMaof~tatin-HCtMtutionf!at4o"CwithmcKMnKconeentrft.
tionofHCt.Getatinsolutionheatedonehourat 7o''CbefoMadditionofHCt.

CurveJ–.S4SS.<eiat:n. CurvoH–t.09g.t~tin.

whichis thenMtowedbya graduâtanddcËnitedecrease. ThémaximumM

sharptyde6nedin eachcaseand consiBtsin a rather aharpbreak in eaeh

curve. With the lowestconcentrationofgelatin (o.S45g.) the break in the

eurveoecurswhen .5 mini-équivalentsof HCI is présent. With gelatin

concentrationtwiceas great(t.09g.)the breakoecursat an acidconcentra-

tion of t miMi-equivatentand withthe gelatinconcentrationfour timeaas j

great(2.18g.) as in thenrst the breakoccursat a muti-equivalcntsof acid.

Thusthecriticalpointsonthe threecurvescorrespondto a definitestoichio-

metriorctationshipbetweenthe amountof gelatinpresentandthe amount 1

ofacidadded. Furthermoreeachofthèsepointsrepresenta conditionwhere

acidand gelatinhavecombinedin équivalentproportions,consideringthe

equivalentweightofgelatinto beabouttooo.

Théinnucnccof the methodof preparingthe solutionsuponthe com-

biningratios for gelatinand aeidwasnext investigatcd. Viscositymeas-

urementsfor the twolowerconcentrationsof gelatin,0.05N ando.jo N, in

whichth<o!utionswercprcpar('dinadi<ïen:ntway,werecarriedoutasfoUowi!.

3
t

a
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Therequiredamountofgelatinwasweighedout, anddissolvedasbefore.

The solutionwas then transferredto a 100ce. volumetrieHaskandmain-

tainedat a temperatureof 70~. for a period of onehour. It wascooled

slightly,acidadded and dilutedto too ce. The viseositywas thendoter.

minedin the mannerdeseribedpreviously,

Resuttsobtainedfrom this treatment arc shownm Fig. x. Withboth

concentrationsof gelatintho viscosityof uncombinedgelatinwaslowred

but s!ight!yby the prolongedheating. After the additionofacid,however,

the viseosityin aU caseswasdecidedlylower. The generalshapeof the

curvesare the santéas in Fig. and the breaks in botheurvesoccurat ex-

aotlythe sameratio ofacid to gelatin. This indieatesthat thé combining

capacityofgelatinfor HCIhasnot beonchanged.'

ThepH of the solutionsusedin both treatments wasdeterminedcolori-

tnetricaHyand checkedagainstthe hydrogenelectrode. The three con-

centrationsof the originalgelatinwithoutthopresenceofacidwereat pH4.7

andthe threeconcentrationsofpure gelatinchloride,as representedbythe

maximumin eachcurve,at approximatelypH 3.0.

Discussion

Thecurvesof Figs.and ï indicatea definitestoichiotnetricretationahip

betweenthe concentrationofgelatinand the concentrationof acidwhichis

independentof the methodofeffectingsolution and is reproduciblein all

cases. This relationshipsuggestsdefinitecompoundformationbetweenthe

gelatinand tho HCI. Theseconclusionsare contrary to the opinionof

Kruyt'whosays:"Onewouldcrr,however,in assumingthat twot percent

solutionsof gelatinwerestaichiometricaûyon a par."

If the procesaof prolongedheating changed the degreeof dispersion'

andifthe capacityfor combinationbetweengelatinandaciddependedupon

particlesize,the reactiontakingplaceat the surfaceof polymolecularunits,

then wewouldexpect to obtaina differentcombiningratio. Theexperi-

mentsshow,however,that thisis not the case.If a gelatinsolutionconsists

principallyof associatedmoleculesand associationis decreasedby pro-

longedheating,it appearsthat thoactivegroupain themoleculeretaintheir

samecapacityfor combinationwhetherthey arc associatedor not.Thusif a

gelatinmicelleis pioturedas anaggregate,a chainor a netlikestructure,the

reactivegroupsin each moleculemaybe capableofcombinationwithHCl

whetherassociatedin this fonnor independentof eachother. Sucha pic-

turedoesnotexcludcthe possibilityof the presenceofmicellesundercertain

conditionsbut it doesindicatethe definitecapacityforreactionofthesingle

inolecules.Themicellesare notthe reactingunits themseivesbut ratherthe

'~ndependcnccof tcmpeMtureofeffectingsolutionis ahowttinpH,viMOsityourves
forgdatin-HCIsolutionsbyJ~eM:J. Htyf).Chem.,23,763(t9~8).

"CoUoidChemistry,"198(!9<7).
1TheworkofM.Franket(Kct)oid-X.,4S,35S('9~)) eu~eattthatagemgetfectsta

gelatinsolutionsKtditïerenttempenttUKsi"'tuetoa dissociationofparticles,theehemt.

ralpmpchiM,howe~')-,n')nainint:unaffec<ed.
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individualmolecules.SomesuchideaasthisseenMnecessaryto reconcitethc

couoidaîbehaviorofgelatinsolutionswiththatoftheirpurelyohemica!behavior.
The viscosityofgelatinsolutionsaloneor in thepresenceofacid isprob-

ablydue to a numberof factors. Théoriessuches those of Dhar*whioh

suggestsa varyingdt*greeof hydrationwithchargedand unchargcdpartic!es
and thé iyotropiceffect of ions of thé addedelectrolyteor the "etectro-
viscous"effectsuggestedby Kruyt whichis alsodeterminedby adsorption,

hydrationandiyotropioeffects,seeminadéquateas thesetheoriesdo nottake

intoconsiderationgelatinsait fonnationandregardstoichiometriorelations
as incidentalin thesystem.

Pauti's hydration theory2whichdoeseonsiderprotein salt formation

mightbequestionedandit seemscertainto thewriterthat Loeb'sexplanation
onthe basisof théDonnanequilibriumisnotp!ausibte.' t!

Robertsonbasgivenan interestingaccountof the originof viscosityin H

proteinsolutions.~
He eonsidersthe protein motecuieto be a multipoleof high electrical

moment.Theconsequenceof this is.thatin a solutionof uncombinedgelatin
thereis a definiteorientationof moleculesin aggregatesor netlikestructure, j
Thus,thèseattractive forcesimposea resistanceto flowwhichgivesriseto

the viscosity.Whenacid or base is addedto sucha gelatinsolution,the

magnitudeof the etcctrostaticforcesincreaseand as a result thé viscosity
becomesgreater. The maximumeffectwouldthusbeobtainedwhenallthé

gelatinwaspresentin thé combinedstateas gelatinions. Thiswouldcor-

respondto themaximumpointandbreakonthe curveswhiehareshownhere,

The effectof présenceof excessionsof electrolytewould tend to nullify
the electrostaticrepulsionof the proteinions witheorrespondingdecrease

inviscosity.
8ucha type ofexplanationseemscompatiblewiththe facts whichhave

becnpresentedhère,sinceit takes intoaccountthe stoichiometricrelations
involvedin the systemsand the definiteformationof gelatinsalt. These

tactscannotbeoverlookedin any theoryofviscosity. c

Summary
i. Viscositymeasurementsat 40'C.havebeenmadeonsystemsofash

freegelatinandhydrochlorieacid. c

2. Plottedvaluesfor the viscosityratio withcbangingconcentrations t

of gelatinand hydrochloricacid indicatea stoichiometricrelationbetwecn

gelatinandacid. Thissupportsthe viewthat definitesalt formationresults

fromthe interactionof gelatinand HC1and that the equivalentwcightof

gelatinis about rogo.

Dhar:J.Phys.Chem.,29,tss6(t~s).
W.l'auli:"TheColloidChemistryofthéProteina"(1922).
CatcutationaofditïtMionpotentialsintjdatin-HCtayatemaasdetcnninedinpnivious

workappeartodenytheexistenceofa Donnanmembranepotential.Thesecateutations
remamasyetunpubtiahed.

T.B.RobettMn:ColloidChemistry,Ed.byJeromeA!exander,2(t9~8).
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3. Structuralchangesin gelatinootutionaas evidencedby viscosity

changesdue to ageing,methodof preparation,and temperatureare tnde-

pendentof the combiningratio for gelatinwithHCI. Fromthis it appears

that thé reactiveunits are the chemioatgroupain the moleculesthemselves

rather than aggregatesor micelles.

4. Theoriesof viscositywhichconsideronlyadsorption,hydrationand

lyotropiceffectsappearto be inadéquateexplanationsfortheresultsobtained

hfre.

/)<!pe~tMeH<<'fCAew~ft.
/~f<Mettt/ttt'trfM~,
~reM'dtMe~,R.
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tn's.c.cou.txs

Thé thermorogulator,dt'scritx'din the -Joumatof Phytiica!C'hemtstry,
31, joçy-tOQS(!9:7)dépendsforits actionuponthe di)Ter<'ntia!expansionot'
air andthe saturatedvaporofetheror otherliquid. !f the sensitivemember
of the regutatorshouldbe accidentattyowrtumfd, it is coniptetctyruined

f becauseofthemixingoftht' airandethcrvapor. In the irnprovedform,how-

cvfr, the design's suchthat mixingof the nuidsis hnpoMiMp..
~J In the diagram,li representsthe sensitivempmbcr. It is oarttyËticd

withmercury,the remainingspacein onebulbcontaininRair, that in tht'
other containinga volatileliquidand its vapor. The two bulbsare eon-

(~ npctt'dby a narrowtube. The mpchanisn)t!!tMtanccdat a pointslightly

~~r~

ry. ''< '('.i ( ,4,
'uré, e v p o r

><.
'j?'~

,04 aboveits conterofmassJ Witha~erysmaitri~e'intetnperafurc.Ahevapbr L
L''

y

pressureof the liquidincrpasesenoughtnmrrapidtythan the ~urpressure
inthe otherendto forcesomeof themer ry fromthebulbon therightinto
the oneonthekft. Thiscausesa chan in thepositionof the tube,thereby
breakingtheheatinKcircuitat S. Byadjustingthé tensiononthespringC,
theoperatingtempératurecanbevariedat will.

Theopcningsin theendsof theconnectingtube areat thé conteroftheir

respectivebulbs. Sincecach bulb is alwayssomewhatmore than half full
ofmercury,it isobviouslyimpossibleforeitherair orether to enterthe tube
and passto theotherbulb,nomatterin whatpositionthe tubemaybeheld.

Theinstrumentnowbeingusedin thislaboratoryismadeofglass,though
stcclwouldperhapsbe more desirabte. The connectingtube is s mm in
diameterand t~ cm long. The bulbswercblownfrom tubing just large
enoughto slipovertheendsof the connectingtube and werescaledat the

properposition.An opcningwasleft in onebulb at A. After filling,the

openingwassealedin the flame.
If it is desired,this rcgulatorcouldbeusedin a water-bathjust as thc

oneprevioustydescribed.

CAemM~~b<M'a<of}/,
~<o<frM~fftCollege,
yaAM~eKC)< Ï'cttnf~tff.
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Enzyme Actionsand Pmpertiex. B« A'rMf<<~oMwAMtdf.~oh. ?'n)t)<t<<)M<<~«otf~

/tf<(«eM. ~XtScm;f'«<+a55. Wfu'}'o~yo/<MH'~j<«'K~<"M,M~. fw.

~.00. !n thé préface the translatorsays: "T)<epttenomenaof enzymeactionsrapresent a

xignattyprominentMpectofotjtaniochemistry. Thé mechanismsofthoMchemieaitrans-

formationstaking place in theMfeprocesses of plants and animaisare effeetedprincipally

by the actionof enzymes. Infact. it hM becn whimsicattysaid that tifeMjust one enzyme

réaction after another. (!ertainit ia that the significanceof enzyme transformationsin

biologicalpmeesses!s to hencgatdedM of the first magnitude. Beyondthé purely Mo.

chemicalaspects,enzymeM~nts have tMenused to advantage in atucidatin);the constitu-

tion of hi)!hmolecularorptttMcompounda and also in the preparation of easily alterable,

orpnie substances. Amongthepurety utMtarian phasesuf enzymet~udymaybementioned

the apptifation of enzymesto medicaldiagnosis, to the eontro! of diseaMSand to the per-

formanceof numerousindustrie operations. Thèse latter phasesoffera particutartyattraf.

tive incentiveto the furtherapptication of enzymic principles.

'Thé mate~ within thisvolumeconstitutcs a general treatment of eMymeaction and

propertiesas interpretcd principallyfrom the viewpointof the WiUstStterschoot. Prof.K.

Watdschmidt-t~it! the activeassociateo~R. WiUat&tter,basgivena condenspddescription

of the most important prineiplesof enzyme chomistry and of thc special charactetistirs

themostprominenteMytaM. Thé work hMnot beenattempted aaan exhaustivecompen.

diumof eMyme titerature but rather M a concise presentation of tho most fundamental

prindptes and best aeceptedcharacteristies of enzyme action.

"TheoriginalGermantextbas been considerabtyextendcd,aithomchthe additionshav<-

hecnprincipallyfromthé viewpointof the WiHMtter schoot. Tttepurposeof thc modifi-

cationsbas beenprimarilytobhnt! the context of the volumeup to the presentdate rather

than to imposeany particularviewpoint of the transtator. This revisionandextensionhac

))eencarried out with the coopérationof the author andwannest thanks are duehim forhis

carefulconsiderationin thiswork."

Thechapteraa)'eentit)ed:devetopmcnt of the ferment concept; enzymes as colloids;

enzymesas eteotrotytes;enzymickinetics; CMymicreaction Systems;enzymicapecificity;

detailedproeeduresin preparativeenzyme chemistry; esterases;proteasesand peptidaser;

aminoacytases:carbohydtMes;catatasea; peroxydases; oxydases;fermentationenzymes.“

"Ezymes maybo definedMdefinite material eatatyMMof organic nature with specinc

poweraof reaction,formedindeedby living cells, but independentof the présence of thé

latter m their operation, p.3. Wittstatter considers that the enzymesare composedof a

cottoidatbeareranda speciBeactivegroup, whichenablesthem to bebound to thé substrate,

and the compositionof whiehat the same time conditions the colloidal nature of the entire

comptex,"p. 6.

"By meansof a guidingpnncipte that aUsubstances whiehare absorbedby the electro-

negativeadsorbentkaolin sre to be regarded aa bases, and that aUthose adsorbed by the

cteetropcsitivealumina are to be regarded as acid, they investigated tho chemicalnature

ofanumberof enzymes. Themethods werenot quantitative, but merelya sort of approxi-

mation. rnvertase. whichisadeorbedby alumina in every case,but on thc contrary not in

thé stightest adsorbedby kaolin,exhibited according to this method the character of an

aoid.wMchisinfuUagreementwith ita migrationbehavior.Sa): va amytaseand trypain, which
are taken up by alumina ts wellas by kaolin in every reaction,wereregardedon the other

handas amphotericsubstances.

"Thèse observations,whiehwere aeeentuated in crude enzymesolutions,do not hold

ttoodfor the enzymesthemeelvesas proven by Wi)ht&ttcr,but only for their aggMC'tc!!

withconcomitant sutMtances.Thus it bas been demonstrated that invertase is adaorbcd

frompurer solutionsby kaolin,and atso even from crudo yeast autolysatesunder certain

<'on<titinM;hencf it posi!M!!Mbasic aa wH as acid properties. Tr)-psin,aft<-ran imperfect
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séparation,le no longer taken up at ait by aiumitM,but, on the other hand, Mtaken up

([uantitativetyby kaolin; its basic nature is thus demonstrated. Mnatty, animal amytase la

less and tes adsorbedby both basic and acid substaneesas its degree of purity !ncrea<es.

Hl'nce thetruc adsorption behavior of enzymesinonlyrccognizabtein the higher degrees

uf purity," p. !9.
'Théinvestigationsdescribedin the foregoingpamjnwphsofthé chapterhave provedthat

in a série*of cases,eepeciattyfor the action of carhohydrate~ptittingenzymes, thé course

of enzymieréactions can be expressedwith fair aeeuracyon the basis of thé mass action

law, and further, that the total concentrationof the substrateis rcsponsiMefor théréaction

velocitiesand not merely a dennite adaorbed fractionof the aubstrate. Thé equilibrium

between the enitymeand the aubatrate is determinedin time cases aa in a homogeneous

tMtutionby the dissociationconstantBof thé enzyme-tubstratocompound. On thé other

hand, theresuttsobtained in the refteafcheaof WHhMtterMthe preparative purificationof

many eMymicsubstances,have demoMtrated that, forthe enzymesthernscives,thé active

rnass is detennincdsolelyby their concentration,andthey are not at all, or not materially,

intluencedby alteration of thé degreeof dispersionandby surface variations.

"The vicw that a definite surface developmentis to be regarded as an essentiat pre-

liminaryforthe activity of enzymesappears,it is trtte,tobe supported by certain propertiM,

<-itpM'iaUyin the morecomplicated reactionsystenM,asin that of the fat cleavingenzymes.

Thus pancreaticlipase is found to be only partiallyactivein some of its adaorbates, as in

alumina and kaolin adsorbatea, and hardty activeat ait in others, as the adsorbates of

tristearinand choiesterin. However,thesephenomenaare not to bc attributed toan injury

of the adsorptionability but rather to an injury or repressionof its specincaUyreactive

({rouping,for, in fact, the enzymecan bcetutriated ina stateof undiminished activity from

thé adsorbatesmentioned,"p. 48.

"Thenfognition of thé synthesisinj:actionof eMymeslent interest also to thequestion

as to whetherthey werc able to effeetdisplaeementsin the ordinary equtiibriastates of

t-hpmicaiteaction systema,i.e., whetherenzymecquitibnmnisto be resardedas identicatwith

t hatenectedby other catatysts. Aecordincto thé iawtcfthcrmodynamics,it wasto beexpeeted

that an eMymiecatalyst, incapable of binding anooentiat portion of thé reacting corn.

)K)nents,wouldcause no alteration of the usual equilibrium, The résulta obtained. with

enzymicequilibria have shownmeanwhilethat thisrcquirement,apparently, isnot fuMiied

in ail enzymicreactions, even though in many ea<Mthe point of the non-enzytnioequili-

brium cannotbe definitelydetennined," p. 53.

a "Ammtront!basexpressedthe viewthat enzymmarecapable of syntheaizingonly those

sutmtaMMwhiehthey do not hydrolyse,and that Mcordinfdya distinction muetbe made

between hydrotysin):and synthesisincenzymes. Thisis based on thé resutta obtained by

Hmmertmgaccordingto whieh thé disaccharideobtainedby Croft Hitt through thé action

of yeast extraet on grapc sugar is to be identifiedwithisomaltose,hence with a subatanee

which isnothydrolysedby the mattaseof yeast. similarobservationshaving atsobeen made

by Fischerand Armstrong. But this theory bas notbeen supported by tbe extensivere-

searchesof Bourquelotand his achool,not even withthé carhohydrate-splitting enzymes,

whieh they are held primarily to concem; thus it bas been shown that, contrary to thé

particular théoriesof Armstrong, the gtucosidaseofbitterahnonds iscapable of fonning the

samc ghtcosideswhich it hydrolyses. Furthcrmore,in the action of g!ucoside-sp!itting

enzymes,aecording to Bourquelot, there is a formationof true equilibria, whichcan bo

reached fromboth sides, as well as the hydrolyticMby the synthetic procedure. Thus in

an exampleof the hydrolyaisor synthesisof ~-methy)glucosideby emulain in 30 percent

methyl alcohol,thévelocity of the twoprocessesneulycoineided,hence there wasobtained

for the equilibriumconstant K = h/~ thé value t, corresponding to a hydrotyais or

synthesisof 50 percent," p. 56.

"Accordingto Michaetis and Pechstein, the activecomplexesof amylase and anions

are (-haractBnzedby widely varying dissociationeeMtants;thé stabitity of thé eomtjoond

«f (-nzymeand ion appcam, for exampie, to decreasein the followingséquence of ions:

XO,Ct Br SO, This séquenceis derivedfromthe varying intensities ofinhibition



K&WBOOKS I~S~

exerted by thé ionaon the enzyme,maximaUyactivated by Ct-ions,underthé assumption

that a distribution of the enzymestakes place betweenthe variouaionsand that thé "chio-

ride amylase" représentathémostactive, but not the most strongty mtitedion eompound

ofthé enzyme. Thé fact that variousaetdityoptima correspondto thé individuatamytasu

complexesMexplained by théMsumptionthat they representdMferenttypes of amytase".

The dinerenceaobserved,however,are eonsidoredby Hahn and Harpuder as well as by

WitbtMter, WatdM-hmidt-MH,and Hesseas beingdue to the combined<a)t.bu<îeractiva-

tion; thé influenceof the Mthttors i<tof varying magnitude with differenthydrogen num.

bers," p. 6t.

"l'rom the type of amytaseactivation whichappears to beenected by variouskinds of

ioM, and therefore to be non-tpeciNc,though it affects the entire opérationof the enzyme

and ia therefore to be regardedas absolute, we muet difforentiatea secondtype <~en~wf

activation,whichMeharaeterisedby thé faot that it laeapabteof expressingttaeu only with

respect to definite. particotartNinitteaof an enzyme,or ebe with respectto a <te~tM'<<stage

<~the t~ocfM'))M'AM« aceeteratM:it is to be underatoodmeretyaarelativeand it Mfound to

be much more specinc. i.e.,it iBconditioned by the presenceof epecincactivators. One of

thé best-studied exampteeofthisMthe activation oftrypxin,the moettimportantproteotytif

enzymeof the panereaticgland,by thé enterokinaaeof the intestinal mucomtmembtane;

thia wasdiscoveredby Schepowalnikow,workingin the Pawlowlaboratory. It wasdemon-

etrated by this investigationthat pure panereatic fiatula seeretion was entirety inactive

with respect to the hydrotyN),for example,of true proteins, and that it was not until it

reached the intestine, by the addition of one of thé mucous membrane juieea. namely,

enterokinase, it becameactive;this phenomenonwaslooked upon as an enzymicproeeax.

i.e., as a transformation of thotrypsin from ita symogeninto the active form. Ilowever,

it bas becomepomibïeonlyaha veryrécent date to recognizewitheertainty the true nature

of this activation procem. That is, it bas rccentty beenshownin an investigationby Wald-

Mhmidt-Leitz that tho reaetionbetween trypsin and enterokinaseis b<Medupon stoichio-

metric prineiplea;and entymittransformation of the "trypsino)!en,"as is termed, does not

occur. ThereieformedmtheracompoundoftheeMytneandtheaetivator.incoMiderabtp [

measure diasociated, whoseformation requirea a certain length of time. ït was found

possible,after mtecessfutactivation, to separate the enzyme and activator by adaorptive

methoda.

"Enterokinaae, whosepropertiesappear to resomMethose of enzymicsubstances la to

be regarded as a specifioactivator of trypain; the reports in the literature with respect to

activations of this enzymeby other substances,such as limeorgaUsatta, have proved to be

incorrect. But the influenceofonterokinaseconcernaonly certain casesof enzyme action,

i.e., the activator possèdes merety the signincance of a substance which assista in thé

eleavap of certain specialstructural combinatione,such as are present for example in

genuine proteiM. As WMdMhmidt-Leitzand Harteneck have shown, trypsin i8 capable,

even without activation byenterokinase,of hydrotyxinf;a sériesof aubstrates,such aa prota-

mine or peptone, with considerablerapidity, even though ita action in these cases M

atrengthened by the additionofan activator becauseof the dismmitarityof the structural

graupings present in the mbatrates. This activation of trypain by enterokinaae,whioh is

rotative and apecinc, muet hediatinguished, therefore, from those described for animal

amylase, even if future rssearehesshould provo that in thé enzymichydrolysisof staroh

also thé influenceof the activators ia operative only with respect to certain stages of thc

reaction," p. 69.

"The improvement inthe preparative proceduresfor thé productionof tho adsorbents

and tho extension of their analytica1investigation make it possible, in newer works, to

ehataeterize someof the preparatesas dennite chemicalindividuals,as definitehydrates of

aluminum oxide,and abo to déterminehow they may be speeincattyobtained by methods

capable of reproduction. Thmit hasbeenfound that thé alumina preparate C obtained by

cautious precipitation withdihtte ammonia, corresponds to the compositionof an orthn.

atuminmnhydroxide,havingtheformulaAt(OH),. This aluminagel (Co)whiehia obtained

under the mildest conditions,is charaeK'riM'd,however, by the case with which it suffers
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aittMtion; in aqueous suspensiontt Mchangedafter a short time into a second compoun<t

(Cj!),which while likewieeunstabte. is more stable than the of modification and ta thon

gradually transformed into the third modification (C~). With these transformations,

whiehare to be attributed to a ehemieatalteration ofthe molecule,whetherit h an isomerio

or a polymorphie phenomenon, there is eonneetedan alteration of the basic and acid

propertiesand cf the adsorption behaviorof the geb; they are not to be explainedby altera-

t ionsin thé co!)oidstate. Thus the alumina varietiea and B reveal themsetvea as poly-

aluminumhydroxides. It M'asfurther found possibleta obtain from < he ortho-hydroxMeof

aluminum,as likewiseby the conditionsof direct pKcipitation with longcontinued action

of ammonia and a nicher expenmenta! temperature, a further definite hydrate, whose

compositioncorresponds to the formulaof a meta-hydroxide,AtO.OH; thiahydrate. wMeh

fiasproved to be speeiaUy effectivefor the separationof the ftacchMMcand mattaM in

yeastautotysates, poMeœeeneither acid nor baMeptoperties," p. 97.

"More recent investigatioM by Felixand Harteneck,with histone and by Weber and

OeKMtMwth casein confirm the équivalence of KHi and COOH. WatdMhmidt-Mt)!

and KOnstnerfurther demonstrate this constant relationof NHt and COOHformation with

four typical proteine (eggalbumin, casein,gelatin, andhistone) and point out the cause of

thé divergentobftervatioMwhiehbave been reported. These divortseneie~in the direction

of a stronger earboxyl inerease are ehownto be due to an ineomplete détermination of the

intnmie acidity of the unaltered substrate in thé initiâtaUtatimetrietitration. Thia same

catMemight be responNHe for the vat<atJOMnoted by Watdachmidt-Leitt and Simone in

the hydrolysisof certain cereat proteins. Their unfavorableeotubitity bebavior, however,

doMnot permit a positive removal of thé analytical Muréesof error," p. t33.

"Expérimentashow that this indifîerBnceof the trypaintoward adsorption by alumina

in acidsolutionholdsonlyfor the stabilegel At(OH)<,deaignatedaaC~, whereas,the trypsin

ia completelyadsorbed by using an insufficientlyagedalumina preparate, which contains

varyingquantities of the uMtaMe modification. Thé presence of this modificationmust

bextncttyexcluded in order to carry out aucceMfuNytheaboveséparation procédure," p. !45

lt has been shown that the action of bydroeyanieacid on papain ia very similar to the

réactionbetweentrypsin and enterokinase. The combiningofthe activator with tho enzyme

io a reactionconditioned by time; in the case of papaina period of one hour la required for

the actionof hydrocyanic acid to attain maximumactivation. Furthermore, the papain-

HCXcompound tB marked by a considerablecapacityfor dissociation; thé activator can

be withdrawnfrotn the activated enzymeby a dimittutionof pressure. The aetivated and

the non-activated enzyme, papain.HCN and papain, whose optimal actions on gelatin

correspondto a pH of 5.0, and whoseaetivity.fH curvescoincide,differ intheir specincity

theybehaveas two specifieproteotytioensymes. Theactivation of trypsin by enterokinase

reaultain an inerease ofthe substratca susceptibleto the enzyme, thé inetease being partic-

ularlyin the direction of the genuineproteins. tn thécase of the p!ant enzyme, its action

is extendedby the action of the co-enzyme,hydroeyanicacid, but oonverseiy to tripsin.

thé extensionMin the direction of the lower proteindégradation products, the peptones

and aho the poiypeptides. Thus peptones, whether obtained by peptic or by papain

digestion,are not attacked by papainatone, but aresptit in a progressiveand extensive ré-

actionby the combination of papain and hydroeyatucacid," p. t<t9.

"Usingintegrally pure enzymespréparâtes, GraMnannand Dyckerhoffhave quantita-

tivelyseparated and identifiedthé fissionproducts. all c<Mf<the endaminoacid eat7!nt)~

~f/w amino eroMpil the Me <pM~~om the polypeplideeAo~. In thé case of Jeueyt

glycylglycine, leucineand glycylglycinewere separatedin almost quantitative yield. (The

leucineis separated fromthe fissionproduets by meaMof its diBieulty eotuMecopper sait

and thé glycyl glycine as the ester cMorohydrate.) ln the case of gtyeytgtycyt-t-teueine,

the peptideis shown to be ap)it into gtycoeottand gtyeytleucine. The peptide Mnkagesin

thé remainingdi- or tripeptide appear to be whoUyresistant against further action of the

enyamein thé ~action mixture. It is not entirely clearas to why the reaction comes to a

completestandstiit after liberation of onecarboxylgroup.
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This strictiy <peef<ieactionof thé enzyme étends in eontrast to (he unspeeifiecourseof

alkali hydrotysit. TiutS, Abderhalden and Brockmann reeentty showed that in the in.

complote alkali hydrotysis of 1-loucyl-glycyl.d.alanino,both leuoyl gtyeine and glyeyl
alanine can be demonstrated.

"Tho faet that a free aminogroup in neighboringproximity to the peptide iinkageia

necessaryfor the actionofthéenzyme, is supportedby thé proviousnndingsas to the résist-

ance of peptide derivativeswith substituted amino groups. Thus it haa been shownthat

yeast potypeptMMesptita neither benzol digtyeyt glycine oor ~-naphthaiinsuMo~yeyi-

tyrosino. Thèse,however,are substrates for the action of pancréas trypsin, as hM been

shown by WaMMhmidt-Leihand eo-workera,"p. !&t.

"The solubllitybehaviorof the animal enzymeiavery remarkable, varying conalderably
with thé type ofanimal under inveatigation. Thus, the enzyme from thé dog kidneyla

found to becompletelysolublein aqueous mediaor glycerine,that ofthe aminekidneyonty

partiaUysoluble,Md that ofthe horaekidneyalmost entirety insoluble. This phenomenon

ia to be explainednot by the assumption of absotutety dKTerentontymic individuab, but

hy a dinerin): tenacity tn the linkage between the eMyme and the insoluble asMctated

materials," p. r69.
"Further new analytical dteeovenes concem the problem of thé iron content of the

[)eroxidase. In theresearchmof Gota as wellas those of Willetatter and StoU,the aNump.

tion was advaneedand experimentally supported that thé iron, which accompanlesthe

peroxidasein all purificationprocesseo,ie an intégrât constituent of the eMytne molecule.

Analysisot thé purerperoxidaseproparatee, however,bas not confirmedthe relationwhieh

appeared to existbetweenthe iron content and the enzymioaction. It iBtrue indeedthat

iron compoundsare obstinately associated with the enzyme, and acomnutate at times

in the course of the purificationmore ptentifuUythan thé peroxidMe. But in the adsorp-

tion on kaolin fromdilute Mtution and particularly in the précipitation of thé peroxidase

with tannin, a meanBhas beenfound for deeidingthe questionof the iron content. Elimina-

tion of the iron-containingforeignsubstance by tannin haa beencarried aofar that a prepar-
ate coneentrated s-fotd exhibited even a 7-Md tesa iron content, namely, 0.06 per cent.

Hencethe ironh withoutsigttincancefor the constitution andcolorofthe peroxidaae,"p. 9:~

As wasstated inthe preface,the book b written from Witbtatter'a point ofview. There

iBfoneequentty nothingto showthat Witht&tter'a asamptions in regard to the various

aluminas, p. 97, are probably wrong. There la nathing to show that Sherman bas been

unable to confim Mmeof WitbtStter'a aeparatiom. Smnner's preparation of ctystattited

urease ia rejected,p. n?, beeaueeEuter and Bruniue were not aNe to duplicate Sumner's

resulta whenstsrthtgwith adifferent raw material.

t~MwP.~Mf~

EngtMt and Menée. Philip B. J~tOMtcH. X 16cm;pp. fM+ M~Voe yort

/). Van ~V<M<Mt)<<Company,M.M. Pnee.' <00. ïn the preface thé author aayB: "In this

modem ageof scienceand iadustry weare compettedto think etearty and to speak andwrite

concisety. A student of science,in particutar, should exprès hiaMctfin aa elear and con-

cMea style aa ia pomibte. Yetmuch of thé otd.faahio&edrhetoric and compositiontaught

in our sehoots and cot!ege<encouragea verbosity and tolorates vague, stHted language.

Such teaching lanot suitablefor the éducation of engineers,scientista, and most business

and professionaipeople. Kor should couracsin compositionfor such atudents emphasise
thé writing of shortstories, light Msays, verse, or piays. The most important onieiab in

modem civilisationusually write onty two kinds of compositioM-4ettera and reports.

Jn academie lifo,for example,deans write reporta to the president of the university, and

rca-arch-workeMwrite reportaof thcir discoveries;our dany newapapers frequentiy print

extracts from aignificantreports of inveatigatora, administrators, and experts. In the

Miowingpages theprineiptet)of simplicity and concisenesshave beengiven nrat conaidera-

tion. As much aspossibleof the hackneyed and obvious bas been omitted, although the

principle of répétitionfor emphasiahas been used. A determined effort bas been made te

present an anatytb of HngtNhfor the profcsNona)man in a more interesting and readabic
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form than books on this subject usually attain. Perhaps the professionat man whose

J~ngtishis most m need of correctionMthe engineer. For that reason a number of sug-

gestionsIn the bookare addresseddireettyto him, but thisdoesnot mean that thé sugges-

tions are not applicableto other proressioD8and business. Technica)specialtstftin general

are inclined to make the same mistakeain English. The engineerstands out beeauNehe

represents a well-knowntype whosetastea are not exaetlyUteraryand whosegood-nature

dues not resent CMMtruetiveeriticism. It Mhoped that this book will be tMefutboth to

studente of sciencein collegesand to those mature individualswho wM)to improve their

Hn~iBh. The tMt three chaptera ofîer ttUfseetioMfor cultural reading for the man of

science and encouragethe broadeningof the «peeiatitedmind."

The ohaptetaare entitled: the importanceof writtenrecorda;writing and presenting a

technieal paper;reportem format,thM-peKon stylo; reporbin informa),nrst.pereon style;

gocd letters and bad; correct language,thé basis of aNwntinf:;obecurity,pomposity, and

omatcnest); the amateur's deughts; coneiseneM,the cardinal secret of sty!e; sentence

structure; the dMicultart of punctuation; maaterin<words; tMtedexpresaîona;cultural

reading for thé technjcatetudent; anexampleof readingin thé history of science;Mggested

readingBabout invention.

There is a great needfor a book tike this and thie one seemsto bc written quite in-

telfigently. The pageson howto presenta technicalpaperare excellent. Most of us wish

to tell the audiencewhatwe think they ought to hear,whichis nobleand prataeworthybut

not effective. The reviewerwouldhave liked to haveseenstress )aidon thé importance of

apeaking very slowly,when tatkmg to a large audience. A man with a poor voice can

make himselfunderstoodif hewillspeak stowtyenough.

On p. tôt the author says, quite correcUy:"As a generalrule, when a person uses a

word or phrasea great deat, he probably is using it incorteettypart of the time, and he

should curb Mafondneasfor it and think up a syoonymor two." A case in point is the

author's use of theword,amateur.

On p. u8 the author approves thé form: "If thé other testa fail, he wiUdétermine by

chemtcat tests the amount of sulphur in the powder." The reviewer prefere thé form.

"If the other tests fail, he wiUdeterminethe amount ofsulphurin thé powderby chemioal

tests." Whichis right, the profeseorof EngMshor the professerof chemistry?

While there are oceasionatpassages,about whiehthere ~-ittbe différencesof opinion,

the book is an admiraMeoneand shouldbe read by aMchemistayoung aad old. ïf the

book wiUhelpan engineer-and the author says that it does–the ehemistshouldget much

more out of {t.
tWM<TD. Bone~



THESYSTEMPOTASSIUMMETASILICATJM-SILICA

BY~. C. KRACEK, N. L. BOWKN, AND 0. W. MOKEY

Introduction

ThebinarysystemKtSiO~SiO:wasstudiedasapreliminaryto thetemary

systcmaK;O.CaO-8iOtand K,8iOt.Na,SiOy.SiOt,both of whichare now

completed. WMcthis binarysystemhad neverbecninvestigatedit was

thought that theessentialfeaturescoutdbe deducedfromthe studyof the

temarysystemH<O.K<Si0~8iO!by MoreyandFenner.' Theydetermined

the isothermalpotybariosaturationourvesfrom285*to 6oo°C,and a!sothe

isobaricpolythennalsaturationcurveat one atmospherepressuMofwater

vaporformixturescontainingSiO,to KiOin the ratiosof approximatelyt :i

to 4:j, that is,frolnthemetasilicatecompositionto beyondthe tetrasMicate.

The lattercurvewasbeUevednotto beessentiallydifferentfromthemelting

pointcurveofthe binarysystemKtSiOfSiO~théexpecteddifférencebeinf:

that of the meltingpointloweringcausedby the solutionof HtOin the

moltenliquid. Thismeltingpointloweringwasdeterminedforthé K<0.8i0t

and KtO.aSiOtcompositions,whosemeltingpointswerefoundto be076"and

104~ whilein presenceof oneatmosphèreof HO vaporthe valueswere

942°and 1034*0respectively.By extrapolationfromthe hydroussystem

the binaryeutecticbetweenKtO.zSiO}and quartzwasplacedat sas°Cand

~t.SpercentSiO;,that is, at a SiOi/K:0ratioof4.0:
Thepresentstudyofthe anhydroussystem,however,broughtto lightim-

portant additionalfeatures,makingseparate publicationof the system
desirable.

Sincethe appearanceof the workof Moreyand Fennecthere hasbeen

littleotherstudyof thissystem. PukaU*preparcdglassesofSiO~/KtOratios

of ï:t, 2: 3:1,4:1, 5:t and 6:1by heatingmixturesof KHCOtand SiO:

withoutany attemptsat systematiccrystallization,andconsideredthat the

mixturesso prepared,whethercrystallineor glassy,werecompoundsof the

corrcspondingformulae,an altogetherincompetentconclusion.Rice~studied

the "déformation"eutectictempératuresof conesof K:0-SiO!mixtures

preparedby meltingK<CO<and SiO,to glasses,whichwerethen powdercd
andsintercdtomakethecones. Hegives780°fortheeutecticat 45percent

SiO:,55percentK~O,witha 10pcr centtolerancein composition,and880"

for a eutecticat 82.5per centSiO:,witha 5 percenttolérance. Thctonner

températurecheckscloselywithour results.

Motcyandtonner:J.Am.Chttn.Soc.,99,1173(<9!~
Comparep. 'O~t
MoreyandFenner:op.ctt.;Morey:J. Am.Chem.Soc.,96,2!: (!9'4).Z.ano~.

aUgen).Chem.,M,305()ot4).
l'ukat):SititMtZ.,2,65('9'4).
Mice:J. Am.Ceram.Soc.,6,5~5(t9<3).
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Experimental

i. PreparationofMa<ertah.Themixturesstudiedwereprepared}nthe
formof gtassesby decomposingKiCO)with quartz inplatinumcrucibles.
The quartz waspartlythat usedin previoussilicatesynthèses'and gavea
residueof o.o7per centonevaporationwithHF andHtSO~partly another
lot whichgavea 0.05percent residue. The KtCO;wasa speciallypurified
material,someof whichwasderivedfromespeciallypureKHCOa. In pre-
paringthe glassesit isadvisableto allowthe wellmixedingredientsto sinter
at 700to 8oo"Cforseveralhours,in orderto enablethereactionto proceed
as far as possiblewithoutformationof appréciableamountsof liquiduntil
mostof the C0<isdrivenoff. Thetemperaturethencanbegraduallyralsed
until the mixturesbecomefluidenoughto enablebubblesof the remaining
CO!to escape,withoutexcessivefrothing. For accuratesynthesisof glasses
of desiredcompositionit is essentiatto guard againattwomain sourcesof

)oss,namely,mechanicallosscausedbythéburstingofbubblesof théescaping
CO;,and secondly,tossbyvolatilizationof K,O fromthéreactingmixture.
Thefirst tosscan bckeptto a minimumbyaccuratetemperaturecontrolof
the meltingcharge. Thesecondlossismoredificultto control,but it a1so
can be minimizedif the meltingafter the preliminarysinteringis doncin
electriofumaceswheretherearenoviolentgas ourrentsto carryoffthe K~O

fumes,in preferenceto usinggasfumaces. Withoutthepreliminarysinter-
ing the violentescapeof COtfromthe exceedinglyviscousglassesformed
causessuchexcessivefrothingas to makethe préparationof glassesof de-
siredcompositionuncertain.

After the firstmeltingthe glasseswerecrushedina diamondmortar to

passa 48.meshsieveandexaminedunderthe microscopefor inequatitiesin

composition.Whennecessary,they werethen remelted,and the operation
repeateduntilhomogeneousmixtureswereobtained.

The glasseswereusuallypreparedof knowncompositionby accurately
weighingthe amountsofingredientsused,followedbycarefullycbeckingthe
weightafter eachremelting.Théslighttossby votatitization,assumedto bc
due to KtO alone,wascorrectedfor by the additionofknownamountsof
K:CO<.Numerousanalysesweremade,usuallyby themethoddescribedby
Mbreyand Fenner,'inwhiehthépowderedglasawastreatedtwicewithHF,
the residuedriedat us" andwcighedas Kt8iF<. Thismethodis exception-
allyconvenientand accuratein this case. As a specialprecautionmostof
theanalyseswerecheckedby conversionto K~SO~in théusualmanner.

2. MeMttcPoint De~Mt'KattOMJtfe</to<fa.Mostof the thermal study
wascarriedout by the quenchingmethod*usingmaterialswhiehhad pre-
viouslybeencrystattizedbyappropriateheat treatment,whennecessary.In
this methodsmallquantitiesof the powderedmaterial,amountingto a few

MoreyandBowen:J. Phya.Chem.,28,n67 (t?~); J.&?.GtassTeehM.,9,226
('935).

MoreyandFenner:op.cit.
ShepherdandHacMn:Am.J. Sci.,M,~93(t909).
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milligrams,are wrappedin thin Pt foitand heldsuspendodin a furnacein

o!oseproximityto a thennocoupie,at a desiredconstant températurelong
onoughforequillbriumto be attained. The chargeis then quicklychUled

to freezetheequihbrium,andexaminedunderthémicroscope.Theoperation
is repeateduntil a temperatureisSxedsuchthat just aboveit thechargere-

mainsinglassycondition,andjustbelowit crystalsare présent. Thecrystals
can beidentifiedby the ordinarypetrographiemethods.

ln additionto the quenchingexperiments,heatingourvesweremade on

severatpreparationsbythedifferentialthermocouplemethod. Thèsewillbe

describedindetail later(seep. 18~4).

The temperaturesweremeasuredbymeansof Pt vs.90Pt, toRhthermo-

couples,usinga highlysensitivepotentiometersystem. The thermocouples
werecaUbratedat théfixedpointsNaC!800.4" gotd1062.6",LiiSiO~1201",

diopside139! and anorthiteisso~ and usedwith thé aid of thetables of

Johnstonand Adamsatogetherwithan appropriatedeviationourve. The

coupleswerecheckedfrequentlyat the NaCtand LhSiO<pointsto ensure

that theyhadnotsufferedby contamination.Thefumacesusedwerewound

withPt wireonalundumtubesandweremaintainedat constanttemperature

by meansof the thermoregulatordevelopedby Roberts*whichbasproved
invaluablein theworkofthisLaboratory.Thequenchingchargewasplaced
closeto théhot thermocoupiojunctionat the pointin thefurnacewherethere

is practicallynotempératuregradient.

3. Cry8taUizationaf thePrepora~oxs.The length of time requiredfor

the initialcrystallizationandfor the attainmentof equilibriumin the melt,
and the speedwith whichit wasnecessaryto chiUthe chargein order to

freezetheequilibriumvariedgreatlywiththe composition.Mixtureswhose

compositionliesbetweenK~O.SiO,and K:0.2SiO<,and those containingin

exeessofgoper cent SiO:crystallizerapidlywhenthe gtassis heldnear the

liquidustemperature;to freeretheequilibriuminsuchmixturesit wasfound

necessaryin manycasesto quenchthe chargesby droppingtheminto cold

mercury. All other mixturescouldbc chilledquickly enoughby simply

liftingthemrapidlyoutofthe fumace.

Préparationswhosecompositionsare near that of KtO.aSiOtdevitrify

readilyenoughforcrystalsto growwhilethe powderedglassis beingbrought

up to thé liquidustemperature. With increasingpercentageof SiO~thé

crystallizationvelocityfallsoffveryrapidly. Mixturesnear E~O~SiO~are

exceedinp;lydifficultto crystaUize,and indeed,it was found that without

seedingwiththe appropriatecrystallinephaseevenseveralwceks'timenear

thé equilibriumtempératurewasinsumcientto bringaboutthe growthofan

appreciablequantityofcrystals. Thepure crystallinecompoundKt0.4SiO:

Hoberto:Phya.Hev.,(2J23,386U9~4).
Day,SosmanandAllen:"HighTempératureCasThemotnetry,"CamegieInstitu-

<iooofWMMngtonPuM.tS7(t9n).
JohnstonandAdams:Am.J. Sci.,33,S34('9«).

<Mobertf:J. Opt.Soc.America,etc.,H, t~t (!9:5).
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melts readily,but to attain equilibriumbetweenthèsecrystalsanda meltof

a differentcompositionseveraldaysmayberequired.

Hydrothermatcrystallizationwasfound useful in inducingthé initial

formationofcrystalsin mixturesnearthé KiO~SiOtcomposition.For this

purposeseveralo.s toi.o gramchargeswrappedinthin Pt foi!weresuspended
in a goldcruciblecontainingo.ato 0.5gram H~O,and sealedinsidea steel

bomb' ofapproximately40cecapacity. Thé bombwasheatedto $00-600"
(the best temperaturebeingfoundto vary with the particularcompositions

employed)and heldat approximatelyconstanttempératurefor i to 3 days.
At the end of this time the chargeswere found wellcrystaUized,exoept

occasionaHywhenmorewaterwasusedthan necessary.Thé water in the

bombmustbe insufficientto producethe vaporpressureof the two-phase

liquid-vaporequilibrium,otherwisethe amountabsorbedby the silicatewill t

producean unsaturatedsotutionandcrystalscannot form. M

Thehydrothermalmethodwasusefulnotonlyin thecrystallizationofthc

KtO.~SiOï,but alsoin inducingquartzto form in the appropriatemixtures.

The formationof the variouscrystallineformaof silioain the melt can be

sharplycontrolledbytheamountofHtOinthe bomb. ln drycrystallization, )

orwithonlyabouto.gram H<0ina 40cebombat 500",crystalsoftridymite j

or cristobalitcare invariablyproduced. When the amountof H;0 is in-

creasedto 0.4 to 0.5gram, quartzcrystallizesout as well-formed,sharp-

edgedcrystals. Thisresultappearsto be in accordwiththe Ostwaldruleof

successivereactions.
A peculiarphenomenonobservedwithmixturesnearK~O~SIO~has not

beensatisfactorilyexplained.It wasfirstseenin a préparation,SiO) = 65.4

per cent,whichhad bcencrystallizedin a bomb,later heatedfor 3 daysat

760",ofwhiehthe notesstato: "Lookspeculiar,as if a kindsofglass,immis-

cible. Outerglassn = 1.487innermuchhigher. Innerisnot all gtass,but

containsspherutiticcrystallization."Thisbecamea homogeneousgtassafter

5 hoursat 86o". The samepréparation,initiallyglass,heated to hoursat ]

8oo",showedapproximately5 percent of this material;reheated44 hours !<
at 800°,it had diminishedto per cent;the reheatingcontinued44hoursat

700"showedlessthan t percent,someofwhichstronglysuggestedoctahedra;
the reheatingcontinued4 daysat 700°,showedsomeKtO.eSiO~as weUas

thc abovcunknownmaterial;reheated6 days at 6so", showedalmostnone [
of this material,and a smallamountofE~O~SiO;;reheated6 days at 650°,
wasaboutone-halfK~O.~SiO:,KtO~SiOiand glass. Anotherpreparation, !<

SiO: = 65.8per cent, in whiehK<0.2SiOihad beencrystaUizedby heating

dry in 3 daysat 760°,on furtherheatingat 823°,hadKtO.zSiO:stillprésent,
as weilas the materialunderdiscussion,in polyhedraloutlines,but usually
roundedpatchesand streaks,isotropie,n = 1.55. Thematerialappearedto

be concentratcdaroundK:0.2SiOterystals. The materialbecameentirely

glassat 885°in 6 hours. A thirdpréparation,SiO: = 73.7per cent, which

had beencrystaHizcdin the bomb,containedabundantmaterialn = :.S5,

Mofy and Fenncr: op. ci<.

y
P
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~t–A Lt––t––~– .t-t-L –f-J ~0 ~~? .t~~
veryfaint biréfringence,whiehpemistedat 908*.On this samepréparation
basbeendeterminedthestableUquidusforquartzat 8$t", and thémetastable

liquidusfor tridymite,at 834". ïn noneof the abovopreparationscould
the phenotoenabeobtainedagain;all weresubjectedto severaltreatments,
and actednormally. Wehavonoexplanationto offer, but do not believe
that it can correspondto anystabletransformations.

ExpMimeatatResults

Théresultsof thequenchingexpérimentaareasaembledin Tables1and II;
Table1 givesthe oompositioMoftho mixtures,tho temperatureof primary
crystaUization,and the compositionof the primaryphase. In Table II are

givenenoughof thé quenchingresultstosubstantiateTable I; togivedétails
of all the quenchingexperimentewouldrequiremore spacethan wouldbe

justifiable.TableIII givesthe iNvariMtpointsin thé systemandthe proper-
tiesofthe crystallinephases. Theselatterare:the compoundsKtO.SiO~and

TABLEll

Compositionand Melting Point Data

'iumber
Weieht Mot

tomber <*C SM, 8:0, IMerenceXo.

A. SoUdphase: CristobaUte(SiO!)
–

J/13 100. 100. –

t j63$ ps.5 97.o M2947C

6 8i5(m)* 75.22 8: .6 M:94<'A

!4?o± Transition Tridymite 1=9:Cristobalite

B. Solid phase: Tridymite (Si0<)

a n54 8:. 3 88.0 M:04?A

3 tr49 ?o.8 86.11 Ka8z

4 1038 ~.s 84.4 K:8i

5 935 7S.8 83.t K:8o

7 90S 74 8 8:.3 K279
9 834(m) 73.77 81.o Ka77

C. Invariant point K,0.4SiO~+ SiO:

3 7Ô4±tI ?9.8 86.1I K282

4 764±ï 77-5 84.4 KaSr

5 704±ï1 7S.8 83.11 KaSo

7 765 74.8 8~.3 Ke7o

8 764 73.7 81.o M3a49'

9 765 73.7 St.o K~77

*(tn)'='metaatabte.
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TABLE1 (continued)

Compositionand Melting Point Data

W~zht Mol
Xumber f'C SO, 8i0< RefeMneeNo.

D. Solid phase: Quartz (SiO,)
–

870~10 Transition Quartz ~Tridymite–

9 840 73.7 8i.o 1(277

E. Solid phase: KO,.4SiO: (7~.84wt. 8iO,)

ïo 765 7~.86 80.03 Kz84
11 764 7~-7 79-9 M3248A

la 762~2 70.9 79.3 M3Ï49A

i3 760~4 7~-1 78.6 Ki37<M3ttt

t4 753 69.0 77.8 K<83

17 745("M) 67.9 76.9 M33o8ï

F. Solidphase:K~O.zSiO:(56.05wt. 8i0,)
14 749(rn) 69.0 77.8 K:83

iS 794 68.5s 77.4 K:78
16 8:5 68.o 77-<* ~76
t8 854 67.5 76.5 K275
19 893 66.8 75.9 ~274
20 9!o 66.3 7S-5 Ka66

ai 9~3 66.0 7S3 K~73
22 933 65.6 74.9 K272

23 954 648 74.3 K265
24 974 63.6 73.3 K2S9
25 980 63.2 7~.9 K264

26 988 6i.7 7'-6 K253

27 99~ 6î.o 7'.<' ~~3

32 t036 56.: 66.8 K2SI

G. Solid phase: Solid solutionof K<0.2SiO)(with excess SiO,

28 too5 59.4 69.7 K2$8

29 too9 58.9 69.2 M2045B

30 10~9 58.0 68.4 K2$6

31 '03' 56.8 67.4 M2045A,K237

32 1036 56.~ 66.8 K251
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TABLE1 (continued)

Wei);ht% Mot
Number t"C N0, 8i0, ReferenceNo.

H. 8oUdphase: Solid solutionof K,0.: 8i0, with excess K,O

33 '035 55.7 66.4 K255

34 '034 S4.6 6s .4 K4So

35 1027 53.4 64.3 M:946B

36 tot6 S2.4 63.3 K254

37 looo St.7 62.7 Kz68

38 984 Si-o 6:.o K2S7

39 968 <:o.s 61.5 Ka67
40 940 49.66 6o.7r K448

4t 943 496 60.7 Kzôg

42 gro 49* 6o.: K:6t

43 895 48.8 599 K252

44 882 48.6 S97 Kzyo

45 835 477 58.8 K:6t

46 8:9 47.6 58.7 K:?i

K. Solidphase: K:0.:StO~(56.05 wt. SiO,)

47 805 47.os 58.20 K~ôo

48 783 45.9 57.1 K434

L. Additionalpreparations

49 765 71.7 M3248H

so 764 7~9 MBSFeb.

TABLEII

QuenchingData

?Yiaterialandtime
andtime

Xo. Reference <°C otheating* Conditionafter heating

j M2947C t595 G+30 m CristobaUte,«tMs

1635 G + is m Rare cristobalite, glass

1635 L~Mt'dKs;cristobalite (SiO:)

2 M2947Â t:S3 G + 30m Tridymite, gtass

1:55 G + 30 m Glass

1:54 Lt~«'<<<M;tridym!<.c(SiOt)

3 K:8ï no5 D+4h Tridymite, glass

tf37 D+:h b Tridymite, glass

u47 D + h Tridymite, glass

n5o D+3h All glass

n49 L~MtdMs;tridymite (Si0<)

763 B + h h K<0.4SiO<,tridymite

766 B + 6 h No K,0.48i0s; tridymite, glass
'G =. ctam.
D=' cryetttttMeddry.
t; –cryatettizedinbomb.
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TABLEH (continued)

QuenchingData
Matera
andtime

\o. Itefernnee (*C ofheat!na;*Conditionafterheftthtc

4 K:8tx 994 D+~h Tridyn)ite,g)aœ
!034 D + 12h Raretridymite.Ktass
1044 D + 2h Allglass
1038 ~t<<)M;tridymito(8i0<)
764 B + s h K,0.4SiO:,muchtridymite
76s B+ 6h XoK,0.4SiOi,muchtridymite,~ass

KxSo çto G + 10h Tridymite,ghfis
934 G + s h Raretridymite,gtass
943 G + 3 h Aboutallgtass
943 ~Mt'dMS;tridymite(8i0;)

764 B + 2h Kt0.4SiOt,quartz,glass
765 H+ 3h Quartz,glass
764 8; + 2h Kt0.4SiOi,tridymite,glass
765 Bt + 3 h Tridymite,glass

6 M:946A 8t: :z h Tridymiteor eristobalitcpresent
815 /<<~Mh<stridymiteorcristobatite

7 K27<) 90: D + 12 h Raretridymite,glass

906 D + io h AUglass

905 I~M~ts; tridymite(SiO~)

764 B + 4 h K<0.4SiO~,tridymite,glass

765 B + 5h Doubtfulif anyK<0.4SiO:;tridymite,

gtass

8 M3:49! 759 D + 44h Kt0.4SiOt,quartz,glass

764 D + 24h Quartz,glass

9 K~77 824 D + io h Tridymite,glass
834 D + 2h Raretridymite,glass

836 D+3h Allglass

835 Metastable~<tWMS;tridymite
826 B + 3 h Quartz,glass
839 B + t8 h Rarequartz,g!asa

845 B + Soh AUglass
840 M~MMh~;quartz

758 B + 50h K,0.4SiO<,quartz

765 B + 7h VeryrareKtO~SiO;;quartz,g!ass
'G = G)am.

D~CtystaUzeddry.
B<='Cryatatiitedinbomb.
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TABLEII (continued)

QuenchingData
:4laterial
andtimeandtime

~o.RefoK'nf'c <°C ofheatin)!* Conditionafterhoating

:o Kt84 755 B + tt h AImootall K:0.48!0:; may be some

quartz

764 B + 3 h AlmostallKiO~StO:;veryrare quartz

765 B + 3h Rare KtO~SiO~ very rare quartz,
glass

767 B + n h Veryrarequartz,nearlyatl glass

780 B + n h Practicallynoquartz, glass

765 Lt'~M; Kt0.48i0tt

)tx M3948A 7S4 D+t8h KiO~SiOt.somegtass

760 D + t8 h K;0.48:0,, glass

765 D + t8 h G!a.sM

i:z M3t49A 747 G+7<ia K,0.48i0, present

760 D + 7da Kt0.4SiOt,glass

764 D + 7da Glass

'3 Kt37 750 G+!5da K~O~SiOfpresent

M~m1 764 D+7<ia Glass

)4 Kt83 730 G + 3 da K:0.:SiO,,muchgtass

748 D + 3 da RareK:0.:8i0<,glass

750 D + i da AUglass

7:0 D + 7 da Ki0.48i0t present

753 3 damore VeryrareK,0.4SiO<,glass

755 da more Glass

749 Melastableliquidus;Kt0.ïSiO<

753 Lt'~MtdM;Kt0.4S}0<

1S Kt78 773 D+7h h MuchKtO.ïSiOi,glass

79o D + 5h K,0.8i0,, glass

794 D + 5h Veryrare KtO.aSiO:,glass
800 D + n h Glass

794 7/9«tWM;K~O.~SiO;

t6 Kt76 802 G + I2h K,0.a8i0,, glass

819 D + 6 h Moderatoamountof K;0.2SiO<,glass

8:4 D + 4 h RareKtO.eSiO~glass
8:6 D + 3 h AUgtaas

8:5 J~MWM;K<0.i!8iO;

'G =Ghm.*U'='UM8.
D = CtystatiMd dry.
B CrystatMedin bomb.

t Thia preparation bas compositionof K~).48i0,; thc perNBtenccof quartz abovo the

température at whiehK,q.48iô, diMppeatrsis to bc Mcnbed to dowdtmotutMn of qMtrt!!

in melt, most probably. The poMiMMyof incongruent melting of R~~StO, Mnot ex-

cluded, however. See text, p. 1873.
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TABH:II (continued)

QuenchingData
Matenat
andtime

\o. Heferettce t*C ofheatmt* Conditionafterheat!nf;

17M33o8745G+ 7da VeryrareK~O~SiO,,g!a~
764 G + i da K:0.28i0,, glass

773 G + ï da K<0.:8i0,, glass

t8 Kï755 843 D+3h h K<0.:SiO!,g!ass

854 D + 3 b RareKtO.zSiOt.gtass

855 D + 6 h Allglass

8s4 Lt?Mt'd<M;K,0.:8iO~

t~ K274 84; G + 4 h AbundantK<0.t8i0<,glass

890 D + s h K,0.a8i0,, glass

893 D + i! h Practicallyall ghas

893 Lt~Mt~tM;KtO.tSiO:

20 K:66 850 G + 5h AbundantK<0.:8;0,,glasq

900 G + i3 h K,0.:8i0t, glass

910 D + i! h Veryrare crystab,glaas

913 D + iz h Allglass

910 Lt~Ms; KtO.ïSiO:

t K:73 876 G+6 6 b K,0.:8t0,,gtas9

898 G + 4 h Crystals,gtass

9:0 G + s h Veryrare crystals,glass

9~6 G + t: h Glass

9:3 Lt?!<M; K<0.:SiO:

K:7a 875 G + 6 h K<0.:SiO<,glass

93a G + 4 h Rarecrystats:glass

938 G + 6 h Glass

935 L<~tM<hM;K~O.~SiO:

23 K:65 933 G + s h K~SiO,, glass

943 G + n h Crystals,glass
950 G + ï h Sparsecrystals,glass

955 G + i h Gtasa

954 Lt'~MMfMs;Kt0.:8i0t

24 K959 96: G + 2h K,0.:8i0<, glass

974 G + 2h Rarecrystals, ghss

975 G + 3 h G!as8

974 Lt~Mt~M~;K:0.:8i0:
*G Gtam.
D = Cryatatheddry.
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~n.TT/–~i~TABLEII (continued)

QuenohingData
Mat~at
andtime

No.Reference <'C ofheating' Conditionafterheating

25 Ka64 973 G+44 h K,0.aSiO,,glass

978 G + hh Rarishcrystals,glass

980 G + gh Veryrare orystats,glass

983 G+i2 h Allglass

980 ~Mx~M;K:O.~StO,

96 K:!53 974 G+:h Crystals,glass

98~ G+ 3h Rarecrystals,glass

988 G + t h Rare~rystats,glass

988 G+!:h h Allglass

988 Lt~MS;KaO~SiO~

:7 Ka63 984 G+ a h Abundantcrystals(ca50%)glass

991 G+ 3 h Moderateamountofcrystats

993 G+33h Gtaœ

99: JM~uMMs;K:0.:SiO:

28 K958 988 G+th h Atteastso%cry8taDi2ed,gtass

1003 G + 3h Abundantcrystals,glass
roo6 G + t: h Allglass

1005 Lt9M«<<M;K~O.aSiO;solidsolution,excesa8:0;

29 M:94$B 993 Abundantcrystals,glass
too8 Crystals,glass
too9 Gtass

1009 Lt~tM; KaO.zSiOtsolidsolution,excess8i0<

30 Kas6 1016 G + h Morethan so%crystals,glass
1028 G + h Abundantcrystals,glass

1030 G + hh Allglass

toa9 Lt~~MS;Ke0.:8t0<solidsolution,excessSi0<

3:x M:94sA tooo G+!:hh Largelycrystallized,little glass

K:37 ïo:9 G + hh Abundantcrystals,glass

1032 G+ 3 h AUglass

1031 Lt~ttxfM;KtO.aSiO!solidsolution,excessSiOt

3: K:5! '039 G+ïh h Crystals K:0.:SiOt, very little glass

!034 G+:h b Crystals,verytittlegtass

1036 G + hh Smalltrace ofcrystals, glass

1036 L<~t«~;KtO.aSiOt
C=Gtam.



l868 F. C. KRACBK, N. L. BOWKN, AND G. W. MOHEY

TABLEII (continued)

QuenchingData
Material
andtime

Xo.Keferenee fC ofheating* Conditionafter heating

33 K~ss !03tz G + 1.5h More than $0% erystals, glass
1036 G + a h Very rare, if any, crystals
1035 Lï~'d~; KiO.:SiO<

34 K450 jo~i G+sh h Abouthalf crystals, glass
1034 G + 3 h Abundantcrystals,glass
t03S G + 3 h Glass

1034 L~rM~MN;K)0.28i0; soUdsolution,excessK~O

35 M:946B 993 t h Nearly all crystalsK<O.~SiOt
toas !?h Crystals,glass
1026 j h Rare orystab
ioa8 t h Glass

1027 Liquidus;KtO.zSiO~solidsolution,exceasK~O

36 K:s4 1015 G + 3 h Moderatelyrare erystals, glass
1018 G + ï: h AUglass
toiô Liquidus;Kt0.:8t0t solidsolution,exccssK;0

37 K968 995 G + ic h Moderately abundant crystals, glass
!ooo G + 2 h Very rare crystals,glass
tooo Liquidus;KtO.~SiO~solidsolution,excessK~O

38 Kas~ 983 G + i: h Crystals,glass
985 G + 2 h Allglass
984 LtpKt~M;Kt0.zSiO<solidsolution,excessK~O

39 K:6jr 958 G + 3 h Moderately rare crystals, glass
967 G + 4 h Moderately rare crystats, glass
9?o G + 3 h Allglass
968 LigMMhM;K~O.aStOtsolidsolution,excessK~O

40 K448 93iz G+3 2 h Abundantcrystak,gtass
937 G + a h Crystals, glass
942 G + 3 h Glass

940 Lt<~M<<fMs;K~0.a8i0<solidsolution,exeessK~O

4tx K:6p 941 D+5h Moderately abundant crystals, glass
948 D + a h Allglass
943 LtçMtdMs;KtO.aSiOtsolidsolution,excessK~O

*a Ghm.
D Cryatsliaeddry.
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TABLEII (continued)

QuenchingData

MtKcrM
andtime

Xo. HefMenee t'C of heating' Conditionafter he&tmg

42 Kz6: 899 D+4h Crystals, glass

906 D + 3 h Rare crystals, glass

910 D + 3 h Rare, if any crystals, glass

910 L)'~M«<«s;K<0.a8t0; soUdsolution, excess K<~)

43 K:S! ~80 G+3 3 h Crystals, glass

893 G + 3 h Rare crystals, glass

894 G + h Rare crystals, glass

900 G + 3 h G!ass

895 Lt~«s; K~O.aSiOtsotidsolution, excess KtO

44 Kz7o 875 'hh Crystals, glass

881 hh Rare crystals

883 hh Glass

882 L<?M«~Ms;KtO.zSiOtsotid solution, excess KiO

45 Kxôt 824 G + t: h Abundant crystals

834 D+4h Crystats, glass

837 G + 4 h All glass

835 Liquidits;KtO.zSiOt solidsolution, excess K~O

46 Kayii 81$ D+ah Crystals, glass

8:7 D + z h Crystala, glass

8zï D + 2 h Glass

8t9 Lt<Ma; KtO.zSiO, aotid solution, excess KtO

47 Kzôo 795 D+3h K~O.zSiO~gtass

805 D + ï4 h Sporadic crystals, glass

805 D+:h All glass

805 L~MMus;primary phase KzO.aSiO:

48 I<434 773 D+3h Abundant KtO.zSiOe, probably sotue

K,0.8i0:, glass

785 D + h h ~"cry rare KaO.aStO~

785 L<9Mt'<FtM;primary phase KsO~SiO~

49 M3Z48H 758 D+:da MuchK,0.4SiO;somc glass

76: D + 3 da About 10% Ks0.4SiO<, glass

765 D + 2 da Trace of crystal, glasp

765 L<?M! K;0.4SiO:

50 MB8 Feb. 76: D + 3 da Small amount of crystals, gtass

765 D + 2 da All glass

764 Lt'?M«~M;Kt0.4SiO:.

*C: Gtam.
n ° Ctyatatiteddry.
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TABLEIHa
Invariant Points

~rystaUmePhase(s) ReMtion t'C
StO)

Cristobalite Melting 100. t7t3

CristobaUte-tridytnite Inversion 89.2 1470

Tridymite-high quartz Inversion 74.4 870

mghqttart!K<0.4SiO~ Eutectic ?a.o 764

K!0.4SiO< Melting 71.84 765

K,0.4SiOt.K<0.2StO, Eutectic 69.0 75'

K~O.aSiO~ Bre~kingupof 59.8 993

mixerystats

KtO.~SiO! Melting 56.95 '036

Kt0.2SiO< Breakingupof 47.6 8t44

mixcrystals

KiO.zSiOfKtO.SiOt Eutectio 45.5 775

KjO.SiO, Melting 38.94 976

TABLEIIIb

Properties of the Crystalline Phases*

Opt!o0 IMtaetiveIndicée
CompoundCr;'9ttl System Habit 2V Sten Tf <t

SiO,:

quartz Hexagonal Bipyramids o° pos. !.s$3 1.544 i 544

SiO:: Pseudo-

tridymite hexagonal Plates –– –– 1.473 ~-469

SiOt: Pseudo-

cristobaUte cubic Octahedra –– –– 1.487
–– '.484

Plates,

K,0.4SiO:
–– twinning Large pos. i.48a –– 1.477

Ortho- Plates,

K:0.2SiO: rhombic cleavage Large neg. 1.513 1.503

Ortho-

K~O.SiO~ rhombic(?) (Granular) €0.35" pos. 1.528 –– t.5:o

K~O.zSiO!previouslydescribedby Morey and Fenner, the compound

K,0.4S:0:,whichis new,and the formsof siUca,highquartz,tridymiteand

cristobalite,whichcrystallizefromthe appropriate preparations.
Thedata ofTables1and II arerepresentedgraphicallyinFigs.i and a;

in the latter the new pointsare representedby the black cMes. For the

purposeof comparisonsomeof thé results of Moreyand Fennerare in-

eluded,theirpointsbcingmarkedbythe open cireles.

'DescriptionofthévariousformaofSiOtMia takenfromMot-eyandBowen:J. Soe.Ghœ
Teehn.,9,~63(t~tS).
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W).~ C~~ ~T~~ t~M~~t~~ ~f t~to ~~WMtt~«~~tt~~f~t. Thecompound~0..5tO<.–Thopropertiesof this compoundhâve

beenpartly describedby Moreyand Fenner.' It fonns probably ortho.

rhombiocrystals,MM{M,positive,aV approximately3$",etrongdispersion

f>p. ïtsrefraotiveindiee8Me'y'=t.sa8,af'='t.~o,birefringencemoderate

(y a = 0.008).
It meltscongruentlyat 976",andthe meltcrystallizesreadily.

FtQ.<i
Temperature-compoaitiondiagmmof the binarysystemK<O.SiOrSiO<.

y~eompCMaJ~tO~&Ot.Thepropertiesofthé compoundbavebeen

partly describedby MoreyandFemner.' It formsorthorhombiccrystals
whichareopticallynegative,witha largevalueofeV,and a lowbirefringence.
Thereisa micaceousoleavageparaMto The refractiveindicesare:

« 1.503. = i.5'3.
Thruoutthé rangeofcompositionsoverwhichKtO.aSiO:is foundto be

presentin contactwithan equilibriummelt the crystals exhibit constant

MoreyMdFcnncr:J.Am.Chem.Soc.,36,:t5 <!9t4);30,ny~C9'7)-
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opticalpropertiesregardtessofthe tact that the courseof theliquiduscurvc

(tieesections4and 8)presentsratherunusualfeatures.

It basan enantiotropieinversionat S90"tand the high temperatureform

takesinto sohdsolutionsmallamountsofboth KtOand SiO:. Themelting

pointobtainedin this workis 1036",as comparedwith thé valueof to~

obtainedby MoreyandFenner,andof toi 5",by Nigg!i.' Thepresentvalue

of 1036"is to be preferredto thepreviousone.

FM.9:1

TemperatUM-tompoMttondiagramofthebinarysystemKtO.SiOr-SiOtto toso"C.and80
percent SU))

3. The cotnp&uH~JC/Â~&O:. The best sample obtained of this newly

discovered compound conststed of composite plates which looked uniforni

in broad section, but showed a compticated intergrowth or twinning in

transverse section, and then showed inclined extinction. It is apparently

biaxial, positive, \vith large ~V,but this is not very reliable. ïts refractive

indicesare a = 1.477,'Y= 1.48:. ïtmett~probaMycoogruentty.atyôs".

4. Theh'?!<~McMft.'e<~~Oo. (Sce Fig. 2). Thc liquiduscurvc of

potassium disilicate falls to the cutectic betwecn KtO.SiOt and KtO~SiO:

at ~5" and 4S.5weight per cent SiO: on the KtO side of its congruentmelting

point, and to the eutectic between K~O.~SiO~and K:0.4SiO: at 752" and

6().oweight per cent SiOi!on the SiO: side. Each branch of this melting

point cufve shows a break, at 8:4° and 003" rcspectivcty. Thc fact that

Xi(tgt':J. Am.Chem.Soc.,35,tô~ (t9t~).
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thèsebreaksdo not occurat the sametemperatureon thé twoaidesof the

KtO.zSiO:compositionrulesout thepossibilityof an inversionof the com.

poundin this températurerégion. Thé simplest explanationof the ap-
parentlyanomalouscourseof this liquidusseemsto be that crystals of

K~O.zSiO}dissolvean excessof eitherK<0or 8i0:, dependingupon thé

cotnpotiitionof thé melt in equitibriumwith the crystals,and that thé re-

sultingsolidsolutionsthen breakup intothe pure compoundand a melt
whenthe appropriatetemperaturesare reached. This questionwillbe dis-
ousscdfurtherin connectionwiththédescriptionof thé heatingeurvesin a
later section.

S. TTAe!M«<!<~cMn'eof K)0.~& The meltingcurveof the tetra-

silicatepresentsno unusualfeatures. The curve riscsfrom 7~° and 69.0

weightper cent 8i0,, the cutecticbetweenKs0.:8i0t and K<0.48i0i,to
thé meltingpointof thecompoundat 76; The curvethen tneetsthe quartz

liquidusvery near the HtO~SIO:composition,thé eutectiebetweea thé
lattercompoundandhighquartz lyingat 764-$".Theresultsonpreparation
to (TableII) are of interest in thisconnection. The compositionof thix
mixture is almostexactlyK<8i<(),(7).84weight per cent SiO~theor.).).
WhencrystaUizedin the bombat 550",using0.4gramH:0, it wasfoundto
bc too per cent crystalline,the propertiesof the crystalsshowingthemto
bc almostwhollyK<0.48i0:,withonlya faint trace of a morehighlybiré-

fringentphaseprésent. Hcatedin thequenchingfurnaceat 765"for over to
hours the KtO~SiOtcrystalswerefoundto hâve comptctctydisappeared,
but a smallquantityofquartzremainedinthé quench. Heatingfor a much

longertime at 765"did not appreeiablymodify the results. Traces of

quartz werefoundevenafter heating12hours at 767",whileheating at

765"foronly30minutesleft tracesofbothK:0.4SiOtandquartz. Because
of the sluggishdissolutionof quartz,toomuchsignificancemust not beat-
tributedto theprésenceoftracesofit in themelt. The resultisnevertheless

interestingsinceit indicatcsa tendencyofthe compoundK:0.48i0: toward

incongruentmelting.

In order to obtain further informationon this point, to a mixture of

préparation50 (TableI), compteteiycrystaJUzcdto K<0.4SiO:,was added

enoughfinelygroundquartz to give72.3per cent SiC:,themixtureground
togetherinan agatemortarunderalcohol,then grounddry. Thé resulting
mixturewascxcccdinglyfinelyground,withonly a fewresidualfragment!'
of quartzas largeas 0.001mm in diameter. Hcatedfor 7 daysat 755°,all
of the disilicateandalmosta!!of thequartzhad dissolved,the fewquartz

fragmentsremainingrcpresentingthe largergrains. In viewof the known
slowrateofsolutionof quartz, it wasbelievedthat thesetoo wouldhâve
dissolvedon longerheating,but thismaynot be the case. Heated 7 days
at 751",bothquartzanddisilicateremained.Thiswouldindieatethat thc

Ki0.48i0}hasa congruentmeltingpoint,and that the maximumtempera-
ture of theK}0.4Si()rquartzeutecticis 755". Thedifférencesberearevery
small,andnearthe limitsof précisedeteminationof composition,at which
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therecanbe certaintyoftemperaturecontrolover thé longperiodsof time

necessaryfor equilibrium.

6. TheM~Ma curveaf Quartz. Highquartz crystaUizesas a primary

phasefrommixturesbetween72.0and 72.4weightpercent SiO},over the

températurerangefrom 764.5"to 870";at the latter pointquartz ceasesto

le thc stable phaseand inverts slowlyinto tridymite. Quartz ordinarily

doesnot crystaUizereadilyfrom dry melts;to determinethe liquidustem-

pératurewhereit is the primaryphase it bas beennecessaryto resort to

previouslycrystallizedpreparationsin whiehquartzwasproducedby hydro.

therma!crystallizationasdescribedon p. 1860.Quartz,further,disappears

veryslowlyfromthe heatedsamples,a pointwhiehbas alreadybeen em-

phasizedby Moreyand Bowenlin their workon the systemNa<SiO!-8iO:.

Théquartz!iquiduscurveotherwisepresentsno specialfeatures.

7. 7'Ae3'n~m~e andCn~o6oMeh'M. Tridymiteis the stablepri-

maryphasebetween870"and 1470",thèse temperaturesrepresentingthé

respectiveinversionsof quartz to tridymiteand tridymiteta cristobalite

accordingto Fenner.2 Above1470"cristobaliteis the primary phase to

) ;<3°,itsmeltingpoint.M Severalpointsweredeterminedalongthese two

branchesof the liquidus,whichpresentno specialpointsof interest. Both

tridymiteand cristobaliteare remarkablefor the tendencyto separatefrom

themeltsin metastableregions,and it has beenpossibleto determinetheir

metastableliquidusin severalpreparations,as willbesecnby referenceto

Fig.2 andto the tablesofresults.

In viewof the difficultyof crystaUizingK,0.48i0:, wcthought it might

bepossibleto realizethe metastableeutecticbetweenKiO.~SiO~and tri-

dymite. For thispurpose,wellcrystallizedK~.a SiO,andag!asscontaining

74.92pcrcent SiOt,in whicha fair amountof tridymitehad beengrown,

weremixedin thé proportionsof K<0.4SiOt,finelygroundtogether under

ateohot,and heated at varioustemperatures. In ï daysat 646"all the

crystalshad dissolved,with the exceptionof very tare tridymite grains,

whichprobablywouldhavedisappearedonfurtherheating. After4 daysat

540"allthe crystalshaddisappeared.After8daysat 498"the disilicatehad

alldissolved,but there wasstill well-distributedtridymite,indicatingthat

themetastableliquidus,withtridymiteas primaryphase,is d:S!o"for this

mixture.

8. HeatingCMn'eN<~ of theX~t0< ~M<W<M.It seemeddésirable

to further investigatethe phenomenaconnectedwith the crystallization

ofK~O.aSiO,.The unusualcourseof the meltingcurveof this compound,

dmvedfromthe quenchingresults,alreadydescribedin section4, leads to

thesuppositionthat K~O.~SiO~is capableof formingmixedcrystalswith

bothexcessof K~Oand of8i0<,dcpendinguponthe compositionof the melt

MoreyandBowen:J. Phya.Chem..28,u67(t9~.
'Fenner:Am.J.Sei..36,331(t9t5).
'GreiK:Am.J. Sci.,13,7 (t9:7)
't'ergumnandMer~'in:Am.J. Sei.,46,4t7('9'8;.
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withwhiohtheyare in equtlibrium.It was thought that thermal analysis
couldthrowsomefurtherlightonthisquestion.

It ta wellknownthat heatingand cooUngourvesordinarilyyieldMtttc
décisiveinformationon the behttviorofsilicates,owingto the oomparatively
sluggishreactionsandlowchangesin heat capacityaccompanyingthe phase

changes. Thisdimcultybas beenkept in mind in designin~the apparatus,
whichwas so arrangedas to eliminateoutside disturbancesas much as

possible,consistentwith securingmaximum sensitivityof roading. The

apparatusbasbeendescribedinanotherpaper by oneofus,' henceonlythe
essentiatfeatureswiUbe mentionedhere. A dinerentia!thermocouplear-

rangementwasusedemployingAu-Pdvs. Pt-Rh (40%Pd, 10%Rh) couples,
eaMbratedat théNaCI(800.4")andAu( to6:.6")points. Thé e.m.f.of thèse

coupleschangesapproximatelySomicrovottsper degreeC, so that witha

highlysensitivepotentiometersystemit is possibleto read the dinerentiat

températuresto o.ot". The fumacewas designedto minimizeconvection

currents. The chargeand neutralbody were placedin thé furnaceat thé

pointofpracticallyno thermalgradient. Slow,controUedrates of heating,
oftheorderofo.s"to i .0"perminutewereeasilyrealizedand storagebattery
currentwasusedtoeliminatefurthersourcesof error.

Owingto thégreattendencytowardsupercooling,nousableresultscould

beobtainedwithcoolingcurves. Thearrestson the heatingourveswerenot

large,exceptfor the heat effectaccompanyingthe meltingof the almost

pure KtO.aSiO;(préparation3~). Upward of 50 heating ourveson the

severalpreparationswereestabtished.Tho resultsare coUectedin TableIV.

The typicalcourseofthe curvesis depictedin Fig.3 in whiohthe curvosare

superimposeduponthé sametemperaturescale, thé ordinate representing
the differentialtemperaturebetweenthe chargeand the neutral body. The

principalfeatureof the curvesis the locationof the thermalarrests,which

coincidecloselywiththe temperaturesat whichbreaksoccurIn the liquidus

curve,as showninFigs. i and

An unexpectedfeature of the heating curves is the occurrenceof an

enantiotropicinversionin K~O.~SiOtat S90". Thepresenceof this inversion

basnotbeensuspectedbefore. It occursat the sametemperaturein all the

preparationsstudied,hencethecrystalsundergoinginversion,both the high
and thé lowtemperatureforms,mustbc essentiaUythe pure compoundin

the neighborhoodofthe inversiontemperature.
In additionto theeutecticarrestsat 775"and ?so",the curvesshowheat

effectsat about Sto*and 080-090"onthé two sidcaof the K~O.sSiO)com-

position,respectivety,correspondingto the breaks in thé liquiduscurves.
ThenearlypureK<0.aSiO<(preparation32)showsthesebreaksto analmost

imperceptibleextent. This conclusivelyrules out thé possibilityof an in-

versionat thèsetempératures,particularlysince in the other preparations
studiedthe arrestsbecomemorenoticeableas the compositiondepartsfur-
ther fromthat ofthé compound.Thésimplestaasumptionthat willexplain

lu-acek:J.Phys.Chem.,33,teSt(<9~.
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TABLEIV

Results of Hoating Curves

Xumbcr* Phasereaction Température'C

40 Inversion begins 590

Inversion ends 597

First arrest 775, 773

Secondarrest 8n,8o4

Melting ends 940, 940

M.p. by quenching 940

36 Inversion begins 588

Inversion ends 596

F'irst arrest 799, 78:, 77S

Secondarrest 81o, 80:, 8 to

Melting ends 1012, tôt:

M.p. by quenching iot6

3~ Inversion begins 588

Inversionends 595

First arrest 77°

Secondarrest 810

Melting ends 1035

M.p. by quenching 1034

3: Inversion begins 59', 586,585, s84, 588, 587, 58?
Inversionends 596, 596,596, S96,597, 595, 596

First arrest (feeMe) 771, 7?6

Secondarrest (feeble) 805, 807,8t7

Third arrest (feeble) 980

Melting ends 1036,1035,1038

M.p. by quenching 1036

30 Inversion begins 59~

Inversionends 596

First arrest 760, 7~

Secondarrest 981, 9~5,978, 984,990, 995

Melting begins 101:, 1005,too6,1016

Melting ends 1046, !035,1035,1030

M.p. by quenching 1029

:8 Inversion begins 588

Inversionends 594

First arrest 750

Secondarrest 983, 993

Melting ends 1009

M.p. by quenching 1005

Refeïto Table1ht tcmposttMM.
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thèsearrestsis,ashasalreadybcenstated(p. 1873),the crystallizationof
solidsolutionsfromthe tne!t,whieh then décomposeinto the pure high

températureformof K~O.~StO~and liquid at Sj~"and 903",on the two
aidesof the compositionof thecompound. Aafar as we know,there is no

similarcaseof this type in théliterature.

The meltin);pointsfoundbythe heating curvesdo not differessenttaUy
from thosefoundby the quenchingmethod (compareTables II and IV),

Fto.33
Differentialheatingcurvesonpreparationsin théK<0.t8i0tfield.Theordinatesarethe
ditfcrentiattemperaturesbetweentheaampteanda neutralbody. Thenumbers?8to40

refertocompositionsin Tables1andtV.

showingthat the crystaMizedpreparationsmelt readily enoughfor equilib-
riumto beattainedduringthetimethe preparationpasses thru thé melting
arrest. Crystallizatlonof K20.2SiOtfrom the molten préparation,on the
other hand, is accompaniedby enormousundercooting,as tbe following

experimentwillohow. MoltenK~O.zSiO:(préparation32) wasaUowedto
coolwiththefumace,nocurrentpassingthru thewinding,fromabouti !oo"C.
No arrest wasnoticedduringthé cooling. The coolingof the fumacewas
thonstoppcdat about400*.Nextday the températurewasgraduallyraised

preliminarytoa run,whichwasmadeas soonas the differentialtempérature
cameto a steadyvalue. Thecourseof this run is shownin Fig.4. The

inversionarrestat $00' wasabsent. On furtherheating a heatévolution

bcganat about670°,reacheda maximumeffectat 720°,andcontinueduntil
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approximately800°.At this temperaturethe differentialtemperatureagain
becamesteady;themeltingarrest then followedln thenormalmanner. It

is not surprising,then,that thé tetrasilicatemixturescrystaUiMwith diffi-

cultyif webearinmindthat the tetrasilicateUquidusliesat a température
at whichthe crystallizationof the much moreeasilydevit-rifieddisillcatc

proceedswithonlymoderatespeed.

Fto.<t4
DifferentialheatingcurvedtowingthecryfttaUMtttionoff~Mtofpreparation nearly

pureK~).<SiO<.

Discussionand Condusien

ThesystemK<8iOt-SiO<Sndaapplicationin thestudyof manypetrologi-

caUyimportantpolycomponentsystems,and in additionit is of technical

importanceinglasstechnoiogy.Thesomewhatdetailedstudyof the system

presentedhereis thereforea logicalpreliminarystoptowardthc three-com-

ponentsystemsto whiehit contributes,besidesposseMin(fconsiderableinde-

pendent significance.
The newreauttsare in substantial agreementwiththé carlierworkof

Moreyand Fenneron the hydrothermalsystem. Theprincipalpointaof

departureare theunusualcontourof the disitcateUquidusand the presence
of the hithertounsaspectedcompound,K~O~SiO:.

Fromthe standpointof inorganicchemistrythesystemis importantin

showingthe trendwithina group of the periodicsystem. Lithiumcntcrs

into theformationoforthosilicate,metasiucateanddisilicate,onlythe meta-

silicateLitO.SiO<,apparently,havinga congruentmeltingpoint. Sodium

formsthé congruentlymeltingNa;0.8i0<and Na~O.~SiOt;nothingisknown
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about the orthosuioate,Na<8i0<.Potassiumexhibits, in addition to the

congruentlymeltingK<0.8i0tandK<0.!8i0<anothercompound,K;0.4SiOt.

Manyrefetenceshavebeenmadeinthe literatureto compoundsofthe gênera!
formulaaMctO.sSiOasupposedto beformedbythe alkalis. It i8signincant
that innocaseinvestigatedwithcompétentmethodshavesuchcompounds
beenfoundat theliquidus.

Summary

ThesystemKt8i0)-8i0!eontainsthreecompounds,K,0.8i0<,K<0.2SiU,

and Kt0.48i0twhosemeltingpointsare976', ~ô" and 76;"respectively.
The respectiveeutecticBbetweenthese compoundsare at 775"and 45.5

weightpercentSiO~,and75~and 69.0weightpercent SiOt. The eutectic

between~0.4810; andhighquartzis at 764"and72.0weightpercent810:,

veryneartheK,0.4SiO<composition. KsO.aSiOtpresentsanunusualtype
ofliquiduscurve,andenterslntosolidsolutionwithexcessofboth KtOand

SiOt,the soUdsolutionsdecomposinginto the pure compoundand a melt

at 814"and 993",on the twosides of the compositionof the compound.
A reversibleinversionis foundin Kt0.:8i0t at 590".

Gecp~eotLetw!
Carnegie7tM<<<M~MtOftfMM~W,
~0);, MM.
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THE VAPORPRESSURESOF 8ULFUHBETWEEN100"AND §50"

WITHRELATEDTHERMALDATA*

BY WtLLtAM A. WEST AND ALAN W. C. MBNZtES

No previousobserverof the vaporpressuresof sulfurhas extendedhis

measurementsovera rangeof morethan zoo",andonlyin twocases,(below
:!0" and from390"to 445"),do the resultsof differentobserversoverlapby
morethan oneor tworeadings. In everycase,markeddivergenceis found

betweenthe valuesof differentobservers,(seclater tables),so that retiaMe

knowledgeofeitherthé absolutevalueof the vaporpressureor of the shape
of the curve,oyerany extendedrange,has beenimpossible.The only ex-

ceptionis the neighborhoodof the boilingpoint, wheremuchworkbas been

dpne,whichhasbeensummarizedbyMuellerandBurgess,'with theadoption
of444.60°as theacceptedvalueofthesulfurboilingpoint.

In an attemptto clearup this unsatisfactorysituation,a seriesof meas-

urementsbasbeentnadeextendingfromt04*'to 543",overa pressurerange
of :so,ooo-fo!d.Anequationbasbeencomputedwhichappearsadequately
to representthé vaporpressurecurveover this range. Fromthis equation
therelatedthermaldata havebeencalculated.

I. ExperimentalMethods

A. T'AermoMe<ry.

Temperatureswercmeasuredby means of a platinumresistancether-

niometcr,of the compensatingleadtype,woundonmica,witha "Vitreosil"

opaque-siticaprotectingtube. It was catibratedagainstthe freezingand

boilingpointsofwater,and the meltingpoint of zinc. Théfirst two were

determinedin theusualway,andthc last by usingMeltingPointZinc,No.

43b,as suppliedbythe Bureauof Standards,the givenmeltingpoint being

4 [9.43". Difficultywas at first experiencedin obtainingconsistentresults

with thé ice point,due to solublematerial persistentlyremainingin thc

poresof thesilicatube. It wasfoundthat this couldberemediedbysteaming
out in the boilingflaskforonehour,afterwhichconstantand consistentre-

suttswerealwaysobtaincd. Atubeof transparentquartzwouldhave ob-

viatedthis dimcutty.
Résistancesweremeasurcdby meansof a MuellerTypeThermometer

Bridge,madeby Lccdsand Northrup. The makerssuppliedcalibration

datashowingnodeviationswhichwoutdaffectour results. We.checkedthc

variousresistancesof thé bridgeagainstcach other,andfoundno discrcp-
anciesworthtakinginto account. For temperaturesabovothe rangeof the

Presentedat theAm.Chcm.Soc.meeting,ColumbuOhio,April1929.TMepaper
conatitutesa portionofthédoctomtethcaisaubmittedbyWiitiamA.Westto théFacutty
ofPrincetonL'niveKity.

ScientiticPaper,BureauofStandards,Xo.339(toto).
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1

bridge,(:6o",for our thermomcter),a supplementaryresistancewaaused,
whosevaluewasdeterminedbeforeand aftereachseriesof observations.

Ane.m.f.of 2voltswasusedin thé bridgecircuit,whichgavean amper-

agethroughthe thermometerwellbelowthat at whiohobjectionaMoheating

mightoccur.1 The gatvanometerwas of such sensitivitythat a changeof

résistancecorrcspondingto 0.002" gave a perceptible deflection. Thf

thermometerhead wasenclosedin a woodenbox, and no thermale.m.f.

amountingto as muohas o.ot*in the measurementwasobserved,although
a rcversingswitchwasuscdthroughout.

The fixedpoints,and the constants of the Callendar formula,which

weredeterminedoverytwoweeks,showedthe usual slowprogressivechange,

(secMuellerand Burgess:toc.cit.), but thiswasvery smallinamount. The

followingvalueswereobtainedat the beginningandend of thework:

Jan.y Mar.t9

F.P.watcr a5.9go ohm s-983ohm

B.P.water 35.096 35.987
F.P.zino 65.9~9 65.926

F.I. 10.006 !o.oo4

< t.5)n ï.sos

As alreadystatcd,the acceptedvalueof the S.B.P. is 444.60°.Fourob-

servationsweremadeneartheboilingpoint,and werereducedto 760mmby
the Muellerand Burgessformulai The valueobtainedwas444.5?" -oj,
whiehagreementgivesconfidencein the calibrationof the thermometric

instruments.

H. VaporPressureMe<!S«remeK<

x. By the static isoteniscopemethod. This instrumentand its use

have beendescribedby Smithand Menzies.aIt was uscdfora!lpressures
above6mm,andfora fewbelow. From:o to noo mm thépressureswere

measuredby a closedmercurygauge, exhaustedto belowo.o: mm. For

pressuresabove taoo mm the gauge wasopen to the air, the baromctric

pressurebeinggivenbya barometerpreviouslycorrectedbycomparisonwith

the gaugercadings. Thearrangementof the apparatus and thedétermina-

tionsofcorrectionsweresimilarto thosedescribedby Smithand Menzies

(loc.cit.),except that a steelbar was uscdfor the gaugescale,instead of

a tape.
Pressuresbelow:o mmweremeasuredby a McI-~odgauge,the follow-

ingprocedurebeinguscd. The pressurewasadjustcd to thedesiredvalue,

and then the temperatureof the bath waschangeda fewhundredthsof a

degreeat a time,till the liquidin the Umbsof thé isoteniscopebecamelevel,
andremainedsoforat teast5min. The viscosityof sulfurat this tempera-

ture, (:!o°-aso"), is suchthat even this procedurecannotgiveresults of

MucUetandButp!M:Bu!t.Bur.of Standards,6,Xo.e.
SeientMopaper,BuMMofStandards,Xo.~~9(!9'9)-
J.Am.Chcm.Soc.,32,!4t9(!9to)..
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highprecision,at leastat tho lowerendof the range. Noverthelese,measure-
mentsweremade,to serveas an approxinatecheekon the methodnextde-
scribed.

a. By the vaporizationbulbmethod. Thismethodbas beenpreviously
usedby Menzies.' Theformofapparatus finallyadoptedforusewithautfur
isshownin F!g.i. The 330cebulbAcontainedseveralgramsofsulfur. It

-¿_.J1~- L_!t.I ~a ~1 -J_.

-w_ e_
wasrepeatedlyboitodout, and pure,dry
nitrogenwasadmittedand pumpedout

to removeforeigngases. Thé measure-
mentwas then made as desedbedby
Menzies.

Thismethodts basedon the followinK

assumpMoM:
i. That the inertgas is not appreeiably

solublein liquidsulfur. Thiswastested
for by usingdifferentquantitiesofsulfur
and pressuresofnitrogen,and no indi-

cationofmeasurablesolubilitywasfound.

ii. That thebulb is filledwithsulfur
at saturationpressure. Prethninaryex-

perimentswitha straighttube insteadof

the trap B,showedthisnot to bethecase.
A fallingoffat higherpressureswasal.

waysobserved.Thiaappearedtobedue
to inabiUtyof thesulfur in the bottom

of the bulbto maintainsaturationpres-
sure, whilerapid diffusionwas going on to thecondensingsurfacein the

tube. Thiseffectis especiallymarkedin the caseof sulfur, since the high

viscositypreventsrunningbackof the liquid, downthe tube and the sides

of the bulb. The trap, and the small-boreconnectingtube C, overcame

this dimcutty, since the extreme slownessof diffusionthroughtube C

insuredcompletesaturationin thebulb.

ii!. That the pressureis thesamethroughoutthesystem.Aslightfalling
offat highvaporpressureswasstill observed(notmorethan o.i mm).This

was thought to be due to backpressurecausedby the rapid movementof

sulfur vapor in the tube, from above the trap to the condcnsingsurface.
This wouldresult in a relative loweringof pressurein the gaugepartof the

system. Toremedythis the enlargementD wasintroduced,withanannular

dépressionto hotd sulfur. This was intendedto reduceto a minimumthe
movementof sulfur vapor, by providinga sourcequite closeto the con-

<)cnsingsurface.
Théguaranteethat the sourcesoferror havebeenovercomo,is theagrec-

ment of the highestpressuressomeasuredwiththemeanof thoseobserved

by the isoteniscopeat the sametemperatures. At lowervapor pressuresthf

J.Am.Chem.Soc.,42,:~t8 t9<o).
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effoetswould,io any case,be muohless. A!so,overlappingrangesof preti'

sures,measuredwithdifferentpressuresofnitrogen,werefoundin substantial

agreement. (See latertables.)
ThreeMoLeodgaules, of differentcapaoities,wereused, in order to

obtainthemaximumsensitivityforeachrangeof pressures.

C. TemperatureRegulation.

Forthevaporisationbulb method,an oilbath of4 litercapacitywasused;

forthe isoteniscope,a nitrate bath,' the containerbeinga 2literbeakerin an

asbestosjaoket, ooveredwith a doublethicknesaof asbestosboard. Violent

stirrinKwas providodin each case. The temperature was regulatedby

adjustingoneor moregasbumers;with thenitrate bath, controlwaspossible
to withino.ot", but withthe oilbath the uncertaintywassomewhathigher,

thoughstill well withinthe accuracyof pressuremeasurements.Lack of

unifonnityof bath temperaturewastestedfor by makingobservationswith

thé thermometerat differentdepths, and identical resultswereobtained.

It maybenoted that above500°thé nitrate bath quiteappreciablyattacks

Pyrex.

D. Purityof Malerial

Commença!roll sulfurwaspurifiedby fractionaldistillationfollowedby
fourcompletedistillations,in vacuofor one sample, in nitrogenat atmos-

pheriopressurefor another. It is wollknownthat blackspotscontinueto

appear in sulfur, evenafter severaldistillations. This discolorationwas

observablein the materialdistilledin vacuo,but almostentirelyabsent in

that donein nitrogen,perhaps becausethe higher temperaturemorecom-

pletelyand rapidly decomposedthe organic matter responsible. Both

samplesgave identicalvapor pressureresults.

MueUerand Burgess(loc. cit.) havefoundthat commercialsulfurgives

a boilingpointahnostidenticalwiththat of the purifiedmaterial. Wetested

thisby the atatic methodwith the followingresult.

Isoteniscopefilledwith commercialroll sulfur. Boilingpoints (reduced

to 760mm)are given.

t. Afterbriefboi!ingout 44444

e. 444.47
3.

Il
444.Si

4. thorough 444.56

5.
»

4~.57

6. standinglomin. 444-44

7. thoroaghboiliDgout 44456

WhcnfresMybolledout, rollsulfuryietdsa valueidenticalwith that for

purifiedsulfur, but on standing, votatitematter seemsto appear, whieh

slightlylowersthe otMervedboilingpoint. Nothingof thissortwasobserved

withthe purifiedsulfur. The effectmaybe due to thé décompositionof thé

MeMiK) Mtd Dutt: J. Arn. Chem. Soc., 3J, ~66 (tçt t).j.
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organicmatterpresent,or to the formationofa smallamount ofCSt. This
slowlibcrationof volatilematter would,of course,be entirely negligiblein

its effectonthe dynamicaUydeterminedboilingpoint.

n. Resulta
A. ~M)'oumre~Ms.

Ourrésultaare tabulatedin the first twocolumnsof Table I. In thé
eotumnheadedMethod, "B" indicatesvaporMationbulb, the numberfol-

lowingdesignatingthé series:"Bi" with the mostsensitiveMeLeodgauge,

n~m TTABLEI

Our Results (mm of mercury)

'<«. Temp. p. obs. p. cale. ditf. percent method
°C

) 103.48 o.ot! 0.009: +.oot8 +tO.S Bt

tiS.88 0.026 o.o2s8 +.0032 +14.0 B2

3 !!7.03 0.0:3 0.0247 -.0017 6.9 Bt

4 1:3.30 0.040 0.0378 +.0022 +5.8 Bi

S '34.44 o.oy6 0.0776 -.oo16 – :.i Ba

6 152.30 o.2t8 0.220 –.ooa – 0.9 Ba

7 tS6.t6 0.28 0.271 +.009 + 3.3 B3
8 172.90 0.630 0.636 -.006 – 0.9 B2

9 175.68 0.72 0.724 -.004 – o.6 B~
vo 196.90 1.94 i'86 +.02 + i.t r B3
Il 213.20 3-7!! 3-57 +-'5 + 4-z Isi

12 214.20 3.83 3.7' +-~ + 3-2 Ist

t3 219.94 4 5~ 4-6o -.04 o.g B3

t4 223.74 5-~0 5.27 "-o? '-3 181

iS 227.45 6.30 6.ot +.29 + 4 8 Ist

16 227.59 5-94 6.04 -o –
t.7 B3

t7 246.84 !t.8o n.48 +.32 +2.8 ISI

t8 2SI.37 13-02 13-22 -.20 – !.5 ISt

19 271.12 23.8o 23.65 +.15 + o 6 Is(s)
20 298.64 48.7 48.79 .og 02 Is

2: 328.S4 97-40 97.7' "-31 0.3 Is(7)
22 3~4-40 202.1 201.6 +.S +0.2 Is(2)

23 3~7.55 307.55 306.88 +.7y + 0.2a Is

24 413-09 470.5 470-2 +.3 + o.1 Is

25 444.57 7°o.o 760.0 Is(4)

26 4~7-33 1045.2 1047.2 –2.o 0.2 Is

27 478.78 !22$.8 T228.3 -2.S – 0.2 Is

28 483.0! 1286.6 1293.s5 –6.9 0.5 Is

29 487.23 1354.7 1363.9 -9.2 0.7 Is

30 490 73 1416.o 1422.6 –6.6 0.4 Is

3' 503.95 '675-3 J68o.22 -49 0.3 Is

32 543.08 2689.2 2675.2 +14.0 + 0.5 Is
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Il- 1 '1
nitrogenpressureat roomtemperature0.184mm; "Bz," the intcrmediate

gauge,nitrogenpressure0.378mm;"B3"the least sensitivegauge,nitrogen

pressuret.~ô mm. "Is" indicates isotentacopoand mereurygauge;"Ist,"

isotcniscopcand MoLeodgauge. The numbersfollowingNos. 19,:t, 22,
and as, indicatethat thé result given is the meanof suchnumberof obser-

vations,taken veryclosetogether. No. 25 <sreducedto 760mm by the

MueHerandBurgessformula.

TABLEII

Vapor Pressuresof Su!fur calculated from Our Equatton

Tcmp. p (mmHg) Temp. p (mmHg) Temp. p (mmHg
'C

p
*C

120 0.0304 :70 22., 4ï0 S24.<

130 0.058} a8o 30.! 430 6i2.t 1

t4o o.tO) 290 39.) 440 ~to-t

1~0 o.!9< 300 so-< 4SO S:a.)

160 Q.3}t 3:0 64.1 460 946~

170 o.ss< 3~0 Se.? 470 108e

180 0.88, 330 ioo.e 480 1241

190 i.3< 340 i24 490 i4ï<

900 :< 350 15~-6 Soo t6oi

aïo 3-'e 360 ~8s.< Sto 1816

2:0 4-6e 370 223.< 520 2048

230 6.s. 380 268.t S30 230}
240 9-!< 390 3ao.! 540 258.
250 i2.? 400 379 550 2870
260 t7< 410 447.<

It wasfoundimpossibleto representtheseobservationsby a 3or 4 con-

stant formulaof thé type derived from thé Clapeyron-Clausiusequation,
whichis not surprising,consideringthe complexityof the liquidand vapor
involved. Recoorsewas then had to Biot's equation,withwbicha satis-

factoryfit was obtained. Cotumns3, 4, and s give,respectively,the cor-

respondingpressurescalculatedfromthis equation,andtheabsoluteandper.

centagedéviationsofthe observedvaluesfromthosecalculated.

Biot'séquation:logp = a + b'~ + c~

a 6.100689 log a = t.ooo!:6s6o9:

logb '= i.o!~9M4(neg.) !og ° 1.905096:84

logc = t.ot~o (neg.)

Betwcen970"and sso" the agreement is to withina fewtenths of one

percent. It seemsprobablethat an even better fit couldbe obtainedby

usinga specialequationfor this limited rangeonly, but at best the gain
wouldbc small,andis outweighedby the advantagesofa singteequation
for the wholerange. Below~o" the mean deviationrises,and is ovcrt

percentfrom :!o"to ayo"; it is about i percentfrom 1:0"to sto". The



1886 WtLHAMA.WKBTANDALANW.C.MENZtKS

curve,then, is simplythe smoothedmeanof a considérablenumberof

observations.Below1:0°the curveis anapproximateexterpohtMon,aince

the errorof measurementalone Mquitehigh, and the occurrenceof the

meltingpointwouldmarka discontinuMy. R
TableII givesthe vaporpressuresforevery ten degreesfrom tjo" to

Sso",ascalculatedfromourequation.

B. ~MM~~O~M.
The resultsof otherobserversbetweenthese temperaturesare listed in

Table III, with correspondingpressurescalculatedfrom ourequation,and

deviationsfromthe same. G iodicatesGruener;'R and G, Ruffand Graf;'

M, Matthies~B, Bodenstein~R, Regnautt."

TABLEHt t,
ResuMsofOthers

Oba. Temp. pobe. peatc. diff. percent
QC

RandG !04.o o.on5 0.0096 + .0019 +19.8
,1

G 104.4 o.otoo 0.0103 – ooo.; –3.0
G 109.8 o.ot34 0.0137 – .0003 -a.a

RandG ï!o.8 0.0200 o.otS9 + .0041 +25.8
7

RandG 114.5 o.ozSs 0.0~07 + .0072 +34.7
¡;

G 120.$ 0.0351 0.0314 + -oo37 +n.8

RandG 123.8 o.os3S 0.0381 + .0154 +40.0
RandG ï3i-9 0.081 0.0622 + .ot88 +30.3
RandG !32.2 0.079 0.0674 + .on6 +17-~
RandG 133.1 o.o88 0.0714 + .oi66 +23.2
RandG t4t.o 0.131 o.ns + -o'6 +139
RandG i47-o 0.192 o.!62 + .030 +i8.s
RandG 157.0 0.332 0.284 + .048 +169
RandG 162.0 0.403 0.359 + .044 +12.2

RandG ~~o 0.629 0.608 + .o2t +3-5
RandG 189.5 1.38 1.36 + .02 +1.5

°

RandG 2!3 3-i4 -'8 -5 S
]

M 241.8 8.45 9.75 -30 -'3-~
M 265.0 20.5 19.9 + .6 +30
M 306.5 53-5 59-o -5-5 -9-3 i
M 341.7 ~<'S-S "8.8 -23.3 -17.9
M 35~.5 '33.0 160.5 -30.5 -18.7
M 363 o 176.0 !96.3 -20.3 -to.2

B 374 ~40 240.9 .9 -o.s

t Am f*h~wM!~m~0 t~ne~t~J. Am.Chem. Soc.,20, <395(!907).
Z. anorg.Chem., S8,«)9 (t~oS).

'Phyaik.Z.,7,39S('9o6).
Z. phyaih.Chem.,20, tt~ (tS~).
\Mm. de l'Acad., 26, 339('86t).
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t\~E III (continued)

Oba. Temp. potM. pcatc. difT. percent
OC

M 3794 250.! 26s.7 -t5-6 -S.9

R 390 272.3 3ao.2 -479 -'4.9

B 393 336 340.3 3.7

R 400 3.290 379.S -50.5 -13.2

R 410 3.95.2 447.2 -Szo "6

B 4M 443 450.7 6.3 -ï-4

R 4M 47a.i S24.4 -S2.3 -o

B 427 S~o S84.7 4.7 "0-8

R 430 S~i~o 6ia.t -Sti "~s

R 440 663.t 7'o.7 -47.6 -6.?

B 444-53 760 7S9.S + -5 +o~

R 450 779.9 822.t -42.2 -5.!

R 400 9*2.7 946.5 -32.8 -3-5

R 470 ïo63 'o86 -23 2.0

R 480 1232 1241 8 -0.7

R 490 1423 i4ï4 + 9 +0.6

R soo ï63.s i6os +30 +~9

R s'o 1872 !8is +57 +3-'

R 5~0 2133 2048 +8$ +4.!

R $30 2422 2303 +"9 +5.~

R 540 2739 2583 +156 +6.0

(Regnautt'8result8aregivenheteonlytofourfigures).

Gruener,andRuffand Grafused the gas currentsaturationmethod,as-

sumingsulfurvaporto be S,. Preunerand Sohupp'bavesinceshownthat

the vapordensityof sulfur is less than this, evenat ioo". Thecorrection,

basedon their data, would rangefrom 3 percentat tos" to 6 percentat

zio". If this correctionbe made,it is seen that the highestobservationof

Ruffand Graf fallsalmostexactlyon our aurve,but that theirotherreautts

are increasinglyhighas we comedown the temperaturesoale. Gruener's

twolowervaluesalsofaUon our curve,whencorrected,but hishighestone

isaboveit. Thislastisthe mostuncertain,accordingto Gruener,whostates

that his apparatuswasnot welladapted to highertemperatures. It maybe

notedthat Gruener'sresults below100"faUconsistentlylowerthan thoseof

Ruffand Graf,andthe latter explainthis discrepancyby criticismof details

of Gruener'stechnique. It ts strikingthat Ruffand Graf agreewith usat

the higher pressures,whcre, as bas been pointed out, systematicen-or

wouldbemostlikelytomake ourresultslow.

Matthiesemployedthe boilingpoint method,measuringpressureswith

a manometerora McLeodgauge,and temperatureswith a thennocouple.

Hisresultsbelow:4o"are omitted,sincehe considersthat theyaresomewhat

doubtfui;they fallincreasinglylowerthan ourcurve. With onoexception,

Z.phyaik.Chem.,<?,129(!9C9).
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hMobservationsliebelowourcurve. It canbe understoodthat at thèselow

pressures,with a liquidof the viscosityof sulfur,thé boilingpointmethod

presentsconsiderabledimculty. He doesnot givc detailsof thé methodof

heating,norof precautionsto prevent superheating.

The rcsults of Bodensteinshow verygoodagreementwith our eurvc;

consideringthat hc givesbis temperaturesonly to the nearestdegree,th<-

agreementis practicallywithinhis experimentalerror.

In viewof the advancesin techniquewhichhâve taken placesincetho

time of Megnault,the comparisonof hisresults servesto confirmthe high

opinioninwhichhisworkbasalways beenheld.

A futhercomparisonwithpreviousmeasurementsmay beobtainednear

the boilingpoint. Muellerand Burgess(toc. cit.) bave shownthat for

severaldegreeson either sideof the boilingpoint the temperaturemaybf

computedfrom the equation:

t '= tno+ o.ooto(p-76o) o.oooo49(p-76o)'

If weassumetTo.= 444.S7"<and calculatepointsoneitheraideof thenormal

boilingpoint,we obtainthé followingresultsfor the twoequations:

ptHsun- MandB Oura Dev.(OC)

793.86 447.590 447-570 -.0:0

706.46 439-543 439-570 +.o:7

Thissmalldeviation is in the same direction,and of the sameorderof mag-

nitude,asthé slight lackof fit alreadyreferredto; i.c. our calculatedcurve

similarlycrossesour observationalcurveat a verysmallangle,at the boiling

point.
In conclusion,it appearsthat the mostseriousdivergencefromourcurve.

ofobservationsmadeunderfavorableconditions,is that of therésultaofRuff

and Graf. Gruener, usingthe same methodas they did, likewiseobtained

lowerresults,in consonancewith our ownfindings.

('. ~tccuracy~OMr~c~MMs.

The maximumabsoluteerror in temperaturemeasurementweestimate

as 0.05".Above400"this isthe principalsourceofuncertaintyin the results:

below300"it is entirelynegligible,comparedto errors in pressuremeasure-

ment. Pressuresmeasuredwith isoteniscopcand mercurygaugemaybe in

errorbynot more than 0.3mm above300",and rather more,below,due to

difncuttyin teveHing.For lowerpressures,measuredwiththe McLcodgauge,

the erroris 0.1 0.2mm, duc a!mostentirelyto uncertaintyin levelling

the isoteniscope. In the vaporizationbulb method, apart from possible

systematicerror, the uneertainty is about i percent, exceptat thé lowcst

pressures,whereit ishigher.
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The followingMtnunarymay be tnadp:

Ks<imat<'dmeanerwrofobeervatiousi

Temp.range (percentofpt-emute)

ioo"–no° 10 percent

!a0–ï!0

:to–ï6o S

260–300

300–3so c 3

35<4?5

475--550
o.!

m. RelatedThemmlData

A. Heutof t'apo-t.K'~oM.

Havingobtaineda reasonaMygoodequationforthe vaporpressurecurvf

ofsulfur,womaycalculatethe latentheatof vaporizationfromtheCtapeyron-

Clausiusequation:
L = T(v,-v,)(dp/dt)

dp, dt is obtainedby dincreotiatingBiot's equation. v, maybe foundfront

the vapordensitydata of Preunerand Schupp,(loc.cit.),whileVtisappre-

ciable,relativelyto vs, only at the extrêmeupperend of thé ourve. The

firsttwocolumnsofTable IV givetemperaturesand correspondingheatsof

vaporizationin cal/g. The samovaluesare showngraphicallyby the solid

curvem Fig. :(A).
It is secnthat Ldiminishesrapidlyto a minimumat about365 andthen

rises. The généralrule for normalsubstancesisthat L shoutddiminishcon-

tinuousty,becomingzéro at the critical temperature. Somesubstances,

whichare associatedin the liquidphase,showa maximumat sometempera-

ture, (e.g.aceticaeid'),but fora liquidto showaminimumheat ofvaporiza-

tion is unusual. Thé explanationappears to be given by the resultsof

Preunerand Schupp(toc. cit.) They calculatethe relativequantitiesof

differenttnoleculesin the saturated vapor at differenttemperatures,and

showthat S2doesnot beginto appcartill above300",andthenonlyin small

amount. However,they showfromequilibriumconsiderationsthat S,–1-4~

requiresabout 370cal/g, whilewesec that 8.–p, at these tempera-

tures, requiresonly 70–80 cat/g. If wo calculatethe amount of encrgy

needcdto formthepercentageof S,givenby Preunerand Schupp,andsub-

tract it, at eachtemperature,fromour heats ofvaporization,weobtainthc

valuesin cotumn3of Table IV, and the dotted curvein Fig. 2 (A). It ap-

pearsthat thé abnormalrise is causedentirely by this dissociationin thc

vaporphase, and thé fact that the "corrected" curve followsthé normal

courseseemsto confim Preunerand Schupp'sreasoning.

Byinterpolationfor the norma!boilingpointweobtainthe valueof L =

6q.5cat/g. This maybe eomparedwith two récentdéterminations.Beck-

HamsayM()Young:J. <'hcm.Sw.,49,790(t886).
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mannand Lieschc'obtaint'dthecbuUtOscopicconstantandheat of vaporisa-
tion of sulfurfrotnvapor pressuredata by Bodenstein,andfound thovalue

64.8 cat/t!. They afMumcdthe motecu!&t'weightto be identicnlin liquid

and vapor,namely~30.6. If wcuse214,the valueof Prounerand Schupp,

wc obtain, by their tncthod, 71.3 cat/g. It will be shown later that thé

molecular weights of liquid and vapor are probably not very different at

these températures. Awbcn'y' determined the heat of vaporization of sulfur

at the boiling point calorimetrically, and found 79 ça! with an estimated

orror of a percent.

X.More.Chem.,8S,gt (t9'4)-
=Proc.î%ys.Soc.tendon,39,~t7('9~7~-J.
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TABLEIV

Heat of Vaporisation of sulfur

L minusheat of Lminusheatof
Temp. diMoc!ationto8<Temp. diMoeiationtoSt
°C h(ca)/j!) preeentmvapo)' "C L(cal/g) preaentin vapor
tzo 84.8 320 68.6 68.3
t~o 82.4 340 68.2 67.7
t6o 79'7 360 68.t1 67.2
t8o 77 S 380 68.2 66.8
200 73 7 400 68.4 66.4
:2o 75.5 420 68.7 66.0
240 7" 3 440 69.3 65.6
260 71.0o 460 7o.o 6s.2
280 70.0 480 7o.o 64.9
300 6o.t1 500 7'-8 64.t1

520 72 9 63.6
540 73.9 62.7

Théaccuracyof our figuredépendsonthe valuesof dp/dt andthe vapor “

density. We may obtain the former by differentiatingthe equationof

Muellerand Burgess, (loc.cit) and find therebyL = 69.6,insteadof60.5
ascomputedfromourequation. For the latter wehavetodépendonPreuner

and Schupp,and there seemsto be no reasonfor suspectinganyerrorin

theirworkat all approachingour lackofagreementwithAwbeny.

t!. JSn<rop!/of V«~M'j'o<«M).

Hildcbrand'has shownthat, fornormalliquids,molarentropiesofvapori-
zationareapproximatelyequalat equalconcentrationsof saturatedvapor.
In particular,for a vaporconcentrationwherelogT logp = o.soo,L/RT
= 13.7fornonnat liquids,whilefor associatcdUquidsthe valueisdeeidcdty

higher. Sulfurattains this concentrationat 364.5",and at this température
L/RT = :3.6,whichwouldindicatethat the molecularconstitutionofliquid
andvaporare the same. If wccomputetheentropyofvaporizationoverthe

wholetemperature range, a differentconclusionis rcached. Fig. H (B)
showsgraphicallyL/RT for 2S6gof sulfur, plotted againsttemperature,
witha similarcurve formereuryat corrcspondingconcentrations.Mcrcury
iHchoaenbecauseaccuratevapor pressuredata are avaUaMc;*Hildebrand

htmshownthat, in commonwithother metals,it givcsentropiesofvaporiza-
tionwhicharc towerthan those of "normal"liquids,suchas hydrocarbons.

It issecnthat thecurveforsulfurrisesat cachend. Athightempératures,
this is dueto the formationof 82 in the vapor,the liquidbeingrelatively
associatedby contrast. At low températuresthé vapor is essentiaUy8~,
andyet thehigh entropyofvaporizationindicatesmarkedassociationin the

J.Am.Chem.8oc.,37,970<t9ts).
~feMies:X.physik.CheM.,tM, 90(t9~7).



][8pz WtLUAMA.WËSTANDALANW.C.MKNZtES

liquid. This wouldoaUfora po!ymerizedtnotecute,perhaps(S,)., whieh

dissociatedrapidly withrisein temperature. Molecularweightdetermina-

tions of sulfurin othersolventspracticaUyaUgivo8,, but partitionexperi-

ments showthat wheredifferentmolecularformaare possible,a particular

solventusuaUydissolvesonlyonetype. Sincethesolventsusedfor sulfur
have allbeenof one class,namelyorganiccompounds,it appearsthat mole-

cular weightdata donot fumisha validobjectionto the hypothesisstated

above. Equally satisfactorywouldbe thé theory that thereare different
j

forms of St molecules,poaiessingdifferentquantitiesof energy. It is of

interest to note that X-raymeasurementsof the lattice of rhombiosulfur'

indicatethat the crystalmodulemayeonsistof t6 atotns.

Summary

i. Experimentaldeteminationsof thé vapor pressureof sulfurhavo

been madefrom104"to 543°-
a. Constants have beencalculatedfor an empiricalequationwhieh

adequatelyreprescntstheseobservations,and fromit bas beenconstructed

a table ofvaporpressuresforeachten degrees,overthis range. Thercsuits

of otherworkersare comparedwiththosegivenbythis equation.

3. The heats of vaporizationand entropiesof vaporizationhavebeen t

calculatedover this températurerange. Their abnormaUtieshave been

discussedin relationto themolecularconstitutionofliquidandvapor.

MarkandWigner:Z.physi):.Chem.,Ut, 39«('9~4)-
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EQUILÏBHIUMIN LIQUII)S*

BY WILLIAM A. WEST AND ALAN W. C. MENZtES

In his presidentialaddressto the LondonChemicalSocietyin 1927,H.

B.Baker*reportedthat the vaporpressures,measuredat roomtemperature,

of certainundried liquidswere appreciablyraised by proviousprolonged

treatmentat high temperatures. Heconsideredthat thiswasdueto a delay

in attainment of internatequilibrium.This wouldbosimilarto thé well-

knownresults of heat treatment of metals. It seemedto be desirableto

investigatethis phenomenonmorefully,since,if it wereso, vaporpressure

ofa liquidwouldbc a functionof timeof heating,previoustreatmentof

material,etc. Consistent vapor pressuremeasurementscould then be

obtainedonly by followinga standardizedprocedure,basedonobservations

oftherate of attainmentofequilibriumin the liquidinquestion.

A. Me<A<

Weusedtwo isoteniscopes,'whichwerodried,fiUedwithsamplesof the

sameliquid,and then boiîedout in a bath nearroomtemperaturetill they

showedidenticalpressures. Onewasthen closed,eitherby sealingoffor

witha mercuryseal,andheatedforsometimeinanovenor a glycerinebath.

It wasthen broughtbackto the originalbath, opened,andthe vaporpres-

surecomparedwith that of the unheatedone. (In the caseofliquidsulfur

adifferentprocedurewasemp!oyed,asdescribedlater).

Thé sensitivityof the methodwasfrom 7 to ts times that ofone em-

ployinga mercury columnfor pressuremeasurements,accordingto the

densityof the liquidused. Bakermadeuseof the classicalbarometertube

method.

B. Liquids~n<'es<t'jifa(~.

1.Normalbehaviorexpected.
Benzene,purifiedand dried ovcrsodium. This is generallyconsidered

to bca normalliquid,exceptperhapswhenintensivelydesiccated.'

Water. Althoughthis isbeticvcdtohaveaninternaiequilibriumbetween

differentmolecularfonns, this equilibriumis attained practicallyinstan-

taneously. Bakerobtaineda négativeresultby his method.

Abnormalbehaviorpossible.
Acétone.

Ethytalcohol,absolute.

'P~entedatthe Am.Chem.Soc.meeting,Swampseott. Sej.t.~8. This

MpereonatitMtcaa portionofthédoctomtethesMoubm'tte<tbyWtM~mA.Méatto the

FMottyofPrincetonUniveMity.
1J.Chem.Sec.,1927,95'.

SmithandMenzies:J. Am.Chem.Sot-<t,<4t9(<9tot.1.

'Baker:J.Chem.Soc.,tM2,s;o.
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t~~t!~ «. ~f n ,<;&" Un ,t-. O" 'PttM tnf.tnf!n1 hmft hnM enhinntM)Accticacid,M.P. t6.6",H.P. t~.8". The materialhad beensubjected
to fractionalcrystallizationtill thé meltingpointbccameconstantwithin

o.o?°,andwasthen distilledtwicewithina rangeof0.02".

Thèse three, having rpsppctivctycarbonyl, hydroxyl, and carboxyl

groups,mightbe expectedto showmolecularassociation,and thereforean

internatequilibriumwhichmightnot bcvcry rapidlyattained. Aceticacid

undoubtedlydoeshavesuchan internaiequilibrium,and it wasreportcdby
Hakerto showa markedlaginattainmentofvaporpressureequilibrium.

.3.AbnormalbehaviorprobaMp.
Liquidsulfur. Theévidencefor théexistenceofan internaiequilibriurn

is well-known. Atso, the extremetyhigh viscositylover the temperature

range t6o'o" wouldseetuto favor a rotardationof equilibriumattain-

ment.

In all caseswherethematerialwasdistilledat least a weekwasaUowed

to pass beforeusing it, to permitequilibriumat thé lower temperatureto

becomeestablisbed.

C. J?M«/<.s.

i. Tabutationof resultsforthefirstfiveHquids.

3 4 5 6 7

BpnzcM 188 no ~55 6 o sealed oven

Water 6 !i9 35 to -t l'' et

Acetone 23 i:o 25S 5 o
Atcohol tQ n3 20 8 o Hgseat Gtycerincbath
Acetic acid 18 ~5 :o 4 o

Acetie aeid 20 140 20 5 0

Cotumn t tinie of heating. (hours).
2 température to which heatcd. ("(-')

3 température of comparison bath. ("C)

4 thne betweenremoval from heating and first reading (mtn.)

S increase in v. p. of heated isoteniscope. (in mm of liquid

used)
6 mcthod ofdosing isoteniscope.

7 method of heating.

No increasc in vapor pressure was observed. In the case of water the

slight lowering is thought to be due to its having dissolved material from

the g!ass.

2. Liquid stilfur.

After boiling out at a higher température thé isoteniscopes were

brought to t s",a nitrate bath being used. One wasthen raised into a g!a~

eylinder kept at 150". It is weUknown that the dark red, viscous form of

sulfur becomespale yellowand mobile when cooledbelow about t6o*. After

giving ample time for this changeto take place, the isoteniscopc was !owor<'d

t'tMTand~!<o~ !')'m'.Kov.Sm- 9T,80(t92o).
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againinto thc bath, andcomparedwith théoncwhichhad remairtedthere.
Thusthc sutfur wouldchange to thé viscousfonn, rise in température
throughthc rangeofgreatestviscosity,andfinallycomcto equi!ibriumwhcrc

théviscositywasnot muchbelowthé maximum.
Amixtureof sodiumand potassiumthiocyanatf'swasusedas a confinint!

liquidin the isoteniscope.This was iiquidat )4o",and providcda non.

ohjt'ctionaMc,mobik',confiningnuid.

Twoobservationswcremadc:

Tctnp.of bath ~t5
Tcmp.of cytinder t so
Timeht cytindpr 45smin.

Incachcase,thé vaporpressureof theprt'vinustycooit'disoteniscopcrosc

.stowiy,till, in about 4 min., it bceameequalto that of thpcomparisonin-

strument. It is eonsidcrcdthat this showsno delayin attainmentof vapor

pressureequilibriuntat all distinguishaHpfron)thpordinarytag in thpnnat

MjHitibrium.

Il &'jM/<!W!OK/~a~'<'r'/~M~/o~~ff~c ~tnW.

During this investigation,work in this iaboratoryby i)r. SydneyI..

Wright(to bc published),showedthat the aceticacidusedby us couldbf

dividedinto fractionswhosevaporpressuresdincredby as nmchas 4 nttnof

toercuryat the boilingpoint, byveryslowisothennatdistittationina spcciai
formofapparatus. Thiswas undoubtedlydue to its watcrcontent,in spitf
ofits havingbren twicedistilledwithina rangeofo.o! SinceBakertncn-

tionsno specialprecautionsin purifyinghis material,wcfeeljustincd in

assmningthat it wasnotsuperiorto ours.
WhcnBaker'sbarometertubecontainingaceticacidabovethe morcury

wasplaced in the heated bath, the vaporat Ktuitibriumwith the liquid
woutdcontain a largerproportionof the morevolatileconstituent. Whcn

cooled,this vaporwouldlargelycondense,fonninga morevolatilelayerou

thesurface of the meniscus,and therctorcincroasingthe obscrvcdvapor

pressure. On standing,diffusionin thé liquidwouidcvcntuaUybring thf

vaporpressurebackto nonnaL
Aninstrumentwasdesigncdto test thisexplanation.(sceeut). Thcbulb

was filled with aceticacid and thoroughiyboiledout, beingheld in an

inclinedposition. StopcockC wasthenclosedand thé instrumentbrought
backto thc vertical,so that thc liquidwasalldrivfn intobulbsB and E

andthe connectingtubes,the onlyvaporbeingin bulb('. The right-hand

partof thé apparatuswasptaccdin a bathat 20",thc co!umnof liquidwas

adjustedto a markedpoint Abychangingthc quantityofmercuryin bulb

H,andthe readingof the tncrcurymanometerD taken. Afterhcatingina

glycérinebath at 80°for t8 hours,thé instrumentwasbroughtbackto the

bathat 20",can*beingtaken notto permitlargeorsuddcnmovcmentsofthé

meniscusduringcooling. Thé manometerwasreadagain,then the liquid
frombulb B wasaUowcdto riseinto C, genttyagitated,drawndownacain
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to A, and thé tnaaoox'tcrread a thin! thnp. Thiswasdoncwiththe acetie

acidprevioustyused,andatsowithanothersampleofmettingpoint t6.s".

Change!npressure Aftermixing
~t.P.ofafM afterheattngtt!hr.

t6.s" +4.0 mmHg ~Incrpase'disappearpd
and v.p. returnedto

.6.6" +o.6 ton(!inatvah)c.

t'tti.t1

Baker heated his material 24 hours at 80", and found an increasein vapor

prcMuroof 2 mm, whichhad disappeared one week later. There is of course

no reason to expect quantitative agreement between our results and Baker's

but the tna~itudp of the efiect found appears to be about the same.

Summary

i. Six liquids, of different types, have been tested for delay in attain.

ment of vapor pressure pqui!ibriunt with change in temperature. In five

casps the comparison temperature was similar to that used by Baker.

2. The température of heating varied from 6s* to 12;" above thé com-

pariaon temperature, and the limit of observable pressure dincrenccaveraged

tcss than 0.05mm of mercury.

3. In no case wasa delay in vapor pressure equitibriumfound whichwas

distinguishable from thé lag in thermal equilibrium.

4. An explanation is oKcred, supported by expérimenta! evidence, for

thé rMu!t obtained by Baker for acetic acid.



SOMEASPECTS0F METABOLI8MAND DEFICIËXCYDISEASHS

AND THEIRTREATMENTBYLIGHTANDIRON

PREPARATIONS
––––

?~~f.BYN.H.OMAH
1

In the previouspapers'1 hâvesuggestedthat pemiciousanaemia,cancer
of the tongueand stomach,leukaemiaandHodgkin'sdiseaseare likelyto be

deficiencydiseases.
I have also shownthat most deficiencydiseaseslike scurvy,beri-beri,

pellagra,malnutritionaloedema,rickets,perniciousanaemia,etc., are asso-

ciatcdwith gastrointestinatdisturbances.This fact supportsmy contention
that deRciencydtsease!!are causedmainlyby the wantof propermetabolism
or oxidationof foodmaterialsthroughthe lackof acceteratorsor protrotors
like vitamins, internat sécrétions,etc., whichacce!eratethe oxidationof
foodmaterials by air inprésenceof oxidisingenzymesin thebody. I hâve
alsoemphasisedthat sunlightought to proveefficaciousin denciencyand

tnetaboMsmdiseases. In this communication1shalladducefurtherevidenccs
infavourof the aboveviewsand considerotheraspectsofdeficiencydiseases.

EpidemieDropsyat Allahabad,ladie

tn the last coldweatherthere wereabouttwohundredcasesofépidémie

dropsyamongst the Bengalicommunityof Allahabad(India). The staple
foodof thèse peopleispolishedriceandnshcurrycookedinmustardoil,and

thif communitymainlyconsistsof lowermiddleclasspeople. A similarout-

breakof épidémiedropsyoccurredat Calcuttaamongstthe Bengalisin the

monthsof September,October,and November1926. Somepeoplebelieved

that owingto improperstoringof rice,somekindof fungusgrewon the rice

whichacted as a poisonand causedthe disease.
It should berememberedthat this viewregardingthé originofépidémie

dropsy andberi-beriiamoreor lessidenticalwiththé theoryof the originof

pellagraadvanced by I~ontbrosoand Bellardiniin tSyt. Thèse authors

bcticvedthat pellagrawas causedby the consumptionof damagedmaize

eitherby damporbeinginsufBcienttycuredandin that stateactsasa médium

for thegrowthofpoisonousfungiofdifferentvariety. Thercisanotherschoo)

of thoughtwhichbelievedthat the occurrenceofepidemicdropsyisdueto a

poisonpresent inmustardoil;the mustardseedissuppôt tocontainanother

t!eedas an impuritysimilarto that occurringin lentilwhichcausestathyrism.
In order to test the above view,pigeonsin our taboratorieswerefedon

samplesof suspcctedriceand oil but noindicationofépidémiedropsywas

détectableamongthesebirds. Froma criticalexaminationof typicalcases

Dhar:Chen)ieder!Mtcun'tCt'wetx',12.t)~,~:s,286f)<t~s);U. tt9. 209<f9~<;);
.t.)))'< Chotn.,M,.t76~92<t)-



)8(;i< ~.K.HHAK

1
and the corrciipondingdiet it <tppcar.<that this attack of épidémiedropsy was

due to malnutrition and want of vitamins aided by hunudity and insanitary

!iving conditions. There were no cases of épidémie dropsy in those famines

which werc taking germinating grains and other seeds. It is intercsting to

note that thé working classesin India who have moreor tess an outdoor uf<

and oat several raw things like onions, radishes, cucumbers, grains, inaixc,

etc., do not suffer from deficiencyand nn'tabotism dispascs,bad tccth, Ptt'

as inuch as thé lower middle classeswho have to tcad an indoot'life bt'caus<'

of their cicricat and other indoor duties and do not ftft as much exerciseand

sunlight as the working classesdo. ~îgrpovcr, these towcrmiddle elasspcoph'

cannot anord to have really good tnfab eonsistint;of c~s, milk,méat, butter,

nsh, bread, etc. Untikc thé workingclasses they can not stand raw thinKs,

due to indif~'stion and suffer constantty from metabotisn) and denciency

diseascs.

It is remarkable that thc Bengali community living at ptaces like Agra,

(.'awnpore, and Lucknow, which are not far from Allahabad, under consi-

tions simitar to thosc living at Allahabad did not suffer frotn épidémiedropsy

in the last cold weather.

Moreover, McCarrison' insists that beri-beri is not strictly a disease due

to food denciency. He says that in country districts about Madras the home

poundin;! of rice is still the common practice and beri-beri occurs amongst

thé uscrs of home-poundedor unpolishedrice in endemic areas. McCarrison

says that contrary to thc usually accepted bclief, Mahotncdans in endémie

areas of Madras Presidency suffer more from beri-beri than Hindus, not-

withstandinR that thé food of the former is much more varied and that thé

latter reatrict themsetves much more rigidly to a rice dictary. It seems <o

me that the Hindus avoid beri-beri by the intake of leafy and other vcge-

tables and sour milk préparations in the Madras Presidency. Anothcr

important faet which cornes out clearly from observations on thc origin of

heri-beri and épidémie dropsy is that dampness of thé surroundings and

gênera! unch-antinessof. the people are the usual promoters of the discase.

The view that beri-beri is a metabolism disease is suported by the observa-

tion of Ukada and co-workers~that starvation of vitamin Hlcads to decrcase

of basât mctabotism in human beings. In previous papers, 1have advanced

the view that vitamin B is an accelerator in the oxidation of carbohydrate

food materiab and that food materials rich in vitamin B should provc eni-

cacious for diabètes and that pancreatic preparations should provc useful for

beri-beri, which is likely to be caused by the break-down of carbohydrate <

metabolism.

Though Magnus-ï~vy* was unsucccsshd in isolating an antidiabctic

principlc from oatmeal, Bontttau~ found that thé pancreas extracts, yenst,

Mt. Med.J., 1, tM4 4)4.

Japan ~t<-<t.Wor)d.3.1M3tïï, «M.

SpM.!'ath. Thc)-.inn.KMnt:h.,1 <t9'3).
Biofhem.Z-,M. 420ft9<8). 1
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and yeast extraets, inhibit thé cleavageof gtycogenin thé isotatedheart,

whileextraets fromthé peripheraloat layerdecreasesthe sugarelimination

in diabeticdogand in man. In Indiaduc to the richnessof carbohydrates
in normal diet, conditionsset in whichgraduallyloadto diabetes. Thèse

conditionsstronglyrcscmb!ethé experimentalglycosuriawhich has been

dcscribcdin pigeonberi-beriby Funk.'

Funk and von Schônbom' foundthat whereasin nonuat pigeonsthc

glycogenand bloodsugarcontentof the!ivcriH1.17%ando.t* respeetively,
onan artificialvitamin-frccdiet thég!ycop'ncontentdropsto 0.48~ andthc

bloodsugar riscsto o.t' Pigeonfed on an exeessofsugarshowed4.$'~

glycogenand o.ts% bloodsugar. Onan exeessofstarehthere isno glycogen
and0.26% bloodsugar. In thé lastcaseifvitaminB isaddedthé valuesfor

glycogenand bloodsugar approachnormal. Theseresults were later re-

peatedseveraltimesand corroboratcdby Funk.' Thefindingof glycosuria
in pigeonbcri-bcnhas not yet beenconfirmedin hunianberi-beri. Hcsides

this Punk alsostudied the inHupnceof substanceshavinga knownaction

oncarbohydratometaboUstn. Amongthemthe effectof glucose,phlorizin,

adrenaline,pituitrinthyroid, and parathyroidon pigeonben-beriwastpstcd

on normal and ricc-fcdpigeons.

Ofspecialinterestwasadrenaline,whichshortenedthé lifeofthé anima!:

thiswasaisotrueofthyroid. Théinfluenceofparathyroidwasquitcdifferent.

Whitcthyroid raised the bloodsugarcontentof the liver,the additionof

parathyroidincreasedthe glycogenand anunoacidcontentsbut had little

effecton bloodsugar. In a foregoingpaper1baveexplainedthe occurrence

of glycosuriaon the additionof thyroidand adrenaline. The discoveryof

glycosuriain pigeonberi-bcrimayevidentlybe connectedwithsomeobser-

vationsmade by McCarrison.~Hefoundthat in avianberi-berithe supra-
renalsuntiergoconsidemblechargement and are charaoterisedby a high

adrenalinecontent.

InfluenceofLightonDenciencyandMetabolismDiseases

In a récent communication*wehave shownthat thé oxidationof car-

bohydratcs,fatsandnitrogcnoussubstancesby air at the ordinarytempera-
ture is markedlyaccctcratcdby sunlight. Weare definitelyof opinionthat

in presenceof sunlightand artificialtights the metabolismin the animal

bodyis increasedandthat iswhylightshouldproveefficaciousin the trcat-

ntentof ricketsand other metabolismand deficiencydiscases.

Sunlight has been found to bc useful in thc treatmcnt of pemicious
anaemia. Morcoverrickets is practicallyunknownin tropicalcountries:

though,due to poverty,thé foodxupp!yof childrenin the tropicsis quite

physinl.Chcrn.,M,378()9t4).
'J.hyaio)..48,3~(t9)4).J.
J. Phyaio).,53,~7 (t9)9).
)nd.J. ~)c<).Hcficarch,S,2755('9'9).
J. Phys. t'hfm.. 92, !a6;; ~9~7).
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inadéquate.Pcopiclivingin severalparts of tndia take maizcbut therc

isverylittlepellagrain thiscountry,fewcasesonlywerereportedinNorthcrn

Behar. Somehaveregardedpellagraas the sunstrokeof the skin. "Sun

disease"wastheoldpopularnameof pellagra. Wearc, however,convincett

that sunlightshouldbeefficaciousin the treatmentof pellagra,becausem

présenceof sunlightthe metabolismof foodmaterialsin the animalbodyis

increased. In Italy andother countries,peUagrais morefrequentin thc

bcginningof the spring. Weare ofopinionthat this is dueto the fact that

in winterdue to the Portage of vitaminin foodstuffsand to the lackof

sunshinc,thc animalbodyxuncrsfromprepeHagratconditions.

Hhrstrom'of Fintand,in discussingspring tirednessand vitaminde-

ficiency,states: "Wcarewellin the Autumnafter the lightandopenair in

théSutnmerandwefcetunwettinthc Springafterthedarknessofthe Winter."

PossiMythe lackof vitaminsin the winterdiet and the absenceofsunlight

inwintercausedthefeelingof tirednessinbeginningof thespring. Asimilar

explanationhotdsgoodforthésamefeelingin the springreportedbytheearly

sptttersof America.

Accordingto Appteton~the peopleofLabradorsufferconstantlyfromde-

ficiencydiseaseslikeberi-beri,oedema,scurvy,nightbtindness,etc.,because

theyarepoorandcannotaffordtohavereaUygoodmea!s.Moreover,there

isnotmuchsunshineinLabrador.

Accordingto Hoffman'canceroccursmorefrequentlyin the citiesthan

inthécountryandmoreamongthewell-to-dothanamongpoorpeople.That

thisdiseaseis associatedwithluxuryconsumption,is best recognisablefrom

the statisticalfigurescompiledduringthewarandfrominsurancestatistics.

It scemslikelythat sunlightis veryefficaciousin preventingcancerandthat

is whythis diseaseis tcssfrequentin tropicalcountriesthan in coderones.

Hart, Steenbock,Lepkovskyand Hatpin<studiedthe effectofexposure

to directsunlighton thegrowthofchicks. Theyfoundthat onehalfhour's

exposureto directsunlightwas morepotent in furnishingthe antirachitic

équivalentthanwas s% of the syntheticrationfed as gnan clover. They

fedtwogroupsof chickson the followingdiet: com97,sodiumchloridet,

calciumchloride:<f andskimmedmilkinexcess. Onegroupwasfedwhite

corn,the other groupyellowcorn. Bothgroupswereexposedto sunlight

daily. Thosebirdsreccivingthe whitecomwhichwaslowinvitaminA,did

not respondto the sunlighttreatment, whereasthosereceivingyellowcorn

andsunlightgrewto be beautifulbirds.

Hughes"founda conditionto developin chicksidenticalwithrickets,

whcnthe birds are givensatisfactoryfood but receivedsunlightfiltered

throughglass. Chicksreceivingthe samefoodand treatmentbut expodes

'Lancet,l.MMt. )~8.
Am.J. Pub.H<-a)th.11,6t7(t9~'

Troc.MdPan-Am.Sci.Congress,\Mhint;ton,!0,5X6(<9'7).
<J.Biot.Chem.,58,33<t92~.

Mcience, S9, ~3 (t9ï4~.
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to directsunlightfor a fewhoursdailydevelopednonnaliy. Hefounduitra-

violetlightto havethe samebeneficialeffectMdirectsunlight.

ReccntlyHuldschinsky'basusedintetanythésunraythcrapywithwhich

ht' wassuccessfu!in the treatmcntofrickets.

CramerandDrew"keptrats indarknessona dictpoorin vitaminAand

founda slightdiminutionofbloodplateletsascomparedwithrats keptina

welllightedroomon a similardiet. Exposuroto thé mercuryvapourtarnp

increasedthe numberofplateletsto normal,and whenanaemiawaspresent

increasedthenumberof redceUa.Theyconctudethat lightmaybea Btimu-

lus to theformationof bloodplateletsbut not an essentiatcondition.The

absenceof lightcouldbecounteractcdby anabundanceofvitaminA.

Rennhard'reportedexpérimentawithdiffusedlightand withdirectsun-

light,whichshowedclearlythat developmentof yeastis morerapidin cul-

tures exposedto direct sunlight. UltravioletraysaresomewhatharmMin

theiraction.

Hess,Ungerand Pappenheimer*foundthat prolongedexposureto direct

sunlightdoesnot prevent seurvy in the guineapigs. Gerstenbergerand

Burham~found that scorbuticand polyneuritieinfantsand guineapigs

can burn carbohydratecomptete!y.Thèseresultsseemdoubtfuland the

cxperimentsshouldbe repeated.

It seemscertain fromthe foregoingresultsthat sunlightand artificial

iightsareveryfavourableforgrowtaandcanstoprickets. Hencelightplays

thé sameroteas that ofvitaminsAand D. WehaveprovedexperimentaMy

that thé slowoxidationof fat by air is acceleratedby sunlight. Moreover,

wehaveadvancedthe viewthat thyroidpreparationsshouldprovcemcacioux

in thé treatmentof rickets,becausethyroidsécrétionis likelyto act as an

acceleratorin théoxidationoffat. Ourexpérimentâtresultsonslowoxidation

showthat lightactsas anacceteratorin theoxidationofcarbohydratesaswell.

Hencewe believethat light shouldprovcefficaciousin the treatmentof

diabetesandberi-beribecauseboththesediseasesaredueto disturbancesof

carbohydratemetabolism. Vitamin B and pancreaticpreparationsare

likelyto acceleratethe oxidationof carbohydratesin thc bodyand hence

they shouldbe beneficialtowardsdiabetes,beri-beriand ppidemicdropsy.

Light is highlybeneficialin the treatmentof ricketsand he!psgrowthand

hencelightis likely to act as a moremarkedacceieratorin theoxidationof

fats thanofcarbohydrates.In otherwords,in présenceoflighttheoxidation

of fats is likelyto he inereasedmorethan in thé caseof carbohydratesand

that is whylight is moreefficacioustowardsricketsthan towardsdiabètes,

beri-beriand scurvy; but as wehave provedexperitnentallythat lightcan

acceicratethéoxidationofthe threcclassesoffoodmateriais–earbohydratf's,

X.Kin<)frk.,26, M?f)9!").
Hn<.J. Kxpt.Path.,4,~7'"9~-

Comp<.n'M).Soc.bio).,89,)o)!o«923).
rroc.Snf.KxpM-.Bio).anf)~tpt).,M,~6 )9~2'.
t'rM-.Am.Soc.Bio!.Chm).,tM2.
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fatsand proteitM–weare convincedthat light shouldproveafficaciousto-

~-ardsdenciencyand metabolismdiseaseslike beri-bcri,épidémiedropsy,

scurvy,pellagra,diabetes,gout, etc.

IronPreparationsin MetaboUsmandDeneieacyDiseases

In foregoingpapers'1 haveemphasisedthe importanceof ironprepara-
tionsin the treatmentof tnetabolismdiseases.1haveprovedexperimentaMy
that the oxidationof tartane acid, starch etc., by hydrogenperoxideis

greatlyacceleratedbyferrousor ferriesalta.

Moreoverwe'haveshownthat carbohydrates,fatsand nitrogenoussub.

stancescan be readilyoxidisedat the ordinarytemperatureby passingair
inpresenceof ferroushydroxide. Consequentlywebelievothat deficiency
andmetabolismdiseaseslikeberi-beri,pet!agra,sourvy,rickets,gout,dia-

bctes,etc., shoutdbeamenableto treatmentby ironpreparations,because

inpresenceofirontheoxidationof foodmaterialswillbeaccelerated.

McC'ohumand Sitnmonds'have shownthat leafyvegetablesare pro-
tectivefoods,becauseof theirvitaminAcontent. Wearehoweverofopinion
that thé efficacyof the leafyvegetablesis partlydueto theirironcontents.

It bas beenfoundthat in the absenceof iron thé higherplantsfail to form

chlorophyll,althoughiron is not actuallycontainedin chlotrophyllas it is

presentin haemoglobin.It is wellknownthat iron is presentin almostail

grccnvegetables.

Defectsof BoneFormationand Concentrationof

HydrogenIonsin theBody

In a recentcommunication'1 havediscussedthéformationof bonesin

theanimal bodyand haveshownthat normalcalciumphosphatecxisting
in the sérumin thé colloidalstate ia adsorbedand prccipitatedby the car-

tilageas a solid. Simiiariysmallamountsof calciumcarbonatealsoexist

in thecolloïdalatate in thesérumand this isalsoadsorbedandprccipitated

bythé cartilageand thus normalossificationtakesplace. Morcover,it is

wellknownthat bloodis slightlyalkaline. If by anymeansthereisa slight
inereasein the H' ion concentrationin thé blood,the amountof calcium

phosphateand calciumcarbonateexistingin the colloidalstate willpartly
dissolveand hencctheirconcentrationwilldecreaseand thus therewillbe

disturbanceof boneformation. It seemslikelythat in the bodythereis a

definitecttuitibriumconditionas representedby the followingschcme:–

3 Ca* + 2P04'" <~Ca,(PO<),(Colloidal) Ca,(PO<)!(Solidin bones)

If the foodlackseitherinC'a or POy"ions,boneformationcannottake

placenormallybecausetheproperconcentrationofcalciumphosphatein thé

eolloidalstate to beadsorbedbythe cartilageisnot attained. If the foodis

Uhar:J.Chem.Soc.,ttt, 694(t~)~;J.t'hys.(-'hem.,28,9<n;(<9~4).
PâtitandDhar:J. l'hys.Chcm.,29,799('9~5~;30,939('9~J.

'"XewGtKnowttttgeofXutntion,"()92;).
<Z. anorg. Chem., tM7.
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rich in phosphorusand lackscalciumtheremightbea tendencyto fonnacid

phosphateof caleium,whiehissoluble. Itecentexpérimentâtresearchesof

numerousworkersshowthateventhoughthe foodis adéquatein its calcium

and phosphoruscontents but lacksin vitaminsAand D, ricketsandosteo.

matactaand other bonc troublesfollow. Wecanexplaintheseresultsfrom

thé followingconsidérations:–

Wchaveadvancedthé viewthat vitaminsAand D act as activatorsor

acceteratorsin the oxidationof fatty foodmaterialsin the animalbody.
1n theirabsencethe fat ianotproperlybumt andacidosisresults,andcon-

scquenttycveninpresenceofCa' andP04'" ions,calciumphosphatecannot

bf fomed in suitableconcentrationdue to thé presenceof acidsarisingout

of thé incompktccombustionoffoodmaterialsandhenoericketsandother

tïone troubleswillarise. Thisdeficiencyof vitaminscanbe partiallycom-

pensatedby light, becausewehaveprovedthat the oxidationof fatsbyair

is greatlyaoceleratedby sunlight,and it iswellknownthat lightcanprevent
rickets to a certainextent. It willbe interestingto notethat MissHodgson'

reported that, in her experiencein tnanycasesofrickets,acidosisdeveloped
at the hcightofthe diseasc. Pritchard'stated bisbeliefthat the truecause

of ricketsis probablya relativecxcessof acid substancesproducedin the

system. Burgessand Osman'reportedthreecasesof acutericketsinwhich

thcyfound sévèreacidosis. ItchouMbeemphaeisedthat ironpréparations
whichwehaveprovcd to bc ableto acceleratethe oxidationof fats should

be veryusefulin rickets,and that is whymilkshouldbeusedwiththeaddi-

tion ofa titttc ironpréparationin the infantfeeding.

It wi!Ibc interestingto note that Tisdall and Harris*found the in-

organicphosphoruscontentofnormalsérumfrom birth to twentyyearsto

be remarkablyconstant at 5.6milligramspcr 100e.c.ofsérum. At twenty

ycars of agethe phosphoruscontentdropssharplyto 3.75mgsand remains

constant throughoutadult life. Duringthe periodof unionof fracturesin

adults theyfoundthat thephosphoruscontentofthe serumshouldbcraised

to thé levelofabout the samcasthat presentin childhood.

Pctersen6foundit possiblebydicticmanagementto lowerthé phosphorus
content of the bloodof dogsto a pointwherethe productof calciumtimes

phosphoruswasJess than thirty. He concludedfromhis studythat in thé

healingof fracturesa definiterelationshipcxistsbetwecnthe concentration

of inorganicbone-fonningelementsin thé serumand the rate ofrepair.
If the phosphorustimes the calciumproductis againraisedto theirnormal

level, the fracturcdboncswillunité. He appliedthèseconclusionsto thé

case of a managcd 47, whohada fracturcdboneand by improvementof

diet and exposureto lighthe couldeasilyjoin thé fracture. Thèseexperi-

Lancct,192!n, 945
Bn<. Met). J., 1923 t, 887.

Lancet.M24 98).
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mental resultsclearlyfollowfromthe considerationof the equitibrium:–

3 Ca" + PO/=iCa,(PO<)t (Co!!oidat)!=~(PO<),(SoMdln bonos)al-

readydiscussed.
Wcbelievethat the decreasein theamountofcalciumphosphateexisting

in serumwithincreasingageisduetoagradualbutaslowdecreaseofthéatka-

linity of the bloodwithage. In a foregoingpaperwehâveshownthatthé

concentrationofthepeptisingagentspresentinthebloodandserumincreases

with age becausethe percentageof waterin thé bodydecreaseswithage.

Hence.theamountof calciumphosphatewhichcan remainin the coUoidat

conditionwouldhaveincreasedbecauseof thé increasem thé concentration

of the peptisingagents,but as a matterof fact, théconcentrationof calcium

phosphateexistingin thé colloidalstate in the serumdecreascswithage.
This is becausethe metabolismand the amountof heat necessaryforthc

bodydecreaseswithage and that thé decreasedmetabolismmay leadto a

decreasein the alkalinityof the bloodand a consequentdecreaseofcalcium

phosphateexistingin the colloidalstate in the bloodand serum. In this

connectionit willbeof interestto notethat thc requirementfor vitaminA

decreaseswithage. This is possiblybecausethé requirementof the body
heat becomeslesswith age and hencethe presenceof the acceleratorof

oxidations(vitamins)becomeslessimportantwithage. Moreovertherate

of growthdecreaseswith increasingageand hencethe needof vitaminA

decreaseswithâge.
SummaryandConclusions

(!) Epidémiedropsyis not causedby fungusorpoisonin riceor mus-

tard oil.

(;:) Defectivecarbohydratemetabolismis thé probablecauseofbéri-

béri and épidémiedropsy.

(3) Lightshouldproveusefulin thé treatmentof mctabousmandde-

ficiencydiseaseslikeberi-beri,scurvy,pellagra,pcmiciousanaemia,epidemic

dropsy, leukaemia,diabetes,gout, etc., because light can acccleratcthe

oxidationof carbohydrates,fats andnitrogenoussubstancesby air.

(4) Iron preparationsshouldbeefficaeiousin thétreatmentof deficiency
and metabolismdiseases,becausein presenceof ironpreparationstheoxi-

dationof foodmaterialsby air isgreattyincreased.

(5) It secmslikelythat there isa definiteequUibriumin the bodycon-

trollingboneformationas representedby the followingschcmc:–

C Ça' + a PO/"<=±Ca,(PO<~(CoUoidat)~Ca,(PO<),(Solidm boncs)

Decreaseof alkalinityof the serumisthecauseofdétectiveboneformation.

CAeMM<M</~()fa<onM,
~maAa&ad~'Kttw~,
~t<t<X)<<,
/M~<t.
~<'ceMhf<-10, M~



STAB1LÏTY0F THE SOLSOFTUNCSTtC,VANAI)ICANDSILICIC

ACID8 tiNDElt DIFFEKHNTCONDITIONS

BY 8. (.HOSH ASU K. H. UttAIt

We' haveshown that Oden'ssulphursolbceomcsunstabtein presenK'

of an alkaliand stable in presenceof an acid. 'Thèseresuttsseemat firft

sight to bc abnormalbecausein mostcaseshydroxytion stabilisesa nega-

tivelychargcdsol markedlyand hydrogenionexcrta highcoagulatingcffect

on it. In one of our paper~on coagulationwchaveshownthat OH' ions

possessremarkablestabitisinginfluenceon the sols of ar~nious sulphidc,

antimonysu!phidp,gumdammar,masticetc;whustH' ionsexerta sensitizing

c<Tpcttowards their coagulationby electrolytes. We haveexplainedthitt

pecullarbchaviour of H' ions in stabilisingand OH' ionsin sonsitizinp:

sulphursolfrom thp pointofviewthat acidsHtabiHsewhilstalkaUesdecom-

pose pentathionicacid, whiehis the stabilisingelcctrolytcin Odén'Bsul-

phursol.
ft willbc of interesttoobservethat silicicacidsol likeOden'ssulphursol

bceotnesunstable in presenceof sntattquantitiesof an alkaliand stable by

the additionof an acid. Many ypar)!ago Ftcmming'and Pappada*ob-

scrvcd that small concentrationsof OH' ionsfavourthe gelationof silicie

acid sol. Hpcpntly Freundlichand Cohn''observedthat alkali posscsacs

markcdsensitizinginfluenceon thé coagulationof sitieicacidsol by NfCt.

HaC't:,Cad!, etc. Sunitarly,it hasbcenreportcdinseveralcommunications"

in "Nature" that for silicaand clay, the hydroxidesof the metalsof thc

alkaliesand alkaline earths act as better coagutatingagentsthan their

correspondingchlorides. Theseresultsareanalogousto thoseobtainedwith

Oden'ssulphursol. Silicicacidsol is negativelychargedandadsorbslarge

atnountsofOH' ions. It is, therefore,expectedthat OH' ionsshouldposscss

a stabiUsinginfluenceon silicicacidsol, justas solsof Al(OH)a,Fc(OHb,

Cr(OH),,etc, are stabilisedbyan acidduetoadsorptionofH' ionsbythcsc

positivelychargcd hydroxidesois. In a previouscommunication1wchav<-

offcrredan explanationofthis peculiarbchaviourof silicicacidsol,and havc

concludedthat similarbchaviourtowardsH' andOH' ionsisexpectedfron)

solsof tungstic acid, molybdicacid,vanadicacid,etc.

In thispaper weshattpresentour resultsnowobtainedwithsilicicacid,

tungsticacid,and vanadicacidsolsfromvariouspointsof view.

KoUoid-Z.,1M3.
KoUoid-Z.,99,346(t9t6).
X.phyeik.Chem.,41,4:7(t<)o').

<GaM.,93,:7~«903).
'Ko<h'M-Z.,M,28(t<~6).
CompareOat<tcvandcoworkcnt;Xature,~«v.6.pa)!f-8:4,( )<~6';May7, tM(!

(t9~6).AfmsecConther:J.Agr.Sci.,10,425.('9M'
Ttoc.cit.
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1.Tuagettc Acid Sol

This sot was first prepared by Crahmu by adding an acid to sodium

tungstatc solution and thon diatysing thé mixture. This substanceprepared

by (!rahatn's mcthod contains a largeproportion of tungstic acid in thé fortn

of trm' sotution which passes out during the processof dialysis. The sol

ohtaincd by Grahan~ method h very stable towards ptectrotytMand is

optically clear. Wc hâve', however, prepared tungstic acid sol in these in-

\'<tigatiotM by Hratprecipi<'&tingtungstie acid by an exct'ssof HCtand thcn

(tiatysing thé predpitate in a parchinent bag after washinKthé precipitatf

fret' fron) chtoride. !t has bcen obscryed that thé white precipitate of tung-

stie acid obtained at low temperatures (8"(') is more easily convertedinto sol1

than the yellowish precipitatc obtained at a higher tctnpcraturo (;;o''C).

Thé sol obtained by this method is almost optically clearat first, but graduaUy

tjecon~s turbid; amt, finally, after two and a half tnonths it bccotncsopaque

with the precipitation of sotne tungstie acid. In order to test the validity
°

of thé SchutM'-HardyLaw for this sol, coagulationpxppritnpntswerecarried

on with difftwnt dpctrotytcs, Table t.

T' fTABLEl1

Concentration of tungstic acid sol = to.~z gnns. NO: pcr litre.

2 c.c. of the sol is taken cachtime.

Total volume ==6 c.c. Time = i hour

Hwtroty"' Amountto Precipitation
t'oagutateinP.c value

KOH X.8.74 t.to(turbidand o.oM

partially
dissolves)

KC! N,4 0.90 0.038

NaCt X/4 j.M o.<33

KNO, N/4 0.90 0.038

BaC!: X.8o 1.30 0.003

SrC~ X/so :.os ~-<

AKK(~)~ X/so t.t5 0.004

HC! o.665N >4o

It will be seen from Table 1 that the coagulating power of different

ctcctrotytes on this negatively charged sol is in thc followingdecreasingorder:

BaC!,> A!(KO,),> 8~> KOH> KC!,KNO,>NaC!>HC!.

Potassium hydroxide possessesgreater coagulating power than sodium and

potassium salta, which are, in thcir tum, better coagulating agents than s

hydrochloric acid. It is well known that hydrogen ions generallyposscss

Krcatcr coagutating power than potassium or sodium ions for negatively

charged Mots.This remarkable behaviour of hydrogenions towardstungstic

acid sol NtggMtsthat the sol is stabiuscd by hydrogen ions. ït is obvious

that the greater precipitation value of At(NO,)) than that of BaCl, is duc to

thé prMpncfof H' ion*<in AtfNO<).isolution.

.)
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!nTabtcH wfxhattrecordourresuttswhentungsticacidso!ixcoagutatpd
bydigèrentetoctrotyteaatvariousdilutionsofthesot:–

TABLE II

So! A = z c.e. of tun<:8tio acid sol containing t~.s? grs. of W0:t per !itrc.

Total vo!mnc =' 6 o.o.; Timc = 1 hour

ConcentfatMnof AnMuntrequiredto coaj{utatein c.c.

theeot. KXO,X/4 HaC),X/8(t A)(XO,),X/5o

aA 0.90 !.4!; ï.4<;

A 0.85 ).:s '5
A/a 0.80 1.00 o.7S

Theseresultsprovethat tungstieacid solbchavcf!normallyon dilution,
i.e., the greater the concentrationof the sol thf greateriRthe amountof
an electrolytenecessaryforcoagulation.

In previouspapers'wehaveshownthat a sol, whichbehave8normally
towardsdilution,alsoshowsadditiverclationshipwhencoagutatcdby mix-
turesof electrolytesof varyingvalency. In TableIII the resultsare re-
cordedwhentungsticacidsoliscoagulatedwithtnixturesofKNOiandBaCt~.

TABLE III

c.e. of the sol Mtaken each time. Votutne = 6 c.c. Time = t hour

KNO.X/4 UtC),X/&)tocoa)!u)etemc.c.
1

added in c.c. Observed Calculated Dif~pn'ncc DMerence

o –

0.85 o – – –

O.tO t.tO 1.10 0 0
0.30 o.7s c.8o -0.05 6

o.so o.4S o.~t -0.06 ~.4

TableIII provesthatadditiveamountsofKNO;andBaCt:areneeessary
forthecoagulationofthissot.

Wehave alreadyshownthat largeamountsof HC!andsmaUquantities
of KOHarc necessaryto coafpitatetungsticsol. Thereautts recordedin
TablesIV-V provethat H' ionspossessa atabilisilnginfluencewhUstOH'
ionspossessa sensitizinginfluenceontungsticacidsol.

TABLE IV

Coagulationof tungsticacidsolby KC!in presenceofHCt
2c.c.of thc solis ta!t<'ncachtimc. Volume*=6c.c. Timc = i hour

HCtN/too KXO,K/4to
addedine.c. coagutateinc.e.

o 0.8s
0.2 o.os
0.6 o.os
0.8 0.8';

J. Phys.Chem.,M,435.<'59('9~5'; '~7('927).
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TAHMSV

Coagulationof tungfiticacid sol by KC! ta presenceof KOH

2 e.c. of the sol :s taken each time. Volume = 6 c.c. Time = i hour
c r. v. 1

2 e.c. of the sol !s taken each time. volume ==o c.< ~mw wu'

KOHX/8.7~ KNf),X/4 to
J

addedine.c. coagutateinc.c.

o 0.85

0.7<;

0.1 0.75
1

0.2 o~S

0.5 o.30

t.o <o.os

o Could uot be coagutated, as most of thé

colloiddissolves

In a prc~iouspaper' wchaveshownthat OH'ionspossessa stabilisingin-

fluenceonsolsof As~, Sb,S,and masticandthat thesodiumor potassium

saltof a weakacidis requiredin targcrquantitiesthanthesalt fromastrong

acidfor coagulatingthe abovenegativclychargedsols,becausethc sodium

or potassiumsalt sotutionofthéweakacidscontainOH'ionsdueto hydroly-

sis. In this paperwchavestudicdthe coagulationof tungsticacidsol by

sodiumsaltsofdifferentweakacidsandit is foundthat, unlikeAs~S,,SbtSt

and mastic, these salts posscssgreatercoagulatingpowerthan NaCt on

tungsficacidsol. TheexperimentalresultsarcgiveninTableVI.

TABLE'VI

2 c.e. of thc sot Mtaken each time. Volume -= 6 c.c. Time = i hour

Ktectroh-te Amountto Procipitation
coagulatein e.f. value

NaCtX/2 '.35 o-"3

CHaCOONa N/2 0.80 o.o67 ]

XaNO,N/~ 0.95 o.o?9

C.HtCOOXaN/: 0.90 0.075

Na,CO,N/! 0.755 0.063 j

HCtX/2 >4.0
–

t

Table VI showsthat the coagulatingpowerof difTcrcntcicctrotytesare

in the followingdecreasingorder

Na,CO,> CH,COOXa>C<HtCOONa>NaNO,>NaCl> HCI,

sodium carbonatepossessingthc maximumcoagulatinginfluence. The

dissociationconstantof the différentweakacidsofwhichthe sodiumsalts

have beenused,are in the followingincreasingorder.

H.CO,< ('H.('OOH< C.H~COOH<HKO:,and

consequentlysodiumcarbonatepossesseslargestamountsofOH' ions.

KotMd-Z..39,346(t9:6).
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In severalcommunication~from thesetaboratcriesthe effectof e!eo-

trolytesonthé viscosityofseveratsolshasbeen investigated,and tt hasboen

observodthat anincreaseinchargeonthécoUoidpartielesJeadsto a deorease

in its viseosity,whilsta decrcasein ohargemakesthe sotmorevisoous. In

order to showthat OH' ionsdecreaseand H' ionsincreasethe chargeon

colloidparticlesoftun<{8ticacidsot, wehaveinventigatedtheeffectofsmall

quantitiesofalkaliand acidonthe viseosityof thissol. Théresultsobtained

aregivenhTaMeVII.
~tn.t.VTTTABLEVII

Concentration of the aol = !9.ss grams. WOaper litre

Temperature = 3o"C
Viscosity

Water 0.00803

8c.o.sot+2 2 c.c. water 0.00869

8 c.c. sol + !.8 o.c.water + 0.9o.cN/ioo HC1 0.00867

+ 1.5 c.e.water + o.; c.c. N/ioo HCI 0.00866

+ i.o c.o.water + t.oc.c. N/100 HC1 0.00870

+ i.8 c.c.water + o.2c.e. N/too KOH 0.0087!

+ !.$ c.c.water + o.sc.o. N/too KOH 0.0087~

+ i.o c.c. water + i.oc.c. N/looKOH 0.00868

+ o.s c.c. water + t.s c.c.N/too KOH 0.00863

A perusatofTableVIIshowsthat theviscosityof tungsticacidsol isat

first elightly increasedby KOH, but is decreasedon further additionof

alkali. Onthe otherhand,the viscosityfirst decreasesand then decreases

on adding increasingamountsof HCI. These results,therefore,provethat

alkali causesa decreasein the oleotricchargeon the colloidparticles. The

subséquentdecreasein theviscosityis necessarilydue to thefact that some

colloidal tungsticacid is dissolvedbyincreasingamountsof alkali. HCI,

however,first increasesthé etectriechargeon the coUoidparticles,and

finally,as the concentrationofH' ionsis increased,they exerta coagulating

effect,andthisresultsinan increaseintheviscosityof thesol.

We hâveobservedthat tungstioacidsolbecomesturbidon keepingfora

long timc. Wassiljewalbas shownthata fresh sampleof tungsticacidsol

is casily reducedby formaldehyde,gmpesugar, and otherreducingagents

in presenceof lightto a blue-colouredloweroxide. Onageing,tungsticacid

sol partly tososits photochemicalactivityand cannotbereducedsoreadily

on exposureto light. If,however,thesoi is boiledit regainsits photosensi-

tivity. TheKsuttsobtainedon the stability,conductivityandviscosityof

tungsticacidsolonagcingandboilingarcrecordedin TablesVI1I-XI.

Our experimentalresultsgiveninTablesVIII and IX showthat the sol

of tungsticacidbecomesmoreviscous,lessconducting,andmoreunstableon

ageing. TablesX and XI showthat thesolbcomesunstableon boiling,but

Z. Ktetttrochemic,31,<6t('925);J. rhys.Chem.,29,tS56('9~);30,t646(t~6);
Z.anorg.allgem.Cheo).,152,393t'9~: Kotbid-Z.,42,!24«9~.
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TABLEVU!

Innm'nceofageingontheviscosityandspeoificeonduotivityoftungstioacidsol.
Concentrationof thesol = )o.s!grnts.WO)perlitre

Température 3o''Ci emperature 30
t)«tc Spécifieconductivityy ViseoNty

(8ce.~ot+ 9o.c.water)

~a.Uct.'a; 4..t2 Xto'' 0.008309

3:.Cet.? 3.883Xto'' 0.0084!!
2. Nov. '27 3.~9 X to'' -–

4.Nov.7 7 3.728X:o~ o.oo87to

tS.Nov.? 3.632X10'' o.ooS~s

(A portion has coagu!ated)

TABLEIX
Influenceofageingonthe coagulationof tungsticacidsol

Concentrationof the sot <=!o.s<grms.WOtperlitre.

Amountofsoltakeneachtime*= c.c.
Vo!ume= 6 c.c. Time<=i hour

Date Amount of electrolyte to coagutate in e.c.

KNO, X/4 BaCt, N/8o

23.0ct.'2; 0.90 1.30

3:.Cet.'27 o.8o t.:o

TABLE X

Influence of boiting on thé viscosity, speciNc conductivity

and hydrogen ion concentration of tungstic acid sol..J,a~

SpeciBc
M conductivity pH value VitMosity

UnboHcd 4.<)X!o~ 3.0 0.008309
Boiled 4.298 X 10"' 2.9 o.oo8tt3

1

TABLEXÏI

InHuenccof boUingonthé coagulationof tungsticacidsol

Amountofsoltakeneachtime = t c.c.

Volume==6 c.c. Time= i hour r

Amount of eteet~tyte to cuacutate in e.c.
soi KXO, X/4 BaC), X/8o

UnboHcd 0.7y t.o

Boiled 0.66 o.99 (

the viscosityof the soldecreasesand the specifieconductivityincrcasesbe-

causeof the increasein the hydrogenionconcentrationofthesol onboiling.
Theseresultsare interestingandwillbe diseussedIateron.

The influenceofacidand alkalion the electricalconductivityof tungstic
acidsoihasalsobeeninvestigatedandtheresultsarereproduccdinTableXII.

'Z.WMS.!'hut.,12,t (t9'3.

)
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TABLEXII
Concentration of thé Mt = tç.s: gnM WO:per litre

Tt'mppraturp = 3o"C

Motution Sp.conductivity 8p. eonduetivityof
(obwrved) thémixture(ottcutated)

6 c.c. sol + c.c. wt~'r .7x3 X to~ –

+ t c.c. KOH K/.oo ï.576 X !0-'s 3 608 X to-~

6c.c.watcr+ t.oj?X)o''
–

6 c.c. water + 2 c.c. HC! K/too 1.482 X !o'* –

6 c.c. sot + c.c. HCt N/too 3.5t8 X 'o'* 4.~05 X !o''

Tabte XI provesthat both KOHand HCIdeprciMthc conductivityof

tungsticacidsol.

2.VanadiumPeatMddeSol

This sol is preparcd by preeipitatingV<0tfrom atnmoniumvanadate

by HCI,andthenon washingtheprecipitatealmostfreefromHCI,it pasaM
intocolloidalsolution. Thisis nowdialysedfora weekto freett fromelectro-

lytes. In thispaperwe haveinvestigatedthe influenceofalkaliandacidon

its coa~!ationbyph'ctrotytfsandthé resultsaregivenin TablesXHI-XIV.

TABLK XIII

Coagulationof vanadiumpentoxidesot by KCiin prcscnocof NH~OH.
C'onccntrationof thesol= 7.44grmsV}0tper litre

c.e.of the solis taken caohtime.

Votumc= 6e.c. Timo'= ts minutes

XH,OHX/to KCtK/Mto XM.OHK/to KOX/toht
addediae.c. cuapttateinc.p. addedin<c. cuagutateinc.<

o i.SS o.S t.to

o. '.so 0.8 o.7s

TABLRXIV

Coagulationof vanadiumpentoxidesolbyKC!in presenceofHCI

HCtX/too KCtX/~oto HOX/too KCtX/Mto
iuldedine.c. coagulateinc.c. addedinc.f. t'oafttuatcinr.c.

o i.SS o-io t.;s

O.OS t.00 0.20 t.SS

Our resuttsin TablesXIII andXIV definitelyprovethat a decreasein

H' ionconcentrationby analkalintakpsthé solunstabtp,whilstan incrcasc

inH' ionconcentrationfirstincrcaspsand thenslightlydecrcasesthestability
ofvanadiumpentoxidesol.

Wchavealsocarriedonexperimentson thé viscosityof this solin prés-
enceofsmattamountsofalkaliandacid. Theprethninaryresultsin Table

XIV wcrpobtainedwithanold!<amptcof vanadiumpentoxidesolinpresence
of KOH.
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TABLEXV

Concentrationof theso!= gnnaYsOeper litre- Tcmpcrature ~o"c.
Water ViscoBity

c.c.sol + 0.4c.c.water+ o.t c.c. 0.0080.;
X/tooKOH o.o2!3t

<i).~p.csot+o.tC.cwatP)*+o.4C.c. o.ozors

N/tooKOH
().C.c.sot+o.sc.c.water o.oaoyt

Thèse results showthat there is a distinct increasein thé viacosity
of vanadiumpentoxidesol by 0.1 c.c. N/ioo KOH, whilst the viscosity
diminishesin presenceofo.4 c.o.N/too KOH.

In TableXVIweshaUrecordourresultsobtainedfroma newlyprepared
solboth in thepresenceofan acidandan alkali.

TABU5XVI

Concentration of thé sol = 7.44grms V:0t per litre. Temp. = 30*0.

Water Viacoaity

0.00803

<)C.c.sol + i c.c. water 0.01136

9c.c. sol + o.os c.c. water + 0.05c.c. N/ioc HC1 0.01:3!

9e.c. sol + 0.9 c.c. water + o.t c.c. N/ioo HC1 o.on:8

ç c.c. sol + 0.85c.c. water + 0.15c.c. N/too HCI o.oti:?

9e.c. sol + o.ys c.c.water + 0.25c.c. N/ioo HC1 o.otiio

<;e.c.sol + 0.5 c.c. water + 0.5 e.c. N/too HC1 0.0:13!

ç c.c. sol + – +t.o c.o.N/too 0.0114!

'j e.c. sol + 0.95c.c. water + 0.05c.c. N/too NH~OH o.ou4t

!)c.c. sol + 0.9 e.e. water + o.t ce. N/too NH~OH 0.0:135

The abovetableconctusivctyprovesthat a dropof NH<OHcausesfirst

an increascin the viscosityof vanadiumpentoxideand then the viscosity
decreaseswhenmoreofXH<OHisused. On the otherhand, the viscosity
ofV:0t sol firstdecreasesand then increasesin the presenceof increasing
amountsof HCI. Theseresultsaresimilarto thoseobtainedwithtungstic
acidsol in presenceofvaryinghydrogenion concentration.

Weshallnowpresentour resultsobtainedonthécoagulationofvanadium

pentoxidesolbydifferenthydrolysablesalts,TableXVII.

Thc coagulatingpowersof différentelectrolytcsare in the following

decreasingorder:–

CH,COONa>C.H.COONa> NaNO,> NaCi> HCt

It isévidentfromtheaboveseriesthat theelectrolytecontainingthé least

amountofhydrogenionsis the bestcoagulatingagent. This is as wc have

alreadyshown,is dueto the factthat OH' ionspossessa sensitizinginfluence

andH ionsa stabilisingeffect.
Wchaveinvestigatedthe influenceofagcingonthestabilityofvanadium

ppntoxidesoland theresultsobtainedgivenin TableXVIII.
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TABLEXVH

Concentration of thé sol 7.44 grms V~O~ per litre

Amouat of sol taken pach time = 2 c.o. Votume = 6 c.c.

Time'=ismiButea

Amountto coagulate Précipitation
Ktectn))yte inc.e. value

NaCl N/20 !.6s 0.0:37

CH,COONa N/M t-o: 0.0088

NaNO! N/M t.îo o.otoo

C.HtCOONaN/M t.ts5 0.0096
HCI N/: 0.60 0.0500

TABUSXVIII

('oncentration of the sot = 7.44grms V;C~per titre, 2c.c. of thé solis taken

eachtime.

Votame== 6 c.o. Time is ïn'nutes

Kteettotytetocoagutate!nt.e.
Date X.ON/ao BaCt,/soo

!o.Nov.7 i.6s !.3o

2<).Nov.7 t.4S i.t5

TABLEXIX'

Changeof viscomtyofvanadiumpentoxidesolwithtime

Concentrationof thesol==t.oçggrmV<0tper litre.

Date Viscoaty Date VMCoNbr
(comparedwthwater) (compMedwitnwater)

j,o.Nov.'ït 1045 4. Dec. '22 t.o8o

O.Dec. t.085 8. Dec. 'az t.too

12.Dec. 1.095 tS.Dec. '22 i.no

28. Dec. '22 !.ij2 ty.Jan. '23 t.:8o

7.Feb. '!3 t.ïto 17. April '23 1.300

TABLEXX'

Changeof electrical conductivityof vanadium pentoxidesol with time

Concentration of thé sol = 1.020gnn V~Oeper litre.
rt~t~ Ht~M.ît!~~~M~t)~tM:<t.Date Spécifieconductivity

to.AprU 'M ô.~ooXto-~

9. May 'M s -140X !o~

t:. Junc '~2 4 765 X 10~*

9. Sept. 4.66 X!o"*

tô.Jan. '23 4.19 Xto'~

Z. anorg. attgem.Chem.,152, (t9t6).

Comt'ateGemner:KoUcidehem.Bcihcftc, t9, ~83(t92~).
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Thé results provethat vanadiumpentoxidesol becomesunstableon

keeping. Wehavealreadyshownthat a dialysedsolofvanadiumpentoxide
whenkeptbecomesunstableandsetsto a jelly. Moreovcra colloidalsolu-

tion of vanadiumpentoxidebeoomesmoreviscousand lessconductingon

ageingas showninTablesXIX-XX.

Wehavefoundthat vanadiumpentoxidesol alsobecomesunstableon

boilingand its electricalconductivitymarkedtyincreases. The resultsan'

givenin TableXXI.

TABLEXXI

2p.c.ofthesolcontaining7.44gramsof \'t0h is takeneachtitne

Volume= 6c.c. Timo=* !$ minutes

Amountofeteetrotytetocoagutatelnc.e.
soi K~O,K/M tïaC),N/soo

Boiled !.30 1.70
Unboiled !.4S t. 85

SpccincConductivity
Boiled t. 203X10-'
Unboitcd 1.075X to-*

3. SNicicAcidSol

In a recent paper Freundlichand Cohn' have studied carefully thc

coagulationorgelationofthissolbyKCI,NaCt,CaCtt,andBaC!:inpresence
of varyingamountsof XH<OHand have obscrvedthat the sol becomes

unstableby the additionof NH<OH.When,however,largerconcentrations

of NH<OHareused,thesol isnomoregelatinisedbyany of the aboveelec-

trolytes,and the conductivityofthe solutionis highlyincreased. Wehave

investigatedthe influenceof alkaliand acidon the viscosityof silicicacid'

sot,TablesXXII-XXHI.

TABLEXXII

('hangeof viscosityof a concentratedsotof silicieacidin presence
ofan alkali.

Concentrationof thesol = :s4 grmsSiO!per titre

Température= 3o°C
Water l'iseosity

0.0080.;
8e.c.sol + 4c.c.water o .0! ut

8c.c.sol + 4 c.c.N./)ooKOH o.ot45t

TablesXXII-XXIIIprovethat silicicacidsol firstbecompsmoreviscous

in presenceof KOH. Whcnlargeramountsof the alkaliare uscdthe vis-

cositydecreases. Onthe otherhand,the viscosityfirstdocreasesand then

increaseswiththé increasingamountsof theacid.

toc.cit.
Sitificacid)«)!ispreparedbyadditt)!Si< insmattquantiticstocott!W)t«*ran()then

di<t))')t)){tillitMfreefromH(.').
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TABLEXXIII

Changeof viseosityofa dilutesolofsilicloacidinpresenceof

an alkaliand inacid
Concentrationof the so!<=8.66grmsSiO}per litre. Teinpemture 30°

VMcosity

9C.c.8ot+ c.c.water 0.009::
+ c.c.N/!oooKOH o.009:3
+ c.o.N/looKOH 0.00936
+ e.c.N/soKOH 0.009:7
+ c.o.N/toKOH 0.00918
+ c.c.N/sooHCt 0.0090:
+ i e.c. N/2oHCI 0.009:4

+ c.c.N/HCt 0.009:6

WeshaHnowreproducesomeofour rosultsobtainedina previouspaper'
on the changeof viscosityand electricalconductivityofsilicicacidsol on

a~ing, TableXXIV.

TABLEXXIV

Concentrationof the so! = n.oys grmsSiO:perlitre

Température 30*C.1-

Uate ViacoNty SpeciScConduetivity

6. Apfit '27 0.00851 :.o45 X io'*

~.Aprit'a? 0.00872 ï.n X!o'

May '277 0.009:9 :4 X 'o~

13. Ju!y '27 o.ott:t !0 X to'*

Fromthèseresultswefindthat theviscosityoftheso!preparedinthecotd

contlnuouslyincreascswith time. The specifieconductivityof thesol first

increasesandthen decreasesafter a limitingvalue.

Asilicicacidsolwasalsopreparedin thehot conditionandthe influence

of ageingonthe viscosityand specificconductivityof thissolbasbeenin-

vestigated.

TheresultsaregtvcninTableXX~

TABLEXXV

Concentrationof the sol = o.t? grs. i~iO:perlitre

Température= 30°
Date Viscoxity S~fiScConductivity

4.Aprit '~7 o-oicoy s-75X 'o''

2.May '27 o.o!o:t 6.1 X'o''

3.uty '?y 0.0612~ –

1Z.anur);.<)))?' Cht-n).,tM,209(t~ïy).
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In thiscasealso,theviscosityofthé solpreparedinthehotconditionincreases

with timeand the specifieconductivityalso increaseson ageing. It is of

interestto note that the sol preparedin the hot conditionbecomesmo~

viscousonageingthenthe solpreparedin thc cotd. Thisis becausethcsol

preparedin the hotconditionis moreunstablethan the solpreparedin the

cotd.
Discussion

Ourexperimentalresultsonthecoagulationoftungsticacidand vanadium

pentoxidesolsshowthat thesesolsbecomeunstablein presenceofan alkali

and stablein the presenceof an acid. Similarresultshave beenobtained

with8i0,soiby otherinvestigators.Wehavealsoobservedthat fortungstic
acid and vanadiumpentoxidesols theviscosityincreasesmarkedtyandthé

electricalconductivityof the sols dlminisheson ageing. Our resultsshow

that the viscosityand specifieconductivityof siticicacidsol increasecon-

tinuouslywith time. Weare of the opinionthat all these facts observed

withthesolsof tungsticacid,vanadicacidand silicieacidcan becxpbined
on the viewthat attthesesotscontaina part of thèseacidsin the molecular

condition,and that the dissolvedpart graduallypolymerisesand finally

passesinto thé colloidalstate with time. On the otherhand, colloidpar-
ticlesalsoaggregateto formbiggerparticlesandthusthésotsbecomeunstable

onkeeping.
TABLEXXVI

Concentrationof the sol = 7.44grs. VtO.perlitre

AmountofV~OtdiMotved
Soi pertoc.o.ofthesolingrm.

L'nboitedsol on)o.Nov.'27 0.0038
)L'nboi!edsol onn. Dec.'27 o .0033

Boitedsot 0.0079
to c.e.Unboiledsot+ 0.5c.c.N/too NH<OH 0.012:

Thehighelectricalconductivityoftungsticacidsolandits distinctacidity

(pHvalue3.0) provesthat fairlylargeamountsof tungsticacidarepresent
in the dissolvedcondition.Wehave alsoobservedthat after coagulating
a solof tungsticacidby KNO},the filtrate,whichisperfectlyctearanddoes

not containany colloid,givesa whiteprecipitatcof silver tungstatewith

Ag\0,. Similarly,vanadiumpentoxidesol also givesa yettowishfiltrate

of dissolvedvanadicacidafter coagulatingwith an electrolyte. We have

estimatedthis dissolvedvanadicacidinafreshlypreparedaswellas inanaged
sotofvanadiumpentoxide.ThesolwascoagutatedbyKNO<andvanadicacid

in solutionis filteredwhichwasthen reducedbya currentofsulphurdioxide.

The exccssof sulphurdioxidewas boiledoffand the reducedvanadioacid

is titratedwitha standardpermanganate.Theamountsofdissolvedvanadic

acidina boiledsolofV~Oj.andin a solcontaininga fewdropsof NH<OHare

alsodetenninedandtheresultsarc giveninTableXXVI.

Theaboveresultsshowthat in a solofV:0t s.i% vanadicacidis present
in .o)utionand thisamountdeercasesto 4.4~ after32days. Onthc other
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hand,thc amountsof V~Oth)solutionincreasebyeitherheatingthe soior

by addinga fewdrops of ammonia,the amountof dissolvedvanadieacid

intheboiledsolis0.7%andinpreseNceofo.; c.e,N/t $oNH<OH,it is :6.3~.

My!iusandGrosohufî,'workingwith sitioicacidsol,cameto thé samf

conclusion.Theybc!ievethat at the momentof formationof silicicacid

fromwatergtass,it existsin thé molecularsolution,whichpassesunohangcd

througha parchmentdiatyscr. Colloidalpartictesthen resu!tfrompoly-

merisationofthé simplesilicieacidmotecuteson keepingthe solutionand

this is shownby the increaseofmolecularweightformanyweeks. Severai

workers'hâveconotudedthat this ageingprocessteadffto thé formationof

hiRtnypoiymcnsedcoHoidparticlesand finally crystallinesitica.

Severa!yearsagoWassitjewa'basshownthat freshlyprcparcdtungstic

acidis easilyreducedto a blueloweroxideof tungstenbydifférentreclucing

agentswhenexposedto light. Thesol, however,becomeslessphotochenu.

caityactivewithtimeand cannotbceasilyreducedinprésenceof light. W<'

bctievethat thisisdueto the factthat mostofthe tungstieacidpresentin thc

motccutarconditionpolymerisesto larger moleculesor to eoUoidpartictcs,

whicharenotas chemicallyactiveasthe simplemolecules.

Wcareofthc opinionthat increasein theviscosityof thésolsof tungstie

acid,vanadieacid and silicicacid withtimeoriginatesfromtheaggregation

ofthe dissolvedsubstancestoformmoreofcolloidalparticles.Thisdecrcasp

of the substancespresent in the dissolvedconditionwith timeis ako con-

finnedby thefact that the electricalconductivityof tungstieand vanadie

aoidsolsdccreaseson ageing. Thcdecreasein thé specificconductivityof

thesesolsonafteing:s moremarkedthan that whichcanbcattributedto thé

increasein viscositywith time. The electricalconductivityof silicicacid

sol,however,increasesonageing. Thisis mostprobablydueto thefaet that

all colloidalparticleshave a tendencyto giveout thé adsorbedetectrotyte

onkeeping.Thus wehaveshown~that solsof Fe(OH),,Cr(OH),,At(OH)~,

etc,becomemoreconductingwith timebecausctheygiveout the adsorbed

electrolytconageing. Conséquentesilicicacidsolwhichpossessesan c!cc-

tricalconductivitytnosttydue to the freeelectrolytein the sol showsan

incMasein theelectricalconductivityas moreofadsorbedelectrolyteisgiven

outon ageing.Thédepressionof theelectricalconduetivityducto thépoly-

merisationof silicieacid molcculesis more than counterba!ancedby thc

givingoutofthe adsorbedelectrolytcin largerquantitieswithtime. It is

weUknownthat silicicacid is a very weakacid,and thereforc,its electrical

conductivityis necessarilyverysmall. Onthe otherhand,thodépressionof

thé electricalconductivityof vanadieand tungstieacidsonkeepingdue to

thepolymerisationofthe dissolvedacidsismorepromincntthanthe tendency

ofan increaoeIn the electricalconductivitydue to the liberationofadsorbcd

'Ber-,39.n6(t9o6);alsoseeXortonandRoth:J. Am.Chem.Soc.,t9,832«897~-J.

'Cf. Sehwarzandeoworkem:KoMoidchcm.Mhefte19,~t C9.'4';KoMoid-Z.,28,

?7(t99t);GMndmattn:KoUoidcMem.Hdhefte,18,197(t~M).
ïx)c.cit.

'MOtg.attg<'m.Chpm.,1M,~7;M8,~o9~'9~7);KoU<)M-}!42.~0~9~7)-J.
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clectrotytf-on agt'jng. The solsof tungstic,vanadicand siticicacM.<!ail bt'-

cotopunstabtetowardstheircoagulationbyctectroiyteson keeping,andthis

is obvioudydue to the fact that the colloidpartidesatsoaggregateto font)

biggcrpartides,andconsequentlylosetheirstability.

Thf stabitisinKinfluenceof traces of an acid,and the sensitizingeffect

of .onat!concentrationof an alkalifor thé sotsofsilicie,tungsticandvanadic

acidsinexplainablefrornthefollowingpointsofview:–

Wphavealreadyshownthat a portion of thesesubstancesis presentin

thé molecularcondition. Someof this is in equtibriumwith thé complex

acidsorijtinatinKfromthe associationof thé simplemoleeularcompounds.

Xow,ifan alkaliisaddedto a silicicacidsol it willreaet on théunpoly-

tnerisedacidmo!ecutesrt'adi!ybecauseof its greaterchcnnca!reactivity

than thatof the potytneriscdntotecutes.Hencethéamount of polymerised

nx)!('cu!eswilldccrt'aseand moreofunpo!ymphsedmolcculeswillbeformed

in ordertorestorcthé c<;uitibntttn.The polymerisedmoleculesof the acid

givcsoutcotnpk'x négativeion,whichMadsorbedmoreby silicicacidsol

t hana simpleion. Wchaveshown'that theamountofadsorptionisgreater

fora comptesand heavyionthana simpleone. Onthéadditionofanalkali,

th<'concentrationof the complexion decreasesand hencf:its amountof

adsorptionby sitieicsol also decreases. Thus the electricalchargeand

stabilityofthe solbecotneslessinpresenceof smaUquantitiesofalkali.

Onthéother hand, presenceof H' ionsincrcasesthe complexityof thé

anionssothat moreof anionsare nowadsorbedby the sol whichbecomes

necessaritystabilised. In a recentpaper Schutzand Jander*haveshown

that tungstateion becomesmorecomplexin naturein presenceof H' ions

and simpleby the introductionof OH' ions. Ourresults with vanadium

pentoxidesolalsoshowthat moreofvanadieacidcornesin true solutionwhcn

a littlealkaliisaddedto thesolofV~.

In thispaperwehave investigatedthe viscosityof thesesolsinprésence

of tracesofalkaliand acid, andwehave observedthat in all cases,that the

firstadditioncausesan increasein the viscosityof thesol,whitstacidswhen

addedin malt amounts,decreasethé viscosityof the sol. In severalcom-

municatioMit has bcenprovcdthat an inereasein the viscosityof a sol

ori~inatesfroma decreasein the clectricchargeon the colloidparticles,

whcrcasanincreasein the electricchargeofcoUoidpartictcsmakcsthe sol

less viscous. Consequcntty,our results on the viscosityof thesesols in

présenceof varyingamountsofH' and OH' ionsaccorda conclusiveévidence

that the electricchargeof colloidparticlesdecreasesby the introductionof

OH' ionsandH' ionsincreasethcirclectricalcharge. When,however,larger

amountsofan alkaliareusedtheviscositynaturallyfallsbecausesomeof thé

colloidalsubstancenowpassesinto true solution. On the other hand,the

viscosityofthe solsincreaseson addinglargerquantitiesof HCtas the ag-

gregationmayincreaseto suchan extcntas to formmorecolloidalparticles

KoUoid-Z.,34,)44()9~.
Z.anorg.aUcem.('hem.,26,t~t ('927).
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and thenH' ionsin theirturn mayexerta coagulatingeffect. It may beof

intcrestto pointout herethat whcnlargeramountsofan alkaliareusedthé

sol may becomestable becauseof thé formationof largeamountsof the

dissolvedsalts formedby thé interactionof the alkaliand the colloiditsejf.

Thèsesalts willgiveout anionsin abundancewhichcanbeadsorbedby thé

eolloidpartictcH.andthus the solwillbcstabitizcd. Simitarty,largerquanti-

tiesof an acid faveur thc coagulationof the sols,becauaeH' ionsexcrta

coagulatingefîectat higherconcentrations.Severatinvcstigatorshaveob-

xf'rvcdwith 8i().;sol that its gelationis favouredor checkedby a certain

optimumconcentrationof OH' or H' ionsfospfctivdy,bcyondwhichOH'

ionsdo not pxcrta coagutatinKcfït'etwhilstH. ionshelp thc gelationof

Si()<sot.

ThisinfluenceofH' ionsonthe g('lationof silicieacidsolhasbeennoted

longagoand it maybcof interestto considerhèresomeof theviewsof other

workerson the peculiarbehaviourof SiO:sol. Bancroft'attributcs the

increasein the speedof gelationby thé additionof OH' ionsto the greater

adsorptionofcationsinpresenceofanalkali. ThusMattson'hasshownthat

verylargeamountsofÇa" and Ba" ionsareadsorbedby kaolinor quart!:in

présenceof NaOH. It shouldbc pointedout hèrethat an additionof H'

ionsto the précipitâtesofFo(OH),,Cr(OH),,Al(OH)a,etc,increasesmarkedly
the adsorptionof anionsby thèsehydroxides,but it is wellknownthat H'

ionsstabilisethèsesolstowardstheir coagulationbyanions.

Onthe otherhand,FreundlichandCohnbellevethat alkalichangesthe

degreeof hydrationofsilicieacid,and thus changesthe lyophilioSiOtto a

lyophobe,and these solsare believedto bc moresensitiveto electrolytes.

Weare of the opinionthat this viewof Freundlichand Cohncannot find

supportfromourmcasurementsofviscosityof thissolwithvaryingamounts

of OH' and H' ions,wherewehaveobserveda distinctincreasein the vis-

cosityof the sotson additionofan alkali. It is obviousthat an increasein

viscosityis associatedwithan increasein the degreeofhydrationof the col-

loidparticlesand therefore,it is morelyophilicin naturein presenceof an

alkaliand this is the oppositeof whatFreundlichand Cohnhaveassumed.

Onthe otherhand,weare of theopinionthat this increaseinviseosityorigi- ·

natesfromthedecreasein the chargeonthe colloidparticlesin presenceof

an alkali. In a recentpaper Pauliand Va!ko*haveshownthat thé cata-

phoreticmovementof colloidal810~is far less in présenceof saitsof weak

acidsthan in presenceof KCI. In TableXXVII someof their resultsare

Mproduced.
The aboveresultsof Pautiand Vaikoproveconclusivclythat the siticic

acidsol movcdmoreslowlyin presenceof CH,COOK,NaHCO,and sodium

p-oxybenzoatethan in presenceof KCI,and consequentlythe colloidparti.

ctesappear lesschargedin the presenceof OH' ionsobtainedfromthé hy-

"AppMcdCotMttChemiet~w, 296«9~6).
'KoUoidehem.BcHMfte,t4, 2~7(t~at).
Kolloid-Z.,38,289(t9t6).
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drolysisof the salts of thc wcakacids. Mon'overwchave shownin this

paper that solsof tungstie acid and ~~0: rcquire RmttHerquantities of

hydrolysablesattsand brger quantitiMof HCIthan NaCtfortheircoagula.
t ion.

Wehaveobservedthat sotsof tun~sttcacid and vanadicacidbecotuc

moreunstabletowardatheir coagulation,beccmctuorcconduotmKand tess

viscouswhenheated. We are of thé opinionthat this occursbectUtsfat

higher températuresthe comptcxacidsexistiogin solutiondMon~posctu

formsimpler,moleculesand as thc complexityof the ionwhiehis adsorbed

by the sol,decreases,the amount,of adsorptionof thé stabilisingion atsc

decreasesand thus the sol becomesunstableon boiling. MoreovM'thf

electricconductivityof the sol is increasedon hcatingbocauM*the simph'
and moreconductingmoleculesinereasein thc solution. Sidcbysidc with

TABLEXXVII

SolXumber Electrolyte Vetueityto*t'.tn.
persecond

X KCt 49.7
X CHa CooK :<!7r

XV KCI s48
XV CH,CooK 30.33
XV X~.p~xybenzoatt* 29. t

XIX KC't 74.'

XIX XaHC'O. ~0.8

this wf shouldaiso take into accountincreasedageingof thé colloidpar-
tictcsonboiling,and thus the tossof the adsorbedelectrolyteisacecntuated

on boilingandmakesthe solunstable. It is wellknownthat byboilingcot-

loids )osetheir adsorbedwater and thus becomelesshydratcdand tess

viscous. We haveobservedthat a solof silicieacidcontaining22.54grms.

SiO.perlitre setsto a stiffjellyonheating. PauHand Valkohaveobserved )
that a boiledsolof silicicacidbecomesunstabletowardselectrolytes.Simi-

larly, F!emminKbas shownthat the timerequiredforgelationofa concen-

trated auicasolishalvedwhenthe temperatureis raisedfrom180to 25". )

Kruyt and Postma' have also detenninedthe changeof viscosityof

siticicacidsolwith time. Theyobservedthat the sol,whichdoesnot con-

tain anyfreesodiumsiticateshowsanincreasein viscosityonageingand also

by addingan alkali,whilsttheadditionHCtcausesat firsta decreaaein the
l'

viscosity. Kruytand Postmahaveexplainedthis changeofviscosityon the E
viewthat an increasedviscosityresults froman increasein thé electrical

f

chargeonthe colloidparticlesdue to additionof an alkalianddecreasoin

viscoaityfroma decreasein the etcctricchargeby the presenceof an acid.

This viewsecmsto be incorrectas it hasbeenrepeatcdtyobservedwithmore

than twentysolsand it bas beenprovedmathematioaHythat the incrcaM'

in thé electricchargeon the colloidparticlesalwaysresultswitha decreaMe

Mev.Trav.chim.,44,765h?!
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inviscosityof themtsand vice-versa.Moreovcr,it Mwe!tknownthat si!icic

acidsolbecome8unstableon the additionof an alkaliand gelationis mort'

rapidbyptectrotyteain its présence. Weare,therefore,ledtoconcludethat

the increasein viscositybythé additionofalkaliisdueto thedecreasein the

ctecthcchargeofcolloidparttcles.
Grundmann'has shownthat with time the chargeon silicicacid sol

becomesmore negativein presenceof an acidand !t reachesa maximum

and then it faUsand finallybecomespositive. Moreover,theelectriccon-

ductivityof a mixtureof sllicicacidsoland HCtfallsoffwithtime. Thèse

resultscan bc explainedfrontthe pointof viewthat the solbecomesstable

and thé chargeincreasesin présenceof smallquantiticsof an acid as bas

alreadybeen explained. The decreasein the electricalchargeof a sol in

presenceof HCIand its becomingpositivelychargedwith time,and a de-

ereasein the eteetrica!conductivitywith time, are causedby the actua)
chemica!reactionof HCIon silicieacidsol.

SumnMïyandConclusion

(t) Tun~tic acid has been foundto followthé Schuhte-Hardylaw.

Concentratedsol requiresmore of an electrolyteto coagulateit than a

diluteoneandadditiveamountsof KNO3and BaC!:are requiredto coagu-

late thesolwhenit isprecipitatedbytheirmixtures.

(:) Sols of tungsticand vanadicacids requiremoreof an acid and

lesseramountsof the salts of weakacids to coagulatethem than NaCt,

KNO3,etc.

(3) It has beenshownthat likesilicicacidsol, the colloidaltungstic

andvanadicacidsarestabilisedbyanacidandsensitizedbyanalkalitowards

their coagulationby an electrolyte.
(4) The viscositiesof the sots of silicic,tungstic,and vanadic acids

increasein presenceof tracesofan alkaliand decreasewithsmat!amounts

ofanacid.

(s) It has beenobservedthat thesesols containsotnemoleculesin

true solutionand these dissolvedmoleculespolymehseto form complex

moleculesby an increasein H' ion concentration.Onthe otherhand, thé

complexmoleculesbecomemoresimplein presenceofOH' ions;and conse-

quentlythe colloidparticlcsadsorbmoreof stabilisinganionsin presenceof

an acidthan in presenceof an alkali.

(6) Viscosityand specifieconductivityof thé sols of tungstic and

vanadioacidshave beenfoundto increaseand decrcascrespectivelywith

time.Silicicacidsola!sobecomesmoreviscousbutmoreconductingonageing.

(7) Boilingmakesthesolsofsilicic,vanadic,andtungsticacidsunstable.

It has becn foundthat thé solsof tungsticand vanadicacids hceome

moreconductingand lessviscouson boi)in)!.

CAftO~t~h'm<ofi/,
<7nt[tn~ o/ /tH(tA<t<Mj./)«<<<).

M.n<a~M~.

KoMotdchctn.iieihcftt'.t8, t~ «9~.



THE VAPOMPRË88UKEOFSOLUTIONS0F POTASSIUM

ÏN UQUID AMMONIA*

BY WARttEN C. JOIINSON AND ALBERT W. MEYKR

It is essentialthat the vaporpressuresofsolutionsof the alkali metala

in liquidammoniabe knownsothat the trueconcentrationof anysolution

may be teadily determinedin thé variousinvestigationsof its physical

properties. Thèse vapor pressuremeasurementsare requiredat several

temperaturesand over a considerablerangeof concentration.Data are

availablefor solutionsof sodium'dissolvedin Uquidammoniaat manydif-

ferent températures,and for solutionsof lithium'at -39.4' Joannisbas

measuredthe vaporpressuresofsaturatedsolutionsof potassiumin liquid
ammoniaat temperaturesrangingfrom -20" to +40°, and, in addition,
bas determineda fewvaluesof the vaporpressureof coneentratcdsolutions

of thismetalat o°andat 8.44".
The pressure-compositioncurveoncrsa meansof determiningthé solu-

bitityofthe alkalimetalin liquidammoniaat anygiventemperature. When

ammoniais added to the metal,the resultingsolutionshowsa constant

vaporpressure,that of the saturatedsolution,as longas any undissolved

tueta!remains.Théchangeinthévaporpressureinpassingfromthesaturated

solutionto those less concentratedin metal isvery abrupt. It is possible
to obtainseveralpointson thé eurvcin this regionbycarefulmanipulation
in theexpérimentalprocedure.Whenthiscurveis extrapolatedto intersect

the horizontalline representingthe vaporpressureof thesaturatedsolution,
there is obtaineda pointcorrespondingto the compositionof the saturated

solution. By this procedure,Joannishas foundthat, at o° and 8.44",i

gramatom of potassiumdissolvesin 4.31and4.37grammoleculesof am-

moniarespectively. Accordingto thesevaluesthe solubilityof potassium
decreasesas the temperatureis increasedfromo"to 8.44". Sinceherecords

onlytwovaluesat o" at concentrationslessthansaturation,it is quiteprob-
ablethat théextrapolationhemadetodeterminethesolubilityis considerably
in error.

Run and Geisel*havedeterminedthe solubilityof potassiumin liquid
ammoniaby an entirelyindependentmcthod. Anamountofammonia,in-

sufficientto dissolveail the metal,wasaddedtometallicpotassiumin small

tubes. Abovethe mixtureswasplacedsomecottonwaddingand the upper
end of the tubes wassealed. The tubescontainingthematcrialworethen

agitated for three hours to insuresaturation. Afterthis periodthcy were

ContributionfromtheKentChonica)LaboMteryofthct'nivcMityofChicago.
JoMni8:Ann.CMm.,(8)7,5(too6);t\nnM,C&mcytmdJohMomJ.Am.Chem.Soc.,

40,Mo6(t997).
KrausandJohnson:J.Am.Chem.Soc..47,7~5(<9<5).
HutïandGcise):t~er.,39,8~(<9o6).



VAPOH HM!8SUa& Of MM*A<mCMM UOMH AMMONtA t9<3

inverted to allowthe solutionto fliter throughthe wadding. Whenan

amount suNicientfor analysishad filtered,the tubes were immediately

placedin a Dewarnask containingliquidair, inorderto freezethe entire

contents. Thenthe bottompart of eachtube wasbrokenon' immediatety
abovethe saturatedsolutionwithoutallowingthecontentsto meit. The

solutionwasfinallyanalyzcdaccordingto thé usualprocedures. Thèsein-

vestigatorsusedthismethodto propareand analysesaturatedsolutionsof

potassiumin liquidammonia. At o", --s~ and -'oo" thé composition
of thé saturatedsolutionswasfoundto bc 4.74,4.79and 4.82grammoje-

culesof ammoniarespectivelyper gramatomofpotassium. Accordingto

thèsevaluesthe solubilityofpotassiumin liquidammoniaincreasesstightty
withincreasingtempératureoverthe rangefrom !oo"to o".

KrausandLucasse'wereabletodéterminethecompositionof a saturated

solutionofpotassiuminliquidammoniabytneasurin);théspecifieconductance

asa functionof theconcentration.Theyfoundthat at -33.5"onegramatom

ofpotassiumis dissolvedin4.87grammoleculesofammonia.

Tho presentinvestigationwasundertakento déterminethe vaporpres-
suresof solutionof potassiumdissolvedin liquidammoniaat variouscon-

centrationsat the températures,o", -33.5" and-50.38°. Thé solubility

ofpotassiumin ammoniaisobtainedfromthedata.

ExperimentalPart

The apparatuswasso designedthat the vaporpressurescouldbereadily

determincdfor a sériesof concentrationsrangingfromthat of a saturated

solutionto onoquitedilutein dissolvedmétal. Thémethodemptoycdwas

cssentiaUythé sameas that usedby KrausandJohnsonin their measure-

mentswithlithiumsolutions. A soda-glasstubeapproximatcly30 mm.in

diameter,havinga total capacityofabout !5oce.,servedas a containerfor

thé sotutions. Agtassstirrersupportedby a Chromelwire spring,which

washunginsidethé tube, wasusedto agitatethesolutionsinorder to facili-

tate the establishmentof equilibriumconditions.Thestirrcr containeda

cylindricalironeorowhichwasactuatedby passingan intermittentourrent

through an externalsolenoid. The pressurewasmeasuredby meansof a

mercurymanometerbackofwhichwasplacedcoordinatepapergraduated

in millimetersandmountedona steelplate.
The ammoniaintroducedwasmeasuredin pipetcellsgraduatedin 0.0r

ce.and themanipulationwascarriedoutaccordingto themethodof Kraus.~

Thevolumesof theentirepipctsystem,ofthc!iMsleadingto the manometerf,

and of the connectingtubesweredetennincdbyallowingammoniagas to

expandfroma knownvolumeand pressureintothesevariousparts of the

apparatus, thé pressurebeingobservedafter each successiveexpansion.

Fairiy accuratevaluesof thèsevolumeswerenecessaryin order that cor-

rectionsmightbcappliedforthe amountofammoniapresentin the vapor

KrausM<)LueMM-:J.Am.Chem.Soc.,0, 3529()9~').
Kraus:J. Am.Chem.Sec.,43,749<t9~')-
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state aftereachintroductionofliquidammoniafrom the pipetcells,and for

the amountofvaporbetweenthe solutionand the manometerafter equilib-
rium basbeenestablished.

The metallic potassiumwas introducedinto the tube through a fine

capiHaryaccordingto the methodofKrausand Lucasse.t Assoonas the

capillarywas ealed off, thé vapor-pressuretube and thé pipet lines were

exhaustedby meansof a mercuryvaporpumpsupportedby a Hy-Vacoit

pump. A measuredamountofammoniawasthen introducedfroma pipet
ceUand solutionof thé metalwasacceteratedby putting the stirrer into

operation. After the solutionhad beenagitated for severalminutesand

the vaporpressureappearedto be constant,the manometerreadingwas

noted,a smallamountof ammoniavaporwaswithdrawn,andthe pressure )

wasagainobserved. In this mannerequilibriumwasapproachedfrom both

sidesandthe procedureservedas a meansfordeterminingtrucequilibrium

pressures. <

In orderto withdrawammonia,the vapor-pressuretube wasconnected f

to a largertube havinga capacityof 550ce. whichin tum wasconnected

to a secondmanometer. Whenan amountofammoniamorethan aumcient

forsaturationhadbeenaddedto thepotassium,the vaporabovethe solution

was allowedto expandinto the largereservoir,the pressurewasobserved t
onthe secondmanometerandthesolutionwasallowedto cornetoequilibrium

again. The ammoniagas wasthenpumpedout of the reservoir,the vapor

pressureof the solutionwasnoted,and the above processfor withdrawing
additionalammoniawas repeated. This procedurewas followeduntUthe

vapor pressureof the solutionreachedthat of the saturated solution,thus

enablingone to obtain severalpressurereadingsin thé moreconcentratcd

regions. The amountof ammoniawithdrawnin each instancewas deter-

minedby notingthe temperature,volumeandpressure,and thecorrespond-

ing valuewasdeductedfromthé totalamountof ammoniapresentin order

to obtainthe trueconcentrationof thesolution. The processof withdrawing
ammoniagasalso served to removesmallamountsof hydrogenthat were

presentdue to thé formationofpotassiumamide. Althoughtheamount of

hydrogenformedin this reactionbetwcenammoniaand potassiumwasnot ,i

great whenthe metalwasfreefromits oxide,neverthetess,it wassufficient °

to producea noticeableeffectuponthe totalpressurereadingsin the highty
concentratedsolutions.

Themeasurementswerecarriedout at thrceditTerenttempératures,o°,

-33.5" and -50.38°. To maintainthe temperatureat o", thevapor-pres- t
sure tubewassurroundedby a PyrexDewarfiaskcontainingfinely-chipped
icc in equilibriumwith water. A thermometercalibratcdby the Bureauof

Standardswasinsertedinto thebathandit wasnoted that the temperature
remainedat o" ±0.05" for a pcriodof severalhours. A thin-wattedtube

`

was placedaroundthe vapor-pressuretube in order to keep the potassium s

awayfromthe ice-watermixtureincaseofaccident.
`

KMUBandLucMse:J. Am.Chftn.Sac.,43.~9 (t92'Li.

i
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It was found moredimeutt to maintainconstanttemperatureat thé

boilingpointof liquidammonia. The ammoniain the Dewarbath was'at-

lowedto boitagainstthe atmosphèreandthe heightof thé liquidwaskept
as constant as possibleby frequentadditions. The atmosphericpressure
wasnoted at frequentintervalsduringa détermination.The variation in

the températureduringa periodof severalhourswasnot greaterthan o.t"

undertheseconditions.The temperaturewasdeterminedby notingat the

beginningof a run the vaporpressureof pure liquidammoniaunder the

conditionsto be followedin the courseof thc série))of the measurements.

Thé temperaturecorrespondingto this pressurewasthenobtainedfromthe

tablesgivenby Cragoe,Meyersand Taylor.' Four runswerecarriedout

at the boiUngpointof liquidammonia. Thepressureofpureammoniawas

measuredincachcaseandfoundto be 755.0'n'n-.7S-t.4mm.)75~.8mm.and

7SS.4mm. respectively.The averagevalueof thèsepressurescorresponds
to that of pure ammoniaat a temperatureof -33.5". At this température
the vapor pressureof pure ammoniachangesapproximately38 mm. per

degree;accordingly,the maximumvariationin the température,as repre-
sentedby the abovepressures,is about 0.07°.

At – 50"the températurewascontrolledreadilybyboilingthe ammonia

in the Dewarbath under reducedpressure. An alcoholthermometerwas

placedin the bath,and, whilea slowstretunof hydrogengas wasallowed

to bubblethroughthe liquidfor the purposeof maintainingunifonntem-

peratureconditions,thé ammoniavaporwasdrawnoffby meansofa water-

jet pump. The rate of evaporationwasregulatedbya screwclamp. The

true temperatureofthébath wasdeterminedbyobservingthcvaporpressure
of pure liquid ammoniawhenthe thermometerreadingwaa so". This

pressurewasfoundto be that ofpure liquidammoniaat -so.38" accordinf!

to the tablesof Cragoe,Meyersand Taylor. Thevariationin the tempera-
ture throughouta seriesof measurementswasnot greaterthan 0.05".

Aftera run hadbeencarriedout, the coolingbathwasremovedand the

ammoniawas allowedto eseape. The potassiumwasthen washedout of

the vapor-pressuretube withether,alcoholand, finally,water into a plati-
num dish. The greaterpart of the otherand alcoholwasevaporatedby

warmingand thealkalinesotutionwasncutratizedandacidifiedwith hydro-
chloricacid. Finalty,thesolutionwasevaporatedtodrynessand the potas-
siumehtoridewasheatedto constantweightIna furnaceat a temperatureof

Soo". Thé potassiumwasfoundto be freefromironand to containonly
a minuteamountof sodium. The ammoniaused in the investigationwas

driedwithmetallicsodiumandthen distiUedintoa smallsteelcylinder.

Results

The resultsof four seriesof deteminationsat o*are givcnin Table I;
four seriesat -33.5" are givenin TableIl; and twoseriesat –50.38"are

givenin Table III. Theresultsobtainedat o" are plottedin Fig. T,while

Cragoo,McyeMandTaytor:Hur.ofStandarda,Sci.Pub.,369,(t9<o).
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thoscat thétwotowcrtempératuresareshowninFi(;. Manyof thevalues

arc not plotted,cspcctaHyin theconcentratedregions,due to the overlapping
of points. Theconcentrationsareexpressedin ({rammoleculesof ammonia

pergramatomofpotassium;thepressuresaregiveninmiUimet~rsofmeroury.

The solubilityof potassiumin liquidammonia,as determinedby thc

extrapolationtncthodouttinedabove,isgiveninTableIV. Thevaluesfound

by Joannis,Krsusand LucasseandMuffandOeiselare likcwiseUstedinthis

table.

TABLE 1

VaporPjvisurcof Solutionsof Potasstumin Ammoniaat DifferentConcen-

tionaato"

Séries r, t.t8t8 g. of Potassium

('one. NH3/K !4S !.S4' 4.030 5.409 5-33~ 5-243

Prcss.,mm. 748.3 755.9 748.9 "40.2 !o8:.5 100$.4

Conc.NH~K 5.147 5.050 4.956 4.70t 4.615 5.880

Pr<'s8.,mm. 99:9 9374 884.8 769.9 74:.9 !3936

Conc.NHt/K 5.831 7.io: 7.04;

Prc8s.,mm. r356. [ zoot.4 !90!.9

Series 2, o.28o6g. of Potasstum

Cône. NHt/K 4.056 3.950 7.357 7.J4' 6.880 6.4t6

Press.,mm. 799.5 753.3 !o6:.2 t97S' '854.0 !o

Cone.NH,/K 6.113 5.883 5.6!5 5.347 5.082 4.800

Press.,mm. '49!.7 '354.9 m99 1091.2 9652 ~32.8

Conc.NHt/K 456' 7.4'o 7.137 6.644 10.295 9.776

Prc!!8.,mm. 760.! 2018.: !927.6 1740.9 t6:4 ~557.7

Series 3, 0.650!g. of Potass!um

Conc.NHt/K 3.555 6.:26 6.089 5.868 5.519 5.094

Press.,mm. 764.4 t65t.6 '50!.5 !398.3 i!6i.5 959.~

Conc.NH./K 4.806 4708 4.188

Press.,mm. 835.5 792.6 750.4

Series 4, 0.4588g. of Potassium

Cons.NHt/K 3.260 3.~3 5999 S~oz 5.394 5098

Press.,mm. 760.8 747.' '405-7 '~6~ '070.77 918.3

Conc.NHt/K 4.779 4549 8.S94 8.o6'r 7.466

Prc8S.,mm. 808.2 748.9 2360.5 2!6i.3 Mt8.8
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TABLEH

Vapor Pressure of Solutionsof Potassium in Ammoniaat Different Concen-

trations at -33.5"
Series :.94i2 g. of Potassium

Conc.NHt/K 1.657 2.745 3.900 s.272 S.'77 5082
Press.,mm. '65.0 t6j.s 167.0 208.0 t<)t.o 177.2

Conc.NHa/K 5.009 4946 8639 8.434
Prp!'s.,mm. 166.oo 162.2a 599.55 583.5

Séries2, t.$144 g. of Potassium

Conc.XH~K 2.386 3.773 3.69;, s.t88 5.084 4984

Press.,m)n. 162.0 161.o i6t.o 202.8 îSô.s !72.8
Conc.NH~ K 4877 6.:93 8.43; 8.274 10.576 10.437

Presi!mtn. )62.o 3596 57t.4 564.6 675.2 669.8.
('one. XH3'K '3077 t2.47o !S23f
Press.,nun. 722.5 707.2 732.3 c

Series3, '.7333 g. of Potassium
r

t'onc.XH,'K 1.887 2.725 3.636 4.574 5.504 6.238

Prcss.,ntm. '597 '595 t6t.6 t66.2 294.5 306.2
·

Cone.NHjtK 7.t8[ 8.031 8.822 8.696 9.806 10.457

Press.,n)nt. 500.3 566.9 6:5.o 6o!.2 640.5 666.3
Conc.XH~ K tt.28o )2.22ï !3.o69 '3977 19.079

Press.,)nm. 686.0 703.0 7t4o 722.2 745-0

Séries4, 0.8829g. of Potassium

<'onc.XHa K 2.134 44~9 6.581 6.331 6.007 5 y'4

Prcss.,mm. )62.i t62.8 393.6 35!.7 309-7 365.!
Conc.NH~K 5462 5~48 5.067 4899 6.682 8.35~

Press.,mm. 226.4 '937 t68.7 t6f.o 405.00 561.3

C'onc.NH~/K 10.228 !2.79~ !2.o96

Prpss.,mm. 657.4 7tt.8 693.6

TABLEIII i

\'apor Pressure of Sotutions of Potassium in Ammonia at Different Coneen-

trations at 50.380
Series t, 1.1405g. of Potassium

f'onc.NH~/K ).485 3.686 5.269 5.200 5-'3' t 5.062

Prcss.,mm. 62.9 6t.8 83.6 76.3 72.0 67.5

Conc.NH~/K 5.006 6.895 8.8ot 8.609 10.264 11.900

Press., mm. 62.6 t83.9 240.9 236.6 258.0 278.3

Séries 2, [.2304g. of Potassium

Conc.KH~/K 647 3.390 4983 4932 6.626 6.496

Press.,mtn. 63.4 63.5 64.8 62.6 174.4 166.4

Conc.NHa K 6.372 6.254 6.139 5.3*9 S-~57 5.'96
Press.,mm. t59.t '52.3 145.2 81.2 76.6 72.0

f'onc.NHi/K 5.140 5.086 5.036 7.128 7.036 10.942

Prps!mm. 68.7 64.6 63.6 ~3.2 '87.9 276.5
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TABLE IV

So)uM!ity of Potassium in Liquid Ammonia,

Tempef~ture o* -33. S** -so-o* -oo°

JohnsonandMfypr 4.68 4.95 S-~S
––

Joannif! 43'
–– –– ––

HuffMdGeiset 4.74
–-

4.79 482

Kraus and Lucassc ––
4.87

–– ––

Discussion

Thcformof thevaporpressurecurvesfor potassiumdissolvedin liquid
ammonia.correspondscloselyto that of the curvesfor sodiumand lithium.

The vaporpressureof the solutionsremainsfixedas longasanypotassium
is presentin equilibriumwiththe saturatedsolution. Whensolutionof the

potassiumia complete,a markedinereasein the vaporpressureis noticed

as the concentrationdecreases. At still lowerconcentrations,the curves

flattenout andapproachthe vaporpressureof pureliquidammoniaat thé

temperaturein question.Thereareno breaksin the curveto indicatethe

formationof a compoundbetweenpotassiumandammonia.

It willbenoticedthat thé data givenfor the saturatedsolutionsare not

cntirelyconsistent.This is due to the fact that in manyinstancesthe

solutionsworenotallowedto corneto equilibriumafter eachadditionof

ammonia,since,at theaohighconcentrations,considérabletimeis required
to establishtrueequilibriumconditions.Thevaporpressureofthesaturated

solutionwasdetenninedat each temperatureindependentlyandwasfound

to havea valueof?somm.at o°, lôï mm.at –33.$"and63mm.at 50.38".
Thefirstvalueis inagreementwiththat foundby Joannisat o".

The data appearto bc somewhatinconsistentat highconcentrations

wherethe curvesareverysteep. Thisisespeciallytrue at o". At this tem-

perature,the vaporpressurechangesapproximately25omm.for a change
in concentrationofonly o.5grammoleculesof ammoniapergramatomof

potassium. Hence,an appreciablechangein pressurecorrespondsto a very
smattdifférenceinconcentration.

It isevidentfromthe dataK'veninTableIVthat the solubilityofpotaf.
siumin liquidammoniaincreascsslightlywith increasingtemperaturefrom

-50.38" to o*. At–so.38", too gramsof liquidarnmoniadissolves45.56

gramsof potassium;at -33.5", 46.38gramsofpotassium;andat o", 40.0';

gramsofpotassium.RuffandGeiselalsofoundthat the solubilityincreases

siighttywith the température. Thevalue(tivenby these investigatorsfor

tho compositionofthe saturatedsolutionat o" is 4.74grammoleculesof

ammoniapergramatomof potassium,whichis ingoodagreementwithour

valueof 4.68. At –50*,the discrepancyin the results is muchgreater.
It wouldappcarthatthe valueof 4.31grammoleculesof ammoniaper gram

atomofpotassiumgivenby Joannisat o*is in crror. Sineehe detennined

only twopointsatconcentrationslowerthan that ofsaturation,it isdifficuit

to conceiveofanextrapolationpossessingany significance.



It~O WAHRH'< C. JOH~SON AXO At.BHHT W. MKYHT

StUNtMty
The vapor pressuresofsolutionsof potassiumin liquid ammoniahave

beenmeasuredat o°, -33.;° and -50.38° overa considerableconcentration

range.
The vaporpressuresof thesaturatedsolutionsof potassiumin annnoma

at thesetempératuresare ~o mm., t62mm.and63mm.,respectively.
The solubilityof potassiumin liquidammoniaincreasesslightlywith

increasingtempératurefrom 50.38°to o". Thecompositionofthe saturated

solution,expressedin grammoleculesof ammoniaper gram atom of potas-
sium,is 4.68at o°,4.95at -33.5 and S.osat -50.38°.

Thereis noévidencefortheformationofa compoundbetwecnpotassium
and ammonia. n



SOLUTIONSFOR COLORIMETRICSTANDARDS.Il. THH

RELATION0F COLORTO CONCENTRATIONFORAQUEOUS

SOLUTIONSOFCERTAININORGANIC8ALTS

M. Q. MELLON j~/

Judgingfrorn the taekof information,at least in chemicalporiodicats,

regardingthe useofnumericalspecificationsofcolor,oneis ledto conctudc

that theaveragechemist,rather thanhavinglearnedto thinkin thefietcnns,
is BtiMattemptingto specifycolorsdescriptively,so that an objcctexhibiting
a bluehue,forcxampte,Mdesignatedsimplyasbeinga light,dark,médium,

Alice,sky, azure,orsomeothertypeofMue.

Recently,twocommittecs,composedofreprésentativesfromthe various

fieldsof activity interestedin colorimetries,publishedcomprehensivereports

fiescribingmethodsof measuringandspecifyingcotors'' Followingtheir

suggestions,onemayfonnutatca definitenumericalspecificationof a given

coloroneitherthemonochromaticor trichromaticsystem. Thepresentpaper
is presentedin the hopeofaiding,in sotneamallmeasure,thedeve]opment

amongehemistsofanappreciationofthepossibilityofapplyingthesemethods.

Inthe firstpaperof thisseriestdata forvarioussolutionswerepresented
!ntheformofcurvesrepresentingpercenttransmittancyasafunctionofwav<-

length. The readingsfromwhich thé curveswere constructedhad been

obtainedby determining,at the wavelengthsindicated,the percent of in-

cidentlight transmittedbythe varioussolutions,relativeto thattransmittcd

bythepuresolvent. Suchcurves,in themselves,maybesufficientfor certain

purposesas an indicationof the propertiesof the systemmeasured;but in

caseone wishesto knowthe relativebrilliance,cotorimetriopurity (satura-

tion),and dominantwavelengthof the system,or the percentagesof ele-

mentaryred, green,and violetexcitationsconstitutingthecolor,further cal-

culationis necessary. Anexampleis givenbelowof howthisis donc fora

givensolution,togetherwiththe collecteddata for severalsolutionsof dif-

ferentconcentrations.
MethodofCaÏcuhtion

Thedata presentedherowereaUdeterminedbymeansofoateutationsbascd

onthecurvespreviouslypublished,and includeonly thé inorganicsolutions

ofAmymentionedin thé firstpaper.
Aninspectionof the originalcurves,involvingmeasurementsmade with

a Kouffetand Esserspectrophotometer,indicatesthat the readingsdid not

coverthe wholerangeof wavelengthsfrom400to 700m~,dueto the fapt

that the relative visibilityfor differentwave lengthsbecomesquite low

towardeither the red or violetend, renderingthe readingsin these regions

Th)tM)detal.:J.Optics)Soc.America.Kev.Sci.Inatt-umenK,6,~7(t9<a).
'Hibsonctat.:J.OpticatSoc.America-Itev.Sci.Inatruments,tO,!69(<9~5).
'MpMonandMart:n:J. Phya.Chem.,30,<6)(t~).
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too uncertainto beveryreliable. However,in nmkingcalculations,suohas

thosepresentedbelow,onecanscarcelyneglecttheeffeotof the violetexcita-

tionsfor wavelengthsbelow44om~t,whereroadingson the Kcuneland Esser

instrumentare dimcultto make. It is neoessary,therefore,to extrapolat<*
the eurvespreviouslypresentedin orderto includethe wholeregionbetween

400and 700m~. An inspectionof the publishedeurves indicatesthat, in

someinstancesat least, suehan extrapolationbecomesa little too much of

a guessto leaveoneentirelycomfortable;but, onthe other hand,failureto

makesuchextrapolations,whiehfinallyinvolvesthe omissionofcertainele-

mentarycolorexcitations(particularlyseriousin the violetregion),leads to

absurd resultswhenone attemptsto constructa curve coôrdinatingsomf

givenvaluewithconcentrationfora solutionsuchas cobaltouschloride.

In orderto indicatejustwhatwasdonein thisdirectionbeforecalculating

the presentdata,there is includedin TableI thevalueof the transmittancies

whichit seemedmight reasonablybe used as extrapolatedvaluesfor the

endsof thecurves.

Since thé methodfor calculatingthe valuesused in specifyinga color

sccmnot to be generaUyknown,illustrativecalculationshave beenmade

for an ammoniacalsolutionof cupricsulfatehavinga concentrationof two

hundredthmolar. The followingsteps indicatethe generalprocedurein-

volved

t. Extrapolate(if necessary)the spectral transmissioncurve, as de-

seribedabove,constructedfromthe two sets ofvaluesread directlyon the

Keuneland Essercoloranalyzer. For the solutionof cupriosulfatethese

values (wavelengthand percenttransmittanoy)aregivenin columnst and

2 of Table II.

i. Obtain,by meansof the special slideruleavailablefor the Keuffet

and Esserspectrophotometer,at intervalsof evenro m~, the valuesgiven
in columns3, 4, S,and 6 ofTableII; that is, calculatethe elementarycolor

excitationvaluesforred, green,and violetand thevalueof the relativebrH-

liance. With considérablemore effort, these values may bo calculated

without the specialslide rule.1

3. Obtainthesum of the valuesin eachofcolumns3, 4,and 5. Then

n'ducethèsesumsto pereentageformby dividingthe sumforeachcolumnby

the sum of all three. Multiplyingthe resultsby too givesthe pcrcentsof

red, green,andviolet.

4. Obtainthedominantwavelengthandthepercentcolorimetricpurity

by meansofthecolortriangleavailableforsuchwork,usingthe percentsof

red and violetcalculatedabove.

5. Obtainthe sumof the valuesin column6 and divideby thé sum of

the luminosityvaluesfor"averagenoon-daysunlight"(10.6856)*in order to

calculate the percent relativebriUiancc.

Ferry:"PhyacaMettaurcments",t, 939(!9:6).
~SeeRef.t.TaMeVt.
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TABLE1

Vatues used for percent transmittancy for thé ends of cun'es for various

solutions (extrapolatedif neccesary)

Solution Concn. VioletEnd Middte ItedEnd

Cu80< M/4 too at 47om~ t at 623 n~

M/8 660

M/i6 500 700

M/3:2 8

Cu(NH,)<SO< M/ico !ooat43o 1 at 548

M/:oo S 7oo

M/400 440 30 700

(NH<):CrO< M/300 iat457 tooats'o

M/6oo 440

M/1200 4:8 soo

FeCh M/4 t at 486 66 at 700

M/8 "470 89"

M/i6 453 96

M/3: 2 440 too" 6to

J ï &t 4SO

Co(NH~Ct, M/.oo .ooat4'o
,.oat7oo

M/:oo
680

M/400 4~0 630

f t at 4<o 7 at 700

CoCh M/4 .ooat40o
<<

7I at yoo

~8
n

<f'M/8
1""S40

M/t6 4"o 87

M,'3:2 4~0 98

K<Cr,0, M/66 t&t548 icoats~o

M/i2 540 S85

M/6o s~ 575

M/300 492 570

M/6oo 473 5So
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TABLE II

Cotonmetrio data for a two hundredth molar solution of t6t)'amm:no-cupric

sulfate “

Wtve Etementaryeolorexcitation value» Relative Wave ten<:th

length T Kcd Green Violet BriUtMep X liel. Bfi).

400 m~t !00'f
–– ––

29.60
–– ––

4!0

m",

!00 –– ––
33'70 L

–– ––

4:0 100 –– –– St.ïo
––

4~0 too –– –– 81.40 o.o!t9 5-

440 97
–– 0.6$ 93.00 o.oi68 7.39

4~0 87
–– t.39 8f.40 o.ozs9 !i.66

460 78
––

3-to 67.50 0.0370 t7.03 )

470 68 ––
s-95 50.30 0.05~8 :4.82 )

480 59 o-9i 8.02 30-60 0.0750 36.00

490 49 9-4S lï.'o 0.0998 48.9~

:;QO 39 3-7~ !t.8o 5 So o.t230 6t.47

510 28.6 5 °3 '3-~0 ~~9 o.t44o 73-40 )

5:0 !9 7 5.40 n.oo 1.41 0.1360 70 68
530 :3 6 4-9~ 9.39 0.70 o.tiso 60.92

540 9-6 4.~7 7 o: 0.33 0.09:8 so.to

550 7.0 3.54 5.20 o.t5 0.0698 38.40

66o 5-' 83 3 56 0.07 0.0503 !:8.!6

570 3 8 2.~8 2.36 0.03 0.0358 20.4'

580 2.9 '-78 r.44 o.ot 0.0251 '4-5°

590 2.4 1.50 0.84 0.0179 '0.56

600 2-t t.24 0.48
–– o.o!29 7.74

6<o 2.0 t.05 0.26 0.0097 5.92
620 2.0 0.83 o.t3 –– 0.0072 4-46

6jo 2.2 0.68 0.07 0.0054 3.40
640 2.4 0.50 0.03 –– 0.0038 2.43

650 2.7 0.34 O.Ot 0.002$ t.62

660 3.t 0.22 –– –– o.oot4 0.92

670 36 o.t4 –– –– 0.0008 o.53
680 4.0 0.09 –– –– 0.0004 0.27

690 4.6 o.o6
6 –– ––~

:oo 5.1 o.o6 –– ––j o.aoo~y o.ay

1

43~9 9635 54'.89 ï-'732 607.05

Dom.~ Purity

468n~t 50% 6.4% '4. 79.5% "-o% 5~.4 m~

JO --l .t_ _u. _1. .1+:lm nnn6runirn innohto inrii_
6. To calculate the values in column 7 multiply each wavo length indi-

cated by the corresponding value for relative britttancc. The sum of thèse

values is then divided by the sum of the values for relative brilliance to ob-

tain the wave length of the spectral centroid (or center of gravity).

¡
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Havingmadesucha set ofcalculations,the colorthenmay bc definitely

xpecifiedby giving,for thé tnchromaticsystcm,the percentsof red,green,

and violet, or, for the monochromaticsystem, thc percentscotorimetric

purityand relativebrittiance,togetherwiththé dominantwave length.

Havingmadesuch a ca)eu!ation,it shouldbc kept in mind, however,

that thecolorimetricspécificationsoobtainedholdsonlywhenthe objectls

ittuminatedby "averagenoon-daysunlight." Simitarcalculationscan bf

made,of course,for othersourcesof illumination,provldlngone knowstheir

spectraldistributioncurves. The specialsliderule wouldnot be applicable

then, sincc its valuesare bascdon detenninationsfor average noon-day

suntight.
RelationofColorto Concentfation

If one wereto inquireof mostchernistswhat happenscolorimetricaMy

on adding moresolvent to a giveneoloredsolution,they would probably

reply that the proccssof dilutionrendorsthé colorpaleror tess intense.

Similarly,the more concentratedof two colored solutionsis frequently
referredto as havingthé deepercolor. In viewof the newerspecificationof

color,suchan answeris not entirelysatisfying;one is ledto seek theeffect

of dilutionon thé variousnumericalvalues,or, in general,the relationof

colorto concentration.

Sincethe curvcspreviouslypublishedhad bf-endeterminedfor severnl

concentrations,it seemedworthwhileto makethc necessarycalculationsfor

them. Accordingly,thedatawerecompiledforaqueoussolutionsofcobaltous

chloride,ferrie chloride,and cupricsulfate,ail acidificdwith hydrochlorie

acid.forammoniacatsotutionsoftetrammino.cupricsulfateand chloro-pent-
amminocobatticchtoridc,andforanaqueoussolutionofpotassiumbichromate.

Thecalculatedvalues'are giveninTableIII.

In order to showa little moreclearlythe retationshipsinvolved,an at-

tcmptbasbeenmadetoconstructcurvescoordinatingthévariouscolorimetric

valueswith the concentrationof the solutions. Beingunable to readpre-

ciselyin the redand violetregionsofthespectrum,thusneoessitatingcertain

extrapolationsfor the originalcurves,introducesan undesirabteuncertainty

into thecalculatedvalues;but it seemsprobablethat theyhave a reasonable

reliabilityin indicatingthe gêneraidirectionofthe enectofdilutionuponthc

variousnumericalcotorimetricvalues. Prefcrabty,also,a greater numbcr

of dilutionsshouldhave beeninctudcd;but whenthc mcasurcmcntswere

made, the present calculationswerenot contemplatcdand the limitsof

concentrationused weredetermincdlargelyby the difficultyof obtaining

reproduciblereadingsfor the transmittancy.Curvesforthe sevensolutions

tt shouldhcpointedout,perhaps,thatthccolorimetrieanatyoisofthe twosolutions
ofthécobaltMttsdto~ thateachhasnpurptehue. Sucha colordocsnothaveanyreal
dominantwavetength,that in,onecannotCndanymixtureofhomofteneotMhphtand
"whitelight"whithwiMmatchthepurplecolor. hcnKivtn;tthcmonochromaOcepect-
ncationinsuchacaee,oneconventionallyandconvenienuy~tecinesthecomptementarya
dominant.wavetength.ThisMdetioedasthéwavcten~thofthelightwhichisre<<uire(t
to bemixedwithUtcmmptetijthtinonie)'to matchwhite.Consequentty,thehue<K)
obtainef),insteadofbcingliket)mtofthcsampte,MfarthestMmovedfromit.
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whoscvalueshavebeencalculatedareshownin Figs.t-4,t he~bsoissasbping

the reciprocalof the motarconcentration(ona toRanthmicxcate)and thc

ordinatestjeinf;percentfor relativebriltianee,cotohmetriopurity, and ele-

mentaryexcitationvalues,andwavelenttth(in millimicrons)fordominant

wavelengthand appetratcentroid.

.? ~––~––~–––––– -r-––r-–––-rT-r-~–––-1

Fto.ti

Curvea showine the variouacolorimetric values for différentroncentrattoM of an afi<)i<'

(circtea)M)dan ammoniacal(crossM)solutionofcupriesulfate.

FM.Zx

Curveashowmgvariouscotonmetncvaluesfordifférentconcentrationsofanacidicsolution
offerriechloride(cirrlee)andanammoniacalsotutionofammoniumehromate(crosses~.

Althoughthé readingsforthe originaltransmissioncurveswerecarrtpd

aboutas far in dilutionsas wasconsistentwithobtainingfairlydependable

values,thc constructionof the presentcurvesraisedthé questionof where.

they wouldextendwhenthe solutionno lonKe''exhibitedany color, or,

ultimatoly,whcnthe concentrationof the solutereachedzero. Accordingly,

the ventureofextrapolatingthecurveswasmade. Thisagain involvessomf

uncertaintyregardingthe exactpositionof the curves;but the finalvalues

for zéroconcentrationseemprettydefinite,and wercassumedto have the

followingvalues:relativebrilliance,too%; cotorimotricpurity, o%; spectral

centroidfor equalenergyspectrumand visibility,560.2m~ red,green,and

violetexcitations,33~% anddominantwavelen~th,indetenninatc.

Ca!cu!atedfromdatainTableVt,Hef..t.
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Stricttyspeaking,thé approachoFthecurvestowanithe horiisontatUnes

runningthroughtheabovevaluesforzeroconcentrationshouldbeasymptotic.

Insteadofattemptingto extrapolateto zeroconcentration,however,it was

assumedthat practicaUy,oneisnotgrcattyconcernedwith dilutionsbcyond

the pointwherecoloris no longerdistinguishaMe.In order to determine

this "vanishingpoint"of thé color,dilutionswercmadeuntU ?o ml. of thé

solutionpracticallymatchedan equalvolumeof (ustiHedwater whencom-

pared in thé longtype of Nessbrtubes. The valuesthus determinedan'

indicatedas thé finalpointsforaUeurvesexcept in thé case of potassium

bichromateand ammoniumchromate,where it wasapproximatelyËfteen

thousandthmolar.

In Fig.s thereis ineludeda setofcurvesto show,for the sevendifférent

sotutions,the relationof one cobnmctricvalue, relativebrilliance,to the

concentrationof the solutions. Sucha comparison,for either the acidic

or basicsetof solutions,is of interestin viewof Arny'sstatement that the

concentrationssfiectedby him (fourthmolar, for example,for the acidic

set) werosuchas to givesolutionswhosc"depth" of color was about thé

same. Asimilarsetof curvesforcolorimetricpurityshowswido variations

for the différentsolutions.

Conclusions

It has alreadybccnpointedout that the data presentedhère must bf

considcrcdasonlyapproximatelyquantitativeon accountof thesmaUnumber

of dilutionsinvolvedand thé nccessityofmakingcertainextrapolationsfor

the portionof thé data not obtainablefrom the original measurements.

The latter procedure,however,is thé one recommendedby the manu-

facturersfor the instrumentuscd. Keepingthese limitationsin mind, th<'

followingitemsaresuggestcdas thepresentationsofthispaper:

t. Typicaldata involvedin thé calculationsof the numeriealspecifica-

tionof a coloron eitherthemonochromaticor trichromaticsystem.

Datashowingthegeneralrelationshipof the colorof certainsolutions.

as specincdnumerically,to their concentration. Thé followingsummar~'

indicatcs,forthe sevensolutionsstudicd,thedirectionofthe enectofdilution

on eachof the sevenvaluescalculated:

a. Etementaryexcitationvalues

a. Red:increasc,if hue is blue;decrease,if hue is ycHow,orange,or

purple.

b. Green:increasc,if hueisMue,'orange,or purptc; decrease,if hue

isyellow.

c. Violet:increase,if hueisycttow,orange,orpurpte decreasc,ifhue

is blue.

QuMtionaMeincMeofacidicsolutionsofcupriesuttate.

QuMtioMbteincaseoffh)on<-))entatnn)ino-cob<JttccMondc.
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b. Dominantwavetength:incrpMe,if hue isblueor purple(Xof co'nptc-

atentary);decrease,if hueis yellowor orange.

c. Spectralcentroid:increase,ifhue is btuo;decrease,if hue is yeUow,

orange,or purple.

d. RelativebriHianceinerease,forallhues.

e. Cobrimetricpurity: decrease,for all hues.

ThéauthorgladlyacknowledgeshisindebtednessforvaluableauggeatiotM

fromMr. F. D. Martin,a formerstudent,and fromMr. I. G. Priestof the

U. S. Bureauof Standards.

Pepar<!nnt<o/CAcM~ry,
f«f<<M<'~(<MfM'<
&<~<t~«</n<H<Ma
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ONTHE IONIZATIONPRODUCEDINTHH OXIDATIONOF

NITROGENDIOXIDE

DY U)Ut8 A. M. HENRY

Introduction

In the study of the dynamicsof electronsin chemicatreactions,it is

interestingto knowwhetherthé homogeneousgaseous reactionis aecom-

paniedbythe liberationofetcctriccharges,resultingin a productionof tons.

Besidesmuchpreliminarywork,'the questionwasstudied verycarefuUyby

A.Pinkus,'andquiterecentlybyA. K. Brewer' In the caseoftheoxidation

of nitrieoxideby oxygen,the results of Pinkuswere absolutelynegative.

Brewerfoundat 385"a very definitepositiveand negative ionization,al-

thoughthe resultswerenot veryreproducibleat room temperatureand

too"C Brewerattributedthèsedifficultiesprincipa!!yto an adsorptionof

N,0<bythe metallicelectrodes.The reactionofnitrogenoxidewithoxygen

isstudiedagainin thiswork,thepurposeof whichis to investigato,as care-

fullyas possible,theeffectsat lowtempératures. Theseare interestingbe-

causeof the negativecoefficientof temperatureof the reactionvelocity

constant/and of thedifficultyof findinga satisfactorymolecularstructu~

forNO:.
Ptinchtieof the Method

Into a suitableionizationchamberof glass,quartz and platinum, are

conductedwell-controlledstreamsof 0: and N0. 0: wasalwaysin such an

excessasto assureacompleteoxidationofNOinthe c/tow~r. Fromthe data

obtained,it is possibleto calculatethe numberof rcactingmoleculesper

8econd(m);and fromthe intensityof the ionizationcurrent,the numberof

ionscapturedpersecond(n) hencethc ration/m.

In all this work,great carewas taken to use gases as pure and dry as

possible. For this purpose,ail thé parts of the apparatus werefused to-

gether everypart wascleanedwith cleaningsolution and distiUedwater.

The stopcockgreasewaaboileda long time in contact with the rcacting

gases,to avoidall attackand productionof moisture.

The Gues

Oxygen:wasgencrattypreparedbythe actionof wateronsodiumpcroxide.

The possibletracesof 0, wcMdestroyed by bubbling throughmcrcury.

Thegaswasstoredina .0 !itergasholder. Fromthere to the reactioncham-

t-'orthisbibliovaphycf.A.Knttus:J.Chim.phys.,21,?' C9'4).

'A.FtnktM:J.Chi)n.phys.,M,M!('9'8):tS,4"('9So)..
Btewcr:J.Am.Chem.Soc.,46,~03(t924);Ut-ewerandDMMcts:~MM.Am.Mectro.

<:hcm.8oe.,44,t7t()9~).
<BodctMtctn:Z.pt'y'Ht.Chem.,tOO,68«9:2).
Ab~.cc.unt.ft~ workbasbcenpublished;cf.A. Hnk~andL.Henry:Hut).

)<oc.ohirn.Be)f:e,37, ~5(t9~<!).
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bcr, thc o\yp'n paisedthrougha tube of granulatedpotassimuhydroxide,
a bubbk'rofconcentratcdHtSO~andtwo tubesofP~O~

For the very rapidflows,oxygeufront a tank was stort'd in a 60 titcr

gashotdcr. I'"romthere,it passedthrough two longtubes of graulatedpotas-
sium hydroxide,twoH~SO~bubbIpMof two literscapacity, followedby a

tube containinggla~wooi. It wasfinallydried bypasstngthroughsixtubt's

ofphosphoruspcntoxHc.

A't<)'~<'MD«N':(<c.'was preparedby thé actionof dilutc H<80<on a :o''f
sodiumnitrite solution. Fron the gashotder,thc gaspassed throughgranu-
!ated KOH, bubblersof concentratedH-jSO~(solutionof highernitrogen

oxidM);and finallythroughtwotubesof P-eO?,.

Measurements of the Rates of Flow and Pressures of the Cases ·

Thé Howsof gasesarc mPMurcdby two vpr~' scnsitivp nowmcters (A and

A', Fig. r) the principe of whiehMwe!! known;' a séries of shunts at!owc(!

thc mcasurcmpnt of now front !;o ce to 40 titcri! per hour with a procision

of 0.2~<- Thcy wprf catibratcd by i-cndinK through th<'tn variabtc strcam<

nf Kn~s whiehwerc tt'ccivcd in a graduatcd burette over water kept saturatp<!

with (hc gas, or ovrr nipreury. Thf pressure of the gas at the cntrancc of

thc nnwtnftcrs is aiways thf pn'ssurc of caHbration. It is mcasurfd by th''

baronK'tfr K, and cot)troUcdat any thnc hy the di~crentiat tnanotncter~

t) and D' (n]]<'dwith ph<~p)torieacid;. In this way the pressure wns kept

constant at !pssthan a tenth of a mm of mercury.

In thèse fiowntptcrsan<!n)anon)ct<*rs,thc Kasfsarc only in contact with

HaPO., and thcir perfect dcsieeation is a~urcd by passing them again ovfr

!< in H and H' <andin th<' bulb H" for thp high ftowsof O:).

(.)a~ woot at thc <'u<tof <hcdryin~ tubes, thc capi!!ary f and thc hutb

(" prcvcnt thc dustfron eo)))in){into thf chatnbcr.

A.t'ittkus)m<).t<t)iar<): -t.Chim.phys..24.4 <t9~7). a

r.
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ïoaizatioaChambers

Aftc)'tnany trials, <!)?<*ionisationchatntwrsw('M'UH<'<t,designatcdai'

chHtnbprst.H.m.

C/MMhff It consistsof a Pyrex tube. Uneof the ctt'ctrodesis a v<'ry
thick tayorof platinum(a) depositedon the inner part of the tube by
réductionof ch!orop)atiKicacid' and connectedto the high'vottagebattcry
by a platinumwi!f (f) spatcdin thc ~ass.

Agroundjoint (C) supports an inner Pyrextube (H) cxtt'rnatty p!atinize(i.
The p!atin)t)n!aycr (b) is conucctcd to the ctcctromctcr by a wire f' seatcd

in thf gtass. At the top of fH) a length of 2 cm):'froc front platinum to a-Murc

a good insulation of (b), and t!; prntcetpd by a Faraday serecn (p)atinutt)

cyjinder). Tho groundjoint Mptatiniz<dandgrounded, to avoid the transfer

of t'tcctricity from (a) to (b) over the surfaceof thc glass. Thc two ctt'etrodp.-}

arc 0.5 on apnrt from pach other, their electricnlca.pacity is tfj.S cm. Thc

tube. an<)F introducc thc ga~'s at thc botton)of thc chamht'r, the tub" f!

takcs thctn out ut thc top.

'/Ut<'fmany trials,thc bt'eitrcauttitw<'n'oh~itK'dwith a mixtureof <:hh«-<)-)))atiMto
a'-ittMM))nv<'nt)aroil. ('attx'mittiaail civest)\'<'r)'bh)!h<ntirror. but not<!«<'M<st)n)t.
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This chamberwasverysatisfactoryat lowtemperatures,but at higher

températuresthe Pyrexdidnot insulateverywelland a greatdealoftroubtc

occurred,dueprobablyto the electnncationorelectrolysisoftheglsss.
C/tom6H'Il: (Fig.3): It consistaalsoofa Pyrex tube,but the électrode!

Aand B are of massiveplatinum,and the insulattonisassuredbya trans-

parentquartz rod(C). TheélectrodeAisa platinumcylinder,nttingexaotty
in the tube. It is connectedto the batterybya wire (f). Théélectrode(B)
isa platinumrodsupportedby thé quartz rod (C). It is connectedto the

electrometerby the wire (f). The neckof the chamberis ptatinizedand

groundedto make a guard ring (a). A platinum cylinder(b) acts as a

Faradayscreenbetween(B) and aUfree parts of glass. The chamberis

perfectlyclosedby a thin layer of Golazmastic.' This is cooledin the

experirnentsat hightemperatureby a copperjaoket withoirculatingwater.

Chamber//7.' It is verysimilarto chamberII, but is cbsedby a quartz

ground-jointavoidingaUseaUng;it wasusedin the lastexperiments.
Thèsechambersare heated in an electricfurnace,oaehpart belngim-

mersedin iron filings. Sincethe introductionof coldgasesin the chamber

sometimesproducedtrouble, they wereheated in the thermostat. Above

!oo"Cthey werepreheatedin specialfurnaceto insurethéequalityof their

températurewith that ofthe chamber.

The pressurein the chamberis measuredby meansof a baromctcrE

(Fig.i) and the phosphoricacidmanometer(F) insulatedfromthe chamber

by a PiObtube (G). Thegasesare drawnout of the chamberby a water

pump,insulatedfromthechamberby dryingtubes. Thevariationsinwatcr

pressurearecompensatedbyaUowingvariableamountsofair to passthrough

a bubbler.
Sincethe chamberisseparatedfromthe rest of the apparatusbydrying

tubes,the gasesareperfectlydryat the timeof the reaction. Theyareonly
in contact with gtass,quartz, and platinum,avoidingthe accessoryphe-

nomenasuchas attack ofthe insulators.

EkctficatApparatus(Fig.4)

A Lindemann'eleetrometerwas used throughout the wholework. (A

Witsonelectrometerwasconstructedto checkthe measurements,and gave

pxactiythe sameresults.) The quadrantsarechargedat ±:o voltsby two

batteriesof Westoncadmiumcells. On adjustingaccuratc)ythe potential

by the potentiometersystem(C) a sensitivityfrom too to 1000cyepieoe
divisionsper volt was obtained. The sensitivity wasfrequentlychecked

hythe potentiometerJ andthe WestonstandardceMQ.
Thc needleof the electrometeris connected(a to the centralélectrode

of the ionizationchamber;b) to the (E) plate (quartz insulatedand with

guardring)of a 3 cmcapacitycondenser. Théother plateof this condenser

( F)couldbcchargedto a variablepotentialby the potentiometer(H,G) for

compensationmeasurcments.Threeelectromagnetickcys(L., L~,L)) were

1ThmmasticismoreetMt;cthan8caHn~wax,andnotMeoftasthepioein.
Lindemann:Phi).Mag.,47,578(<9Z4).
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used to groundthe wholesystem,connectthe electrometerto the charginK
=

System(J) or to thé Wulf'sstandardcondenser(K). In any case,the whole

t'~ctriccapacityof thc systemwasmorethan 50 ctn. AUconnectionswere

madeofcopperwiresupportedbyquart!!rodain widecoppertubings. Thèse

wereperfectlytightanddriedwithphosphoruspentoxide. Highvoltagewas

suppuedbya ïooo-vottstoragebattery,runningeontinuouslyon a htghré-

sistance,givinga verysteadysourceofpotential, even for expérimentain

whichthecipctromoterremainsinsulatedfor three or fourhours.

F<o.<t4

ExpedmeatalMethod

Beforeeachexperimentthe chamberisevacuated witha waterpump,an

oitpump,andfinallya knownflowof0~is passed throughit. Theexternal

ctcctrodcbcingcharged,the needleofthe electrometeris insulated,and its

)not!onobserved.Thc NO is then introducedsimultaneouslywith0), the

motionof the needlebeingalwaysobserved. Thus it is possiMeto plot a

curve: variationof the potentialof thé needleagainst the time; the first

part of thecurvecorrespondingto thpHowof pure 0;, theotherto theflow

of thé mixtureKO+ 0:. BMidesthismethod,the Bronson'compensation
tncthodwasused.

looizationCalcutation

ft'MtAfe<Ao<If "c" bc thé electricalcapacity of thé wholeapparatus
connectedto theneedleof the etectrompter:"Dv" the variation,in votts,of

its potentialina timc"t" spconds;theintensity"i" of thé ionizationcurrcnt

may t)cpxpresscd:
c-Dv

)=–,–amppres.
(t)



t(~6
LWtSA.M.HEKHY

But amp. = 3.to" e.s.u. and t ctctnentar)' charge *=4.8-to" c.s.u., M that

.1~ = 6.3.io" ~c!c.ncntary
4.810- t

=
t

eletnentary

charges per second, (ï)

The intensity of thc iouization corresponding to the second part of the ourvc

( mixtureKO + 0);),must corrected for thé ionization oceurringin 0<a!om'.

If for a time interval "t," the potential variation in 0< a)onpis Dv' and in

0~ ~o is Dv, the truevalue of the ionization in the n-actingmixturewi!t bc

i(correct.) = (Dv Dv') amps = ~c-(Dv = Dv')<')e.n.chawssec.

(3)

Practically, Dv' may always be neglected.

The first method, which was generally used, ncccssitatM thé continuous

observation of the electrometer for several hours. But it has the advantagc

of giving a good representation of the whole phenotncnon.

2) Campensatt'on~e<Ao(F:As the insulated needle accumutates by ionisa-

tion charges which inoreasc its potential, thèse charges are eontinuou~y

neutratizcd by inducingon the plate H of the compcnsatinKsystem, a variable

charge of opposite sign. So the needleis kept to thc zero.

If "c" is the capaeity of thé compensating condenser; Vt in votts thé

initial potential of the plate E, V.:is the potential after t seconds,the intensity

of thé ionization current "i" is exprcssed:

i (V: Vi) amps. =
6.3. to"

(V: Vi) etementar;-charges sec (4)

Sensitivity of the Etectricat Apparatus

The etectronictcr was frequentty used with a sensitivity of too cycpicc<'

divisons per volt. The total electrical capacity was ncver more than Socm

(~.to' farads). If one considers the limit of measuraMo tnotion of the

nccdlc to be i division in i</ (which was possible owing to thé very good

stabitity of the high vo!tagc battery), then by introducing thosc values in

eq. (3) the limit of mmsurabh' current will be:

i.=~°:~=9..o-"an~1=
6 t0-

==9'10 nll1pl'.

rsinf! thf compensation tncthod, the capacity c' being 3.3-'o" farads, a

variation of thc potcntiat of thc compensating t-ondenscrof o. v. in to

minutes corresponds to an ionisation current of:

'10.-12'10-1 _,°
i=~=~p.s.
i =

6't~
~,r~·to allip~.

In vt-rincation expcrinx-nts, with pure oxygcn, thé ck-etmntcte)-was fn--

((ucntty uscd with a scnsitivity of '000 f.ycpicc<'divisions )M')-voit. In t))i«

cast' a oun'cnt nf to '"amps.can bc tncasured.
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ExpérimentalResulta

/?.r/~nwc~ MowJCO°C. ]

A {irstserinsofexpchmentswas nmdcwithchambcr<. Tempérâtun- =

2o"C;potcntiatgradientbetwcenthe ctectrodcs ±tooo v; How);of 0:

and KOofaboutUter perhour. PreHnnnaryexpfnmentsweretnadcwithIl

(~ andXOalone,and gavepracticallyno detectableionizationcurrent.

Introductionof XO in a HowofO2,causinf;their reaction tjctwecnthc

ptectrod~,thc pressureronainint;constant, givesa very distinctelectrical

t'tTect.Thcneedlemovesin a directioncorrespondingto a captureby thc

innerelectrodeof ions of the Muncsign as theexternatonc. Butafter a

short timetheneedleremainsagainpracticallystableas in pure0:. Sup-

pressingthe flowof N0 producesanelectricalonëctof thc samemagnitudf

but oppositesignto the first. Theneedlecornesback to its initialposition.
So the curve:needlepotentialwithrespect to the time, can bc dividedin

fiveparts (Fig.s)

a-b: correspondsto a flowof pureO2 an<!practically no ionization.

At b: the flowof XO is introduccd, and thppart t~-cindicates an intense

capture of eharp's by tho tnncr (')ectrodp, during a short tirno (from a ft'w

minutps <o )o wconds). Thc pnrrcspondint;variation of potcntia! is np-

nroxituatcty 0.3 v.

e-d (ahvayswith <))<'rf-nctingmixture) correspondto ))racticaUyno morf

capture of charges.
At d, thé flowof XO is .suppn-fisfd,nnd d-t corrf!<pondsto thc eiToct"))-

positc to ))-eand is also vt'ry brict.

Finally, in pure Os, f-f, practicallyno ionizationcan <)cdt'tcctcd at all.

This H)rvc,Fig. 5, correspondsto a positivecharge of thc <'xtcma!otcc-

trodc. t'sinKa ncgativt' charge woutdgive a !!ym)nctrtcauyopposite enn'<

Sueh a curvc shows that thf ctcctncat pfîcct is purcty <<'M<~rn<)/.A pcr-

ntanpnt onc wnutdhâve Rivcna part bc continuin~as long as X() is HowinK

in thc chamtx'r,and absotutdy no ftop like cd,nor n'trogradc ctîcpt tik<'do.
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Thestop at c is notdue to an electricalleakbecauseif theneodieis charged

toa highervoltagethan c, it remainsconstantat this higherpotential.

A secondseriesffe.cpfr!WCK<swasmadewith chamber at températures

from20~to 9o"C;potentialKradientad: 1500v/cm and AtSoov/cm; flows

ofgasesnearly 3 liters/hour. The curveswereabsolutelyidenticalto those

ofthe first series. Onlythe magnitudeof the initialandfinaleffectwasfrom

0.05to 0.09v insteadof 0.3 v. (It is interestingto notethat the electrical

capacityof chamberH is nearlya quarter of that of chamberI.)

A <rd series(~f.cp~n'm~K~wascarriedon withchamberII; températures

from20" to too"C!potential gradientfrom d:tsoo v/emto ±ï8oo v/cm;

flowof N0 = 3 iiters/hour;but t'e~ ropt'd~oM's()fo.)~~ 40liters/hour.

Xopermanent effectcould be observed. Thé initial andfinalenects were 's

ionaUerthan for the second series.
t

TABLE 1

ChamberNo. II. Pressure 6;5 mmHg. Flow0.: = 38/42Mtersper hour j

PotentiatgradientbetweenElectrodes = 4000volts e

Temperature= 3oo°C eTemperature = 300 e

Kjtp. R~ m i n n/m

S2 76o S.S.tO" Z.tO- O.0~ O.tO""

53 iSio !i.6 0.7.!0-" 4.3.'o" !.6.to-"

54 36oo 27.6 !.3.to-" 7.9. '.6

55 7Soo 57.S 1-7 i.g

S6 tsooo 114.9 ~.8 '7.4.!o''
r'

t. =it tntfttattv nf thé ftfmr of ~0t'sn = intenaityof theHowof XO
m*=numberof reactingmoleeules
i intensityof theionizationcurrent
n numberofchM~escapturedpersecond

~.t-pcnmeK<s/r<w!~0"<o?~"(7.

Experiments werc performed with chamber II; potential gradients front

± t6oo v/cm to ±4000 v/cm; flowsof NO from :.$ to hters/hour; Howof

oxygen = 40 liters/hour. These experiments showed always a permanent

ionization (Fig. 6). Thc ionization current practicaUy zero in pure 0, (ab)

inereases very strongly with the introduction into the chamber of NO which

rettcts with oxygen(b-d). The final effect due to the suppressionof NO (d-e)

is strongly diminishcd.

The permanent ionization, measured by the compensationmethod, gives

currents from a.to-" to 4.!o" amps. "n/m" is calculatedto bc of the order

of to' Somc ofthese results arc shown in table 5, from which it is seen

that increasing m 10 times increascd n proportionally, but teaves n/m prac-

tically unchanged. (The results, however, were not very reproducible.)

A'.rpertMeK<swith nitrogen peMM~eal ~00".

Some experiments were performed at 300", introducinginto the chamber

finuthancousty Otand A~, <? e~M~~r~KM<~lemperature. NOt is prepared

by calcination of Pb(XO,);, dried and Mquencd. The Howis regulated by

n
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the spcedofevaporationsoasto have thé same of N0; as in theprevious

experiments. TheresM~<N'rcabsolutelyidentical<othosewith JVC. Tho

formandamplitudeof the curvesare exactlythe same.

Discussion

TherMM~maybeSKtMMMt')~:

a) At low temperature,in the reacting mixture KO + 0,, there (nv

initialandfinal,butno permanent,enccts.
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b) At 300",thé reacting mixture N0 + 0, shows a permanent ioniza-

tion. Hut thé sameionization is observct! in thc system 2 N0i*?2 ~0 + (~
in dynamicat equitibrium. n

7'Affp~<'M~<~<M<f)~r<'<a~~nare ~«M;6~

A first interprétation is that thé réaction of XO + 0; is accompanied by
an ionization at lowtemperature as wellas at high; but in the first case there

Man adsorbed layerof gas on the electrodes, prcventing the ions from dis-

charging on them. Such a layer could be for instance formed on orientpd

dipolar moleculesof N0: Thé hypothesis of such an insutating tayer bas

been tnentioncd by someauthors'

In order to verify this theory, experiments with fast Howof Os were per- t
fonned. The partial pressure of N0~ being extremely dinunishcd, it was

hoppd this could diminish its adsorption, giving the possibility of a discon-
tl

tinuous layer and thé possibility of detecting an ionization. The result
i

was negative. Anothcr verification consisted in introducinf; int~ the chatn-
(

bcr at room tentp<'raturc, first 0: ioniisedvery feebly (i = to* amp) by
radioactive matpriat, and then introducing simultaneously 0~ + N0:. Thix

introduction did not prevent the capture of ions, since thp current remained

tite same. Therpfore with the apparatus of thé sensitivity employed, it t

was impossible to detcct the existence of an insulating laycr.'

.4 second ~)<<'rp)'<<<<oMis that there is no ionization in votutne, but onty
electrical surfacephenomenon. Cases in contact with metalacould bp ionizod

at relatively low températures, as was recently pointed out by Brewer;'
t'tcctricat phenomenaoccurring in the process of adsorptionof gases by elec-
trodes were mentionedtoo by Finch and Stimson.65 But in fact the prescnt
work did not showany évidence of such a mechanismof permanent ionization.

Frcquentty Brc~ver'sresults could not bc reproduced, for instancethe ioniza-

tion of 10" amp in pure 02 at 38s"C',thc présent apparatus being five times

more sensitive than his. °

.4 <Mr<<tM<crp)'<'(tt<t«Kis that only the reaction of dissociationof nitrogen

.peroxide, followingthe scheme 2 N0~ = a N0 + 0:, is the ionizing stop.
Jn this case, the observed <*nectat low températures could bc attributed to

the variation of dielectric constant of the gaseous mixture between thc
1.

clectrodes.
Il

There are practicallyno chances to prove the firsthypothcsis. In dynanue
··

f'quiiibrium we must indeed consider the two opposite réactions:

a) 2 N0 + 0: = 2 N0, and b) Xf): = N0 + ():. 1

liancroft:J. l'hys.Chem-,29, zo(t9.)5~(areviewofthequestion).
'Zeteny:Phys.Rev.(a) 3, 69 (t9<4);t6, <M(<9M).

!t is evidentlyatw~yspossiHeto aupcoscthat thé ionsforntedby théreactioncouM
bedi<!e)rentfromthcseproduccdbya radtoactivesubstance.Theycouldbe for instance
enonnousetuaten)ofmobaroundoneion or theycouldhavea vcryshorttife. Bothwould
rfsuttin a smaMkineticenergysothat theycouldnot breaka gae)ayefnot inautatingfor
ordinaryions.

<Phys.Rev.,(.t)2e.633(t9~s); Ptoc.Xat.Acad.Soi.,12,$60(to~); t3, 593(<9t7).
f!.T. FinchandJ. f. SUtnaon:Proe.Koy.Soc.,H<,379('9~7);KO,~35(t9:8). ()

M
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Atroomtempératuresthc reactionproceedspracticallyonlyaccordingtoa).

Butat hightempératuresthcsecondreactionbecomesvery importantandit

is then very diBcuttto prove,by a directexperiment,whatpart a) or b)

playsin the ionisation.

As for thf dic!ectricconstant,some experitnents wereperforrnedas

foUowx:To a Howof0: in thechambcrat ordinaryt<*tnpcratureswasaddeda

Howof Ni. Thejump of theneedte,correspondingto (b-c)ofthe curves,

waspracticallyimperceptible.(Now, thé dtnorcncein dieieetricconstant

betwccn0: andNt Mpracticallyinappreciable.)But, if insteadof Nq,HCI

of highdieleetrieconstantwas introduced,an intial and finaleffectwas

observedwhichwaspracticallythe sanwas wtth NO or N0, in the Mtnf

condition.

LctKo<= '.ooo~ and K~o, t.oo<8be the dielectriecoMtaotf)'of0.;

and NOs. Thevariationofelectricalcapacityproducedby replacingpure

oxygenin the chamtwrbythe mixtureof 0: and N0,, containingx% of

XO:,willbc,ifcis thécapacityin f.s.u. ofthe chamberin vactto:

p. c-Ko/'oo-x)+K~~ cj~
(K~Ko.) p.s.u.c ==

t00
C 0, 'OC

NO.- 0, c.S.l!.

If theexternaletectrodebechargedat v volts,and thé total capacityofthc

electricalapparatusbeC ((-.8.u.),there willcorrespondto thepreviousvaria-

tionofcapacitya variationDvof the potentialofthe needle:

Dv=~.ox~vo!ts (5)D v
C C..

c x
too

ICo,volts (5)

Takingfor instancean cxperimentin which:c = 4.8 cm; C 35.1cm:

= <;oovotts;x = 67~, wcget

DV = 4.8.670.00~ volts.
35.1 ~oo

7'A~« y~'CMf~the ortlerof Mo~n~M~cooscnv< From formula(5), it is

casyto see that the amplitudeof the initial and finaleffectmust be pro-

portionalto theV,to thé ofN0: as theexperimentshow!

It secmsnowmorelogicalto admitthe ionizingphaseto bethediiMociation

of N0,. Thercfore,expérimentaare bcingcontinucd to throwsome)ight

onthe mechanismof the reactionof NOwith0<. Xo intcrprctationofthf

mcchanismcouldbc givenin the presentstate of the subjeet. It wouldbf

very intcrestingto knowif every dissociationof N02 is an ionizingonc.

!n this case,owingto the smallvalue ofn/m, the ionsshouldhavea very

shorttife."AnotherinterestinKpoint is,ifthc reactiongivesionizcdproducts

onlywhenthéreactingntotecutesof ~0~ posscas,after theirformation,a

FromLandott-BSfnstein's'M'ettcn:\'attMcoftcapondmgat 6o*C.

Weknownothingaboutthefrcttuencvandthes))e<'()of theinversereMtioMoccttt-

ringat equilibrium.Hnwever,the)X)8aih)tityof(h'teetin);an ionixationat lowtempera-
tMrt'ficemsnotwr)'pïobaMp.
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total energyabovesomedefinitevatuc,and if theycouldhâvenotyet spent
this energyto activatesomeother reacting product. FinaUyit wouldbcof

useto knowwhatkindof ionsare formed.
The experimentsare co~KMef<<Mthese<<trec<)OMS.

StmmMuy

i) An electricalapparatus capable of measuringcurrentsof to-" tH

10""ampswasconstructedfor the study of the reactingsystema NO + 0~
=: N0~and N0, =' 2 N0 + 0,.

:) At roomtempératureand at too~C,the introductionof the reacting
mixtureintothe ionizingchatnberproduccdnopennanentionisation. Only
an initial andfinaleffectwasobtainedas whentakinKinsteadof N0<,HCt

ofnearlythé samedietectricconstant.

3) At 300*,both the reacting mixture and the mixtureat equilibrium
gavea permanentionization,from to" to !o'" amps. Thisionizationis

proportionatto the potential gradient in the chamberand to the ofN0

or N0,.
4) Amongthe différentpossibleinterprétations,the mostprobableone

is that the ionizationis produeedby thé dissociationof nitrogenperoxide.
1 take this opportunity to express my sinceregratitude to Professer

A. Pinkusfor his vatuaNe suggestionsand his kind directionduringthis

work. This workwas partiaUyperfonned with the helpof the "Institut

Internationalde Chimie Sotvay."

~MMthUM<tW<t<M-W-~S.
yokt/M't~Ky,~j?a.

x



THE DISTRIBUTIONRATIOS0F 80MËORGANICACIDS

BETWEKNWATERANDORGANICMQUIDS*

BY HOMER W. HMtTH AND T. A. WHtTE

Numerousinvestigatorshave called attention to an apparentlyclose

corrélationbetweenthédistributioncoeScieatsoforganicsubstancesbetween

water and variousorganicliquidaand the velocitywithwhichthesesub-
stancespenetratelivingcells. This is particutartytruc of the organicacids,
wherethe penetrationofdefinitequantity ofacidcanbcdetectedbychanges
in the colorof thé intraceMar pigments,artificialindicators,or by other
criteria. The litcraturedealingwith thèsephenomenabasbeenrecentlyrc-

viewedby Jacobs,' GcHhom,*and Taytor.'
Oredifficultywhiehpreventsa moreexactanalysisof thisproblemis thf

absenceofdataonthé truedistributionratiosofthe varioussubstancesuscd.
It waslongago pointedbyNemst~that thé distributionlawwouldapply

onlytosuohmolecularspeciesas werecommontoboth solvents.If thesotute
is associatedin onesolvent(as is thé casewithmostorganicacidsin organic
solvents)ordissociatedinthe other (as happenswith all acidsinwater)the

gross distributionratio tends to change with changingconcentrationof

sotutc,and the divisionofthe solute betweenthe two soiventsisonlyindi-

r<'ct!yrelated to the distributionratio of the simplemoleculesof solute.

This lattervaluecan insucha casebc determinedonlywhenthe degrecof

associationin thé organiclayeror the degreeofdissociationin the waterare

known.
The generaltheoryofthe distributionof a substancebetweentwo im-

miscibleliquidshas beenreviewedby HiH~andonly certainaspectsof this

theory necdbe mentionedhere. If it is assumedthat associationin thé

organiclayerproceedsto the formationof dimericmolecules,and that the

t'quiubriumbetweenthèsedimericmotecutesandthe simplemoleculespresent
is govemedby the massiaw,it is possiblebysimultaneouséquationsderived

fromthe masslawand byknowledgeof thé degreeofdissociationin water

to calculatefromthe grossdistributionat twoconcentrationsboththe dis-

tributionratiofor the simplentotecutesand thcassociationconstantgovem-

ingtheproccssofassociationin the organiclayer. Thesuccessof thismethod

<!cpcndsonthe assumption,whichis broadlycstaMishedfortheorganicacids,
that thé soluteis notsignificantiydissociatedinorganiciiquidsnorpoiymer-
izedin water.

t''n'mtheHepartmcntofPhyaM)ot;yandthéDepartmento(Chemistr)',rnivetmty
ofVifonia.

"Cencrat Cvtotogy" («~)-
'"DMPermciiM!itat8t')t)b)en)"(t929).
J.tien.t'hymo).,11,907~7-28).

<Z.phyak.('h<')n.,8, to 0)!9t
'"TreatMeonI'h)')a<'atChcmMt)~~9:5).1.
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Equationsof this type werederivedbyHendrixson'andappliedto the

dititributionof benzoioacidand salicyclieacidbetweenwaterandbenzène

and betweenwater and chloroform. )]

Witha viewto addingto our knowledgeof the behaviorof theorganie

acidsin heterogeneoussystems,we have determinedthé distributionratios

and associationconstantsof a numbcr of these substancesin thé Systems

water:toluene,water:benzeneand water:cMoroform.It is thought that t

thesedata mayalsobe ofsomeinterest tostudentsofmo!pcutarphysics. j

Methods

Gtass-stopperedbottlescontainingmixturesof water,theorgane solvent

andsoluteweresuspendedina waterbathmaintainedat ~C. ±o.s". Mtx. e

ing waseffectedby regularlyremovingthe bottles and shaking. Samples

wcrcremovedby pipettingoutknownamountsfromeachtayer,afterwhich

equivalentamountsofeachsolventwerereplacedandthebottleagainbrought r

to temperatureand shaken. The samplesweretitrated in somecaseswith

~aOH,in othcrswith diluteBa(OH)<protectedfromCO,. Titrationswere

carriedout with phenolredand phenotphthateinas lndicators. Insomein. 's

stancesthe concentrationin the organiclayerwasdeterminedbydincrenee, r<

but usuallythe organicliquidwas titrated directlyafter the additionof a

littlewater.
Thesotventswereredistittedbeforeuse,the first and finalfractionbeing

discarded. Someofthe aromaticacidswerepurifiedbyrecrystalMzation,but

thealiphatieacids wereusedwithoutattemptat repurification.AUthe acids

werehighestgrade, C.P. products.
The calculationof the distributionratio,P, and of thé associationcon-

stant, K, weremade as foUows:

(', = concentrationin aqueouslayerin millimolsper liter.

C, ==concentrationin organiclayer inmittimobper liter.
11'

<t = degreeof dissociationofsinglemoleculesintoionsinaqueouslayer.

ly
concentrationofsinglemoleculesinorganictayer

concentrationofsinglemoleculesinaqueoustayer 1

K = associationconstantin organictayerof doubleintosinglemolecules.

Assumingthat the processof associationin the organictayerfoUowsthé

masslaw,thenfor any twoconcentrations

K
tPC'(' = ~C''(' «W

(,)

If we
C, PC,(t «) C,' PC/(. .')

If wewrite
~,(1 a) (2)

n = C,'(t a') (3)

Wheret -« is calculatedfromOstwaM'sdihttionlawusingthe dissociation

constantegiven by Scudder'for thé substancesunder investigation,and

Mtveequation(i) for P, the followingexpressionis obtained

'Z.MOtg.Chem.,t2,73('S97). ,“ .“,
"TheEketticatConduetivityandlonizationConstantsofOrganieLompoundsH9t4). a

L(
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C,n* C.'N'

(n-N)nN

Theassociationconstant,K, in the organlolayer is obtainedby subatituting
determinedvaluesofP inequation(i).

It is apparent from(4) that C~/N*shouldbear a linearrelationto t/N,
thé dope of the curvebeingequal to P. By plotting the experimentally
determinedvaluesof C~/N*and t/N, it iapossibleto eUminatethosevalues
ofC</N*whichareaberrant,and to choosea valueof €? consonantwith
thé majority to serveas a basioterm ofthe seriesfromwhichto calculatc

the successivevaluesofP. In viewof the fact that in manyinstancesthe

highertenns of C. and C: approaohconcentratedsolutionsin whiehthe

simplepartition lawis not valid, this preliminarygraphicaltreatmentia a

necessaryprécaution,otherwisea wholeseriesof relativelyacouratevalues

maybethrownintocrrorby the unadvisedchoiceof a basalaberrantterm.'

Résulta

The resultsof our determinationsarecollectedin the followingtables.
TablesI, II, and III dealrespectivelywiththe water-toluene,water:benzone,
and the water:ehloroformSystems. Ct, C:, P, and K havethe significanee

aircadygivento them.

c, c,

Toluène
rC. C, P Kx'o*

AcetytaaticyoMc 15.80 to.to 0.320 3.33

Acid 14.00 8.18 0.330 3.40

n.M s-8i 0.313 3.:6

!0.4o s- 0.3:9 3.32

9.37 4.36 <3t8 3.30

8.45 3.70 0.3~5 33~

7.5! 3'o 333

Mean 0.3~0 33~

Anisio 1.7: 9.50 3.~4 6-~

Acid ï.s8 8.18 3.38 6.5
i.45 7.00 3.57 7.0
1.3~ 6.07 3-70 7-1
t.!9 5-~8 3.55 6.8

i.os6 4.49 340 6.0

0.9~4 3'7o 6.9
Mean 3-46 6.6

WeMeindebtcdtoCarlottaGreeneSmithforMsiataneeina largepartofthiswork.
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TABLE1 (Continued)
Totuene

C, C, t' KXto'

Benzilic 3.85 5-5o ï-~ 35-2

Acid 3.74 5.28 1.98 36.5
3.63 s-oo z-o' 40.5
3.40 4.62 1.99 376
3.23 4.36 2.oo 38.t
2.84 3.63 2.0: 38.4

2.38 2.90 37-S

Mea.n 1.99 37.77

Benzoic 13.5 162.0 :3 6.33

Acid t2.o 128.4 2.24 6.26
!0.8 105.6 2.29 6.3'
to.5 too.6 2.26 6.27
9.6 82.s 2.30 6.49
8.1 62.4 2.3$ 6.32
7.2 504 2.40 6.38
S 7 336 6.29

Mfan 2.29 6.33

Bromoacctic 92.90 2.25 0.0262

Acid 63.t5 1.43 0.028;;

42.8g 0.970 o.o261

38.49 o.8os o.o268 g
30.90 o.660 0.0264

0
24.43 OSM 0.0250

i795 0.358 0.0260 o

13.56 o.26o

~îcan 0.0265

M-Bromo-n-butyric 42.~5 48.20 0.440 7.87

Acid 3190 29.20 0.443 7-98

23.86 !7.99 0.434 7.6?

!0.64 t3.0j 0.435 7.77

'7.37 '0-58 0.443 7.73

!4.6<; 8.00 0.452 8.28

12.90 6.58 o.45t 8.to

)!.38 5.41 0.462 8.20

8.87 3.77 7.89

~can 0.443 7-<)3
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1- 1- r -il
ÏABU! 1 (Continued)

Totuenf

C, < f Kx'o*

a-Bromoproplonic 67.60 t4.?s 0~3? to.6

Acid 49.09 8.71 o.!38 '6
40.t2 6.90 0.136 9.7
3t.oo 4.5S 0.140 t2.t
zs.8t 3.60 o.t39 n.6
t9.s6 ?.5! o.t.}6 !0.6
!4.96 t.80 o.!3S 10.7
n.95 1.37 9.4

Meem 0.137 to.8

~.Bromopropionic 97 05 ~3 SS o.!o66 j'S

Acid 6j'.48 12.8; o.:o69 8.02

Sz.ot 8.38 o.togt (9.~7)

33.6o 4.92 o.to$4 7-5~

23.02 2.97 o.!o6$ 7.87

!9.57 ~-43 o.!049 7.30

tS.Sp 1.79 o.!o6o 7.86
n.3S '~6 7.94

Mean o.to6s 7.73

<x-Bromo.n-vaieric 14-30 S4~ '79 "'4

Acid n.95 39 9S ï 76

0.80 27.6o 1.79 "4

8.8a 22.~8 !.88 !2.a

8.oï 19.28 1.84 ".6

7.58 t73t '.St tt.8

6.8: t4.!5 1.83 's 6

6.05 tt.4<) '.82 !3.ï

5.45 to.t6 1.84 n.7

4.70 7.90 n.8
Mean 182 !t9

lso-Butyric 207.2 484.8 0.1366 r. 70
Acid 160.9 3oo.' O.I3S5 !.69

94.40 to8.8 0.1344 1.66

53.o8 36.62 o.t363 1.69
38.80 20.82 0.1362 1.69
22.78 8.50 0.1330 1.65

Ï7.44 5.39 o.!3?8 '.70

8.18 1.73

Mean o'3S7 ''oS
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TABLEI (Continued)

Toluene
C, C, p K X io»

n-Butyrie 234.1 471.9 0.154 a. 8a
Acid 179.4 290.6 0.153 2.73

124.9 151.9 0.151 3.61
^7-7S SiiS 0.150 3.53
41.43 31.17 0.149 î-S1
25.41 9.40 0.149 2.48
i°-Si 4.74 0.149 2.53
7.81 1.62 0.154 2.69
4.57 0.813 2.63

Mean 0.151 2.61

n-Caproie 6.07 102.36 3.66 4.82
Acid 4.94 70.63 3.59 4-77

4.91 71-35 3.33 4.71
4.12 Sa.38 3»4 4.59
3-8$ 45.31 3-S7 4.73
2.81 26.37 3.45 4.70
263 23-77 3.39 4.70
2.36 19.56 4.71

Mean 3.45 4.72

m-Chlorobenzoic 1.52 25.1 13.3 21.11
Acid 1.39 23.2 13.5 21.3

1.19 16.9 13.2 21.1
1.07 14.1 13.5 21.2
0.99 12.8 12.8 21.1
0.924 11.48 21.2

Mean 13.3 21.2

o-Chlorobenzoic 7.92 31.9 1.74 3.71x

Acid 6.86 23.8 1.79 3.73

5-8r 172 i-75 3-?a
S-*8 14.3 1.77 3-7i
4.62 11.0 1.71 3.71
4.49 10.56 1.64 3.68
4« 9.31 3.69

Mean 1.72 3.71

p-Chlorobenzoic 0.660 4.40 17.
Acid 0.585 3.77 19.

0.520 3.64 20.

0.455 3-5' 19-

0416 3.33
Mean 19.
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Table 1 (Continued)
Toluene

c, C, P K x io»

j3-Chloropropionlo 83.82 9.34 0.058a 4.99

Acid SS9S 5.04 0.0587 5-30

42.63 3.48 0.0587 5*5

26.19 1 .85 0.0587 5.34

23.03 1-57 0.059a S-SS

20.18 1.34 0.0590 5.44

17.14 i.iï 0.0584 5.27

11.47 0.69 5.25

Mean 0.0587 $.a&

Cinnamic 264 130-7 38.8 19.3

Acld 2.44 '«-S 39.7 20.6

2.27 105.0 428 24.6

1.75 79-0 37-9 '9-4

1.26 So.6 20.8

Mean 39-99 »-9

a-Crotonic 126.10 117.70 0.0978 1.328

Acid 95.50 74-6o 0.0963 1.339

65.20 34.40 0.0935 '3i8
47-40 19.22 0.0941 1.322
32.28 9.77 0.0947 1329
19.50 4-22 '-333

Mean 0.0953 *-3»8

Iodoacetic 735» 6.175 0.0604 7.5
Acid 50.20 3.665 0.0602 7-4

39.71 2.685 0.0603 7.5
36.25 2.350 0.0610 8.2
33.33 2.09s 0.0616 8.6
30.49 t.900 0.0606 7.8
28.42 1.750 0.0604 7.6
25.95 1.57S 0.0595 7-2
20.61 1.180 0.0595 7-4
15.80 0.850 7-7

Mean 0.0604 7-7r

0-Iodopropionie S» -36 4*-99 °-*iS *a6

Acid 37-96 25.42 0.235 4.26

28.93 16.12 0.235 427
21.42 9.92 0.235 4-25
15-45 5.92 0.238 (4-4«)r5·4S 5·92 o.a38 (4·4r)
7.78 2.26 0.242 (4.38)
6.44 1.77 4-26

Mean 0235 4.26
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Tabie 1 (Continued)

Toluène

C, C, 1» K XI"1

Methylanthranilic 2.20 6.82 3.95
Acid 1 .85 5.80 4.03

1.58 s-oî 4-o8 I

'3* 4-3° 4-03
1.12 3.70 4.29 I

0.924 3.17
Mean 4.08

o-Methoxybemoic 17.8 62.0 2.83 134.
Acid 15.6 53.77 2 .73 121.

14.1 46.0 3.86 142.

«2.S 39.8 2.78 132.
no 34-5 2.72 123.
9-68 29.7 2.74 117. :i

7-7© 22.2 128.
Mean 2.78 128.

o-Xitrobenzoic 13.0 2.22 O.4SS
Acid 9.90 1.65 O-479

8.69 1.45 0.468

7-48 1.2s 0.451
6.60 1.06 0.467

S -72 0.898
Afean 0.463

ni-Nitrobenzoie 9.37 23.1 1.25 6.57
Acid 8.51 19.6 1.23 6.49

7.69 16.7 1.1; 6.34
6.37 12.1 1.20 6.45
5.87 10.56 1.19 6.45 N

5.28 8.8o 1.27 6.52
4.75 7 48 6.47

Mean 1.22 6.47

p-Xitrobenzoic r.12 0.980 3.2
Acid 0.784 o.812 3.2

0.588 0.630 3.2

0.504 0.530 3.3

0.420 0.448 3.1

0.336 0.336
Mean 3.2



MBTRIBimONRATIOSOP KOMEORUANICACIDS 1961

Tabie I (Continued)
Toluène

C, C, V K X «0»

Phenylacetic 19.90 70.80 0.734 3-4»

Acid 16.67 50.89 0.750 3 -5*

13.49 3435 °-763 3-j8
it.39 25-91 0-734 3-49
5.09 3-8i

Mcan 0.745 3-5*

Propionic 477-i «32.9 0.0469 4*2

Acid 311.o 61.10 0.0470 4»3

îii.o 35.00 0.0452 3.58
127.1 »4-9o 0.0452 3.60

79.48 7.05 0.0455 3.69
51.21 3& 0.0445 3.48
31.46 1.99 0.0449 3.61
18.89 1.02 3.86

Mean 0.0456 3.78

Salicylic 12.1 30.8 1.99 28.1I

Acid 10.9 25.1 2.08 31.4

9.24 19.9 2-05 3O-9
7.70 15.4 200 29-7
6.82 13-4 2.19 32.3
6.60 11.g 1.95 30.9
5.72 9.79 2.08 29.8
S. 50 924 30-2

Mean 2.05 30.3

o-Toluic 3 -S» 99.0o «-6G 22.3

Acid 3-30 87.0 '2.3 22.4

3.04 74.8 13•' ".s

2.77 64.O 12.3 22.1

2.57 S6.Ss 22.1

Mean 12.6 22.3

p-Toluic 211I 528 4.56 "-73
Acid 1.98 46.6 4-5S i-74

1.8s 40.5 4.88 r.75
1.72 3S-S 4-95 r-75
1-59 301 5-13 i-75

i.4S 25.5S 1-73

Mean 4-8 '-74
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TABLE1 (Continued)
Toluène

Ci C, p K x io»

Iso-Valeric 24.18 60.67 0.455 2.18
Acid ai.oo 46.30 0.466 2.23

17-79 34.94 0.450 2.17
15.16 26.59 0.437 2.12
13.07 20.61 0.426 2. 10
IO.86 14.82 0.433 2.12
8.74 10.16 0.445 'S
6.995 6.885 0.447 2.24
S-552 4-92 2. ii

Mean 0.445 2.17

n-Valeric 28.89 138.55 0.646 26.2a

Acid 21.60 80.75 0.646 25.9

iS-46 45-43 0.636 24.7

11.25 25.95 0.634 24.4

7. 11 11.92 o.630 23.8
4.91 6.68 o.617 22.7
1.95 1.68 0.600 22.7
1.64 1.30 0.631 23.8
1.32 0.979 24.0

Mean 0.630 24.33

TABLEII

Benzène

C, C, P K Xio>

Bromoacetie 91.85 2.78 0.0368

Acid 62.25 1.88 0.0356

42.41 1.19 0.0362

37.99 1.06 0.0363

30.58 o.82 0.0365

24.21 0.65 0.0373

17.76 0.48 0.0349

13.39 0.35
Mean 0.0362

o-Bromo-n-butyric 37.78 52.57 0.702 17.1x

Acid 28.38 32.72 0.695 17.0

21.34 20.51 0.704 17.4

17.44 15.23 0.693 16.7

15.47 12.48 0.707 17.7

13.07 9.62 0.719 18.4

11.53 7.95 0.718 19.0

10.10 6.69 0.714 17.8

7.86 4.71 17.9

Mean 0.708 17.7
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TABLEII (Continued)

Benzène

C, C, l' K x ta»

a-Bromopropionic 63.29 18.56 0.212 20.4
Acid 46.00 11.80 0.212 20.4

37.52 g. 10 0.212 ao.i

29.17 6.38 0.212 20.4

24.34 5.07 0.211 20.1

18.49 3-5» 0-213 (210)

14-12 2-54 0.211 (l9S)

11.32 I.Ç2 30.1
Mean 0.212 20.3

(Ï-Bromopropionic 91.70 31.50 0.141 8.1

Acid 62.80 17.55 oi39 7.9

48.40 11.99 0.138 7.7

32.01 6.51 0.142 8.3
22-03 3.96 0.137 7.8
18.81 3.19 0.141 8.z

15.20 2.48 7.5

Mean 0.140 8.0o

o-Bromo-n-valeric 12.85 56-25 2.31 13.9

Acid 10.71 41-19 227 14-7

8.79 28.62 2.32 17.6

7.83 23-57 3.30 is.o
7.18 20.12 2.35 15.3
6.77 18.13 2.27 15.4

6.01 1496 2.37 15.3

5.34 12.38 2.28 15.0

4.75 10.42 142

Mean 2.32a 15.2a

Iso-Butyric 190.6 501.4 0.191 2.75

Acid 147.0 3130o 0.187 2.70

87.7 115.6 0.189 2.71

49.33 40.4 0.188 2.69

36.4 23.2 0.191 2.75
21.s 9.78 0.191 2.70
16.4 6.39 o.188 2.71
9.95 3.02 0.191 2.7a

7-74 2 13 2.69

Mean 0.189 2.70
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TABLEII (Continucd)
Beazcuo

Ci C» 1» K X io»

n-Butyric 316.3 489.7 0.225 5.32

Acid 166.1 303.9 0.224 5.07

117.1 IS9-7 0.224 S-02
63.80 54-«o 0.223 4-9S
39.21 2340 0.224 ;.00
24.03 10.78 0.224 498
15.65 5.60 0.225 5.16
735 208 0.325 5-09
4.40 1.10 4-9'

Mean 0.224 5.02

n-Caproic 5.68 103.10 4. 27 6.65
Acid 3.88 52.87 439 6.64

3.60 45.80 4 24 6.64
2.63 26.75 4'4 6.61

3.47 24.08 4.42 6.67

2.19 19.89 6.64

Mcan 427 6.64

Iso-Caproic 9.22 180.0 3.6 6.06
Acid 8.07 143-0 3S 5.98

7.58 125.0 3.8 6.02

6.85 103.0 4-« 6.06

6.155 87-4 *-2 S-S8
5.64 74.2 2.8 5.89
4.98 58-9 5.95

Mean 3-4 S -97

0-Chloropropionic 78.82 11.59 0.0872 8.9

Acid 52.82 6.61 0.0872 9.0

40.41 4S9 0.0876 9.4

28.30 2.96 0.0879 8.8

24.89 2.50 0.0871 9.4

21.90 2.13 0.0882 9.6

ig.zo 1.83 0.0874 9.2

16.32 1.52 0.0876 9.2

10.94 0.956 9-0

Mean 0.0873 9.2
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iahlk u (L'ontinuea;

Benzène

C, C, P K X io"

a-Crotonic 118.2 125.6 0.1211 1.81

Acid 93-7 80.4 0.122 J.84

62.15 37.45 0.123 1.85

45.20 21.42 0.121 1.82

31.00 11.05 0.123 1.85

18.74 4.85 0.119 1.85

II.06 2.20 0.122 I.84

9.69 I.83 I.82

Mean 0.122a 1.83

todoacetic 7°-7° 7.58 0.0822 12.6

Acid 48.40 457 0.0822 12.7

38.40 3.34 0.0830 141

35.30 3.00 0.0832 14. a

32.21 2.66 0.0841 15.2

29.50 2.40 0.0839 15.0

27.48 2.22 0.0827 13.7

25.31 1.97 0.0853 16.55

19.96 1.51 0.0839 14.4

15.43 1.11 14.1

Mean 0.0831 14.2

0-Iodopropionic 4660 47-75 0.^22 6.02

Acid 34.46 28.92 0.319 5.90
26.35 18.70 0.318 5.84
19.56 11.78 0.31s 5.72
14.20 7.17 0.318 5.86

987 4.24 0-332 6.30

7.20 2.78 0.315 5.80

5.98 2.17 5.88

Mean 0.3199 5.90

Pbcnylacetic 16.36-· 7454 00 3.98

Acid 1364 59-92 1.00 3.98

It.oa 36.82 1.02 3-99

9.35 27.95 °-96 3.go

7 .32 18. 12 1 .00 3.96

S. 80 12.33 O-98 3.94

5.14 9.98 1.09 403

4-30 7.61 3-93

Mean 100 3.95
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Table II (Continued)

Benzene
Ci C, V k Xto1

Propionic 4S4-oo 156.0 0.0629 5.78
Acid 297.9 74» 0.0596 5.67

206.2 39.8 0.0606 5.58
ta4.t t7.g o.o5g8 S.a41241 17-9 0.0598 5.24
780 8.58 0.0604 5.48
S°-3 4-7* 0.0590 5.16
31 o 2. 4s 0.0604 5.49
18.6 1.31 5.54

Mean 0.0604 5 49

Iso- Valérie 22.31 62.54 0.590 3.21
Acid 19.15 48.05 0.575 3-14

16.44 3a-»o 0.582 3.17

14.04 27.71 0.575 3.15
12.14 21-54 0.572 3.14
8.08 10.8î 0.592 3.18

6.41 7-47 o.612 3.20

5-io 5î6 3.80
Mean 0.582 3.17

n-V'aleric 26.61 140.79 0.828 3.72
Acid 19.81 82.34 0.823 3.66

1440 46.49 0.823 3.64

10.41 26.79 0.815 3.55

6.55 "47 0.808 3.82

4-S4 7.06 0.797 3.37

i.77 i-79 o.802 3.53

i-So i-44 3-S4
Mean O.8r44 3.60

TABLEIII

Chlorofonn

C, C, p k x 10»

Acetylsalicyclic 19.8 181.0 1.77 6.62

Acid 16. 1 120.0 1.87 6.66

14.8 102.3 1-78 6.66

13.7 88.2 1.78 6.69

12.7 76.4 1.88 6.72

9*4 44-0 6.66

Mean 1.81 6.67
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Table III (Continued)
Chloroform

C, C, P Kxio»

Anisio 178 47-8 29.4 «S*».

Aoid 1.58 41-8 29.8 2100.

1.39 36.1r 3° 7 36o°-

1.19 30.6 29.9 2300.

1.06 a6.8 30.8 4700.

0.924 23.3 i3°°-

Mean 29.9g

Anthranilie 46.98 iggô 0.0780 0.772

Acid 32 so to.38 0.0765 0.762

27.35 7.66 0.0760 0.762
20.92 4.79 0.0777 0.772
16.07 3.06 0.0827 0.756
11.26 1 .76 0.769

Mean 0.077 0.767

Henzilic 2 S»I '4-55 n-8

Acid 2.24 «-S "7

1.98 11.4 11.4

178 9.50 11.8

139 6.74 130

1.25 6.07 12.4

1.12 528

Mean 120

Benzoio 6.27 84.5 4-35 ".8

Acid 4-9S SS-9 S-i8 12.9
4.49 47 S 4-9O J2.7
4.09 41-4 365 12.4
3-76 35.4 12.8

Mean 48 12.7

o-Bromobenzoic 489 56.77 8.14 '6.1a

Acid 4.55 49-3 820 16.1

4.22 422 764 'S-4
3.90 36.5 8.14 15.9
3.43 28.2 8.48 16.1

2.90 20.5 *à.o
Mean 8.14 16.o

m-Bromobenzoic 0.53 24.44 m.

Acid 0.46 22.7 109.

0.42 18.7 120.
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Tablk III (Continuée!)

Chloroforni

C, c, 1> K x 10»

0.35 16. s 119-

0.28 13.4

Mean 115.

a-Bromo-n-butyrie 26.89 $i.ot r 0.984 15-8S

Acid 24.28 43 -S* 0.971 15.0

21.64 36.21 0.9^3 14.8

19.00 29-14 0.959 14.6

17.06 24.04 0.971 15.0

«SS3 20.69 0.968 14.9

13.87 17.50 0.947 14.4

11.99 13.9' 0.974 15.0

9-5* 9.57 0.97S *S-i

7.46 6.67 14.9

Mean 0.972 14.9

o-Bromopropionic 48.10 18.05 0.315 3600.

Acid 42.48 is-i* °-3«5 3600.

39.13 13.87 0.316 3300.

35.39 11. 91 0.315 3600.

31.38 9-92 0.320 4200.

27.81 8.49 0.321 4300.

25.04 7.61 o-3'S 3700.

21.22 6.08 O.32I 4200.

19.29 5.60 0.320 (54OO.;

16.o6 4.41 0.325 4200.

1222 3.IJ 3900.

Mean 0.318 3900.

/î-Bromopropionic 48.10o 18.455 0.246 17.43

Acid 28.18 8.62 0.247 '9-6

21.30 6.33 0.246 16. 1

16.17 4.56 0.245 16-S

8.03 1.85 0.253 l8-S

4.62 1.08 0.228

3.97 0.63

Mean 0.2.14 '7°
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Table III (Continucd)
Chloroforni

C, C, 1* KXitf

Im-Butyric 112.80 495*2 0.556 g.gi

Acid 93.80 354.1r 0.552 8.83

76.90 244.3 0.554 8.86

63.15 1721 0.557 8.74

49.15 109.9 0.567 8.74

41.01 79-6g 0.549 8.78
34.30 57.30 0.557 9.08
33-8a 54.98 0.560 9.31
26.23 36.80 0.557 9°6

20.31 25.89 0.544 815

18.38 20.42 0.556 9.47

14.54 14-36 0.559 9«6

1r.11 9.59 o-568 (984)

6.08 426 0.575 («0.05)

3.33 i-98 9-10

0.558 908

n-Butyrie 126.0 471.0 0529 IO-8

Acid 9665 298.2 0.537 ïo-4
81.60 232.4 0.534 9-f>
58.98 126.9 0.506 98
46.70 85.20 0.524 9-7
36.00 54 58 0.522 9.8
3555 55-05 0.522 9-3
28.32 38.08 0.520 g.t
22.89 25.46 0.525 10.3
22.00 25.00 0.522 9-4
14-35 12-58 0.524 10.3

5.72 3.48 0.539 (13-8)

3.67 2.13 0.522 10.g

1.78 0.924 (n.î)

Mean 0.531 10. 1

n-Caproic 4-4» >7a-55 • *6 17.3

Acid 3.98 U6.s «i-»6 T7°
3.08 94.4 «i-iS l6-0

2224 545 i'-3o (19*)

I-7I4 35.8 1120 170

1383 25 -66 10.96 16.8

1.020 16.25 '7-°

Mean »•« 17-°



1970 HOMER W. SMITH AND T. A. WHITK

1
Table III (Continued)

Chloroform
C, C, P K Xio«

Iso-Caproie 3.51 92.98 (805) 10.0o

Acid 2.31 47 18 (8.00) 9. s

1.63 27.08 (7.96) 9-i

1.14 15.30 7-9° 8.8

0.75 8.13 7.90 g.o

0.41 3.58 7fJO 9»

0.21 1.48 8.6

Mcan 7 90 9 a

în-Chlorobonssoie 0.70 17 5 84.

Acid 0.56 is.i 1 87.

0.42 13.1 89.

0.3s n. 4 gr.

0.28 g. 4

Mcan

o.a8 g.q
88.

o-ChlorobcnJsoic S« 36S5 8.553 68.

Acid 4-49 3«*a 8.34 61.

4.03 î6.4 8.20 73.

3.57 îo.7 8.86 75-
3-17 17-6 8.55 67.
2.90 iS-2 8.93 74.
2.64 13.2 8.86 71.

2.31 10.8 68.

Mcan 8.6* 72.

p-Chlorobenzoic 0.66 8.1r 50.

Acid 0.49 78 s»-
0.364 6.7 54-
0.28 s -8 54-

0.25 S -3 S6-

0.238 S- «S S4-

0.21 4.6

Mean 53

0-Chloropropionic 82.42 19.58 oi37S >.î-6G

Acid S4-83 ".30 0.1365 12 9

41.80 7.78 0.1310 12.8
29.20 4.80 0.1383 13.9
25.78 4.10 0.1390 14-2
22.62 3.54 0.1375 '3*
19.72 3.08 0.1320 11.3
16.77 2.50 0.1343 12.3
11.23 'S6 I2-9

Mean 0.1365 13.o
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TABLEIII (Continued)
Chloroform

C, C, P li X 10»

('innamie 1.3a 136.4 96. 190.

Acid 1 .ia 119.S 75- 140.

0.98 92.1 95. 170.
0.84 78.8 60. 140-
0.77 68.4 150.

Mean 82. 160.

a-Crotonic 34-32 40'5 0.315 3-74

Acid 27.93 27-94 o-3i7 3-75
23.08 20.68 0.31s 3.65
17.25 12.58 0.3U1 3.70
12-39 7.43 (0.328) 3.79
g. 02 4-66 3.71

Mean 0.314 3-7*

lodoacetic 64.65 12. 20 0.1582 27.33

Acid 50.85 8.95 0.1600 30.9

41.90 7.08 0.1589 28.s
38.31 6.21 0.160s 32.7
3*. 13 4.96 0.1595 36.2
27.88 4.30 0.1585 28.2
23-50 3-45 0.1610 33.0
20.80 3.01 0.1603 30.0
16.55 2.30 0.1590 30.3
13.88 1.87 29.7

Mean 0.1595 307

0-Iodopropionic 30.30 35.75 0.554 12.9

Acid 17.99 16.50 0.554 71.9
10.08 7.37 0.SS3 12.8S
6.05 3.66 0.554 (16.2)
3-77 *°8 °SS3 '3-2
2.21 0.98 0.551
1.27 0.56 o.sss

0.697 0.274
Mean 0.554 ia.8

Mandelic 69.5s 3.177 0.0585

Acid 60.5 2.90 0.0580
52.2 2.44 0.0590
45.8 2. 11 0.0601
39.6 1.85 o.o6o6
34.8 1.65 0.0604
21.8 1.06

Mean 0.0594
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Table III (Continued)

Chlorofonn

CI C, P K x 10»

Methylanthranilic 1.58 25.7 8.0 12.6

Acid 1.45 21.8 8.9 13.4

1.32 19.1 8.8 13.3

1.19 16.2 9.3 13.6

1 .08 14.3 7.8 12.9

0.99 ia-5 '3-3

Mean 8.5 13.2

o-Methoxybenzoic 5.48 187.0 47.
Acid 4.75s 169.0 47.

4.16 152.0 46.

3.70 132.5 48.

3.30 "S° S'-

2.44 88.6

Mean 48.

o-Xitrobenzoic 11.95 6.34 103

Acid 10.56 s. 28 1.04

9.44 4.36 1.06

8.32 357 i-io

7 .26 2 .g7 1.10

6.40 2.51 1.12

5.61 2. 11 (1.16)

5.08 1 .8*;

Mean 1 .06

m-Nitrobenzoic 7.79 61.44 3.13 9.04

Acid 7.13 52.3 3.12 8.96

6.07 39.6 2.87 8.69

5-68 34-5 3-io 8.98

5.15 29.0 3.01 8. 96

4.69 24.2 3.26 9.12

3.70 16.2 9.43

Mean 3.08 9.03

p-Xitrobenzoic 1.45 4.84 7.5$

Acid r.25 4.09 7.6

1.06 3.43 7.88

0.924 2.97 8. r

0.84 2.64 8.7

0.70 2.24

Mean 7.9g
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TABLE III (Continued)

Ghloraform

c, C l> K X io>

Fiienylacotic
io'o Jo8-9 2.94 d°-4)

Acid 7-96 73î>9 *-87 8-9

5.72 41.2 2.87 gi

4.83 3°-5 2-97 93

3.89 21.3 2.92 94

3.14 14.9 2.98 9-8

2.37 9.94 2-87 9-2

1.94 7. 35 i00 '->•'ç

1.48 4-995 9-5

Mean 2.94 93

Propionic 4150 3iS-° ol6° lS2

Acid 342.7 245-8 °-101 'S S

258.0 150.0 0.161 15-44

îoo.S »©J-3 OJS8 14.7

129. 8 49.1 1 0.158 14.8

94.8 29.7 0.161 152

64.3 17.5 (o.iS») 16.3

51. S 12.7 0.160 15.4

330$ 6.95 'S-1

Mean 0.160 153

Salicylie 5.68 22.4 ^-96 >3-7

Acid 528 19.6 3 00 '3-4

4.89 16.9 3.10 133

4.49 146 3.09 x3-3

4.10 12.3 3-54 13.9

3.70 10. ss
n. 8

Mean 3 '3 '3-* 2

o-Toluic 4.49 3«oo 5.75 l64

Acid 4.09 2790 5-56 »-38

3.70 2330 5-88 '-44

3.30 192.0 6.06 1.37

2.90 170.0 5.89 1 • 16

î.57 147-0 5-s6 ("•«)

2.11 1 12.3 (0.88)

Mean S -7» 1.38

p-Toluic *-3* I00-8 650 ° 198.

Acid 1.19 87.1 64.6 182.

0.98 64.» (7i-4) 218.

0.84 54-7 f)4-6 »8o.

0.70 41.8 k>2.

Mean 64.7 J96.



1()74 HOMER W. «MITH AND T. A. WHITE

Table 111 (Continued)
Chloroform

Cj C, p K X ios

iso-Valeric iS.38 91.4a i.s8 7.79
Acid 12.13 61.88 1.56 7.49

9.89 42.31 j.s8 7.69
77* 27.69 i-S9 7.98
S.96 19.64 LS3 7.09
4.03 10.59 1.54 7.20
ï.76 6.27 1.49 6.92
1.47 3.47

Mean i.ss 7.6

n- Valérie 10.40 69.00 2.18 10.1t
Acid 917 S4-33 2 23 10.s

7.70 4.oo 2.16 10.0o
6.02 28.18 a.jô 9.9
4.37 17.23 ai6 10.1
3-2i «o.ss (2.33) 10.4
J.s8 6.64 10.s

Mean 3.18 10.2



THKATOMICWEIGHTOFCHLOH1NE*

TheRatioNOCI:Ag

UV AKTHCH F. SCOTT AND CLYBK K. JOHNSON

Wehave investigateda mothodfor the preparationof nitrosylchloride.

Froro an analysisof this material, purifiedby fractlonaldistillationin

vacuum,the ratio N0C1:Ag bas bcendeterminednephclomctrieallyand

usedtocalculât?the atomieweightofohlorine.

Theformulafor theatomicweightofchlorine,usingthis ratio,is:

AtomieWeightChlorine
wt. NOCI

X 107.880 3«-«*
wt. Ag

wherethe ratiotermequalsapproximately65.46. Anerror of onepart in

65,000in determiningthis ratioby the anatysisofnitrosylchloridecausesan

errorofone part in 35,000ln the caloulatedatomiewoightof chlorine,and

placesthe thirddecimalplacein errorbyoneunit. The threeternisin the

aboveequation,-the atornieweightofchlorine,the ratioterni,andthe terni

to be subtracted,~areof the same orderof magnitude. Mathematically,

this representsa favorablecondition,and an accuratedetenninationof the

NOCI As ratio shouldgive considerableinfonnationbearingupon the

atomicweightof ehlorine. It is of furtheradvantagethat onlytwoanté-

cedentatomtcweightsareneededin thecalculation,andthat theseareamong

the bestknownofallof the atomieweights.

A distinctdisadvantagein the useofnitrosylchloridein atomicweiglit

workis the factthat it décompose»photoehetnieally.Kiss1,andBowenand

Sharp' reporta decompositionof as muchas io<'ïin the gaseouBmaterial

in a glass bulbat a pressurecorrespondingto 456mm.of mcrcury,after 10o

minutesexposureto the lightof a to ampèrecarbonarc. Ourownresults

confirmthis observation,andleadusto theconclusionthat thephotochemical

décompositioncannotbe neglected,in anyexactmeasurementsoftheproper-

tiesofnitrosylchloride.

It may bementionedthat this compoundhas bren usedpreviouslyfor

thedéterminationof the atomicweightofchlorinebyGuyeand Kluss',and

Wourtzel4,whoemployeduniquemethodsof analysis. In their workm>

précautionswere taken against photochemicaldecomposition.Thereforc,

their valuesfor the atomie weightof chlorineare placedin somedoubt.

Nevortheles»,thèseinvestigations,and that ofBrincrand Pylkoff»,indicate,

aswcalso havefound,that undercertainconditionsnitrosylchloridecanbe

obtainedalmostanalyticallypure.inBpiteofthephotochemicaldécomposition.

ContributionfromtheCheiairtvyOcpsrtmcntofTheKiccInstituto.
1 Kiss: Her. Trov. chim., 42, 665 (WJ).

UciwDi»and.Slmn>:J. ('hem-«w..*&<«M6<«9*5I-
CiuycandKliw:J.Chim.phys.,6,73*(1908).

« Wourtwl:J.Chim.pliy».,11,214U9«3)-
J Brincrnidl*ylkoff:J.Chim.phys.,JO,640(191*
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Preparation of Nitrosyl Chloride

Thenitrosyl chloride used in this work was prepared by two mcthods:

Preparation I. In the first niethod cf preparation, the compoundwas
'1

made by passing pure, dry nitric oxide and chlorine through a 25ocent, bulb

lilledwith glass baffles, cooledto about 18°(\ in an ice-salt mixture. The
“

productwas collectai in a similarbulb cooledto between -3o°C. and 6o°( I

with a mixture of alcohol and carbon dioxide snow. The clilorinewas ob-
|

tained froma tank of the commercialmaterial. Thenitric oxide wasprepared

by the method due to Winkler', and recommended by Moscr*. Both gases

weresuitably washed. A current of pure, dry nitrogen wasusedto sweepthe

oxygenfrom the nitric oxide washingtrain. This gas wasobtained by drop- s

ping a cold solution of sodium nitrite into a hot solution of ammoniumchlor-

ide. The préparation was carried out in an apparatus made practically all

of glass. a
In the finalexperiment, in which 450gramsof potassium iodidewercused

in preparing the nitrie oxide, 275 cent, of a mixture of nitrosyl chloride, t

clilorine,and other undetermined impurities was obtained. This was dis- 1

tilled into fractions in a seriesofall-glassSystems,and analyzed as hereinafter

deacribed. The removal of the excess of chlorine in the product by thix

fractionaldistillation proceededso slowlythat the above methodof prépara-

tion wasconsidered unsatisfactory.

Préparation II. The methodof preparation finally adopted is a modifica-

tion of that described by Tilden". Since it has several distinct advantages,

and has not previously been described, the method is given in détail below.

Sincein any synthesis of nitrosyl chloridethe introduction of at least one

impurityin the final product is practically unavoidable, weselectedthe follow-

ing reactions,in order to get the least objcctionablc one:

80, + HN03 (fuming) – •
Q^>

SO2 i

()H~
~iU~ H(.1- H~O, -f- \Ot.'1

0x0/
S0* + Hcl HïSO* + NCK;1

The use of hydrogen chloride in place of the usual sodium chlorideen-

ables the réactions to be carried out continuously, in a single reaction flask.

It alsoeliminates the possibleintroduction of certain oxidesof nitrogen,which

have boiling points undesirably close to that of N0C1. Moreover,the low

boilingpoint of the principal impurity, hydrogen chloride, lends itself to thc j
moreready separation of the two substances by fractional distillation.

Theapparatus used in washing the sulfur dioxideand hydrogenchloride,

the hydrogen chloride generator, the reaction flask, and the collectionap-

paratus for the NOCI were all of glass, except the connection to the tank of

sulfur dioxide. In gênerai, the preparation system consisted of three train»

of \i" X 1" gas washing towers filledwith 1/8" glass beads moistenedwith

1 Winkler:Mer.,34,1408(1901).J.
Moscr:Z.anal.Chem.,SO,40](1911).J.
• Tilclen:J. Chem.Soc,27, 630(1874). l

\<
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the washing solutions,lcadinginto a 3 liter Pyrex reactionflask. Glass

stopcockswereplacedat convenientpointsin thc gaslines. Air,sulfurdi-

oxide,and hydrogenehloridecouldbepassedthroughthewashingtrainsand

into the reactionflaskeither abovoor belowthe surfaceof the contained

liquid. An outlet tube led from the flask,through a tube of phosphorus
pentoxide,a safetybottle,and anaspirator,intoa hood. Aseparatoryfunnel
wasconnectedat the topof the reactionflask.

The sulfurdioxideusedin the reactionwaspassedthroughsixtowersof
beadscontainingconcentratedsulfuricacidwhichhadbeenheatedto fuming.
The hydrogenchloridewasgeneratedby droppingconcentratedsulfuricacid
into concentratedhydrochlorieacid, containedin a 3 liter flask. It was

passed throughfour towersof beadscontainingconcentratedsulfurjcacid.
The air washingtrain ledsucccssivclythroughdilutesilvernitratesolution,
solidanhydrouscalciumehloride,twotowersof 1 i sodiumhydroxidesolu-

tion, and three towersofconcentratedsulfuricacid. Theusualprecautions
were observedinmakingup eachof the reagentsusedinwashingthegases.

The essentialdetailsof the préparationwill nowbe described:Five

poundsof c. p. fumingnitric acidwereplacedin the 3 liter reactionflask.
The flaskwascooledina bath of crackedice,and sulfurdioxidewaspassed
into the liquidbelowthe surfaceat a moderatelyrapidrate forabout 45
hours,discontinuously.Crystalsofnitrosylsulfuricacidgraduallyseparated
fromthe solution,andshoweda tendencyto clogtheoutletandinlettubes.
For this reasontheoutlettubewaslargeandcontainednostopcocks.When-
ever the inlet tube becameclogged,it wasopenedbyallowingooncentrated

sulfuricacid to run into it throughthe separatoryfunnelat the top of the
reactionflask. Noneofthenitrosylsulfurieacidcrystalsentcredtheapparatus
intendedfor the collectionof the nitrosylchloride,as this systemwascon-

nected in parallelwith the outlet tube by a specialglassvalve,whichwas

onlyopenedwhenthe collectionof theproductwasaboutto begin.
Sometimeafter the crystalsbeganto separate,brownfumesceasedto

comefromthemixture. The contentsof the flaskbecamenot-iceablylighter,
changingrapidlytoa whiteor lemon-ycllowcolor. Afterthisstagehad been

reached,sulfurdioxidewaspassedinto the reactionflaskfor anotherthree
hours. At the endof this time a smallamountof liquidstillremainedin
the flask.

About soo ccm. of previouslyboiledconcentratedsulfuricacid were
added to the mixturein the flask,throughthe separatoryfunnel,whileair

was passingthroughthe flask. -Atthe sametimetheflaskwasheatedin a
water bath to about ioo°C. The contentsof the flaskgraduallybecame

liquid. The spaccabovethe liquidwasfilledwithbrownfumesofnitrogen
dioxide,whichgraduallydisappcarcd.Airwas bubbledthroughthe heated

mixturefor 12hoursmore,inordertoremoveallofthenitricacidandnitrogen
dioxide. The liquidin the flaskwasnowa light lemon-yellowcolor,and the

vapor wascolories*.
Thesecondstopin thepreparationwasnextcarriedout. Thevalvelead-

ing through the collectingbulbs wasopened,and the outlet tube sealed,
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directingthe vapors from the flaskthroughthe two bulbs. Thesehad a

capacityof about250ecm.;theywereequippedwithspecialglassvalvesby g
whichthey couldsubsequentlybeconnectedto otherall-glasssystems.

Dry hydrogenchloridewasthen passedinto the solutionof nitrosylsul-

furicacidinsulfurieacid,at a moderatelyrapidrate. Green-brownfumesof

nitrosylchlorideformedin the flaskand condenscdin the collectingbulbs.

The first bulb was eooledwith an ice-saltmixtureto about -i8°C; the

secondwascooledto about ~25°C.witha mixtureofcarbondioxidesnow

andalcohol.
Thebulbswereattachedsothat they couldberemovedmeparate-ly.When

the secondbulbwasabout full,it wasscalodofffromthe inlet tube. Its

outlettubeled throughdryingtubesand saietybottlestoanaspirator. Before ii

the outlet tube wassealed,the full suctionof the pump wasapplied,and

nitrosylchloridewas allowedto boilawayuntil the bulbwasa little over t

half full, whereuponit wassealedoff completelyfromthe air. This bulb <

wasestimatedto containabout 150ccm.of nitrosylchloride. The second t

bulb wassealedoff similarlywith 35 ccm.of the material. The contentsIl >»

of the first bulb were purifiedby fractionaldistillationand analyzeda<

describedbelow.
DistillationofNitrosylChloride

all of the distillationswerecarriedout in evacuatedall-glassapparatus,
andsamplesforanalysiswerecollectedin smallglassbulbs. Thisapparatus
differedin no respectfromthat usedby Baxterand Scott in their workon

the boronhalides. For the sakeofbrevityno furtherdescription'is given,

but ail essentialdétailsof the distillationproceduremay be inferredfrom

Table I.
To avoidphotochemicaldecompositionof the N0C1,it was kept in u

dark cabinet,except.duringthe actual fractionationprocess. The last five ;j

distillationsof PreparationII, however,werecarriedout in the diffusered

lightofa 40WMazdalampreflectedthrougha WrattenSafelightS1,Sérieso. “
The transmittedlight coveredapproximatelythe rangefrom 5700to 6400 l(
A. U. Accordingto MagnaninF,nitrosylchlorideabsorbslightin this range, <

but strongabsorptiondocsnot occurabove5250A. U.,and there is no ah- i

sorptionbetween5650and 5800A. U. Furthormore,Bowenand Sharp1 g
.statethat "attemptsto showthat absorptionby the rcdbandsof NOCllead 1

to dissociationwereunsuccessfulbecauHeof the smallamountof lightah-

sorbed."
Purificationof Reagents

Extrêmecarewasusedin purifyingthe reagentsusedin this researchand

suitabletestsweremadeto insuretheir purity.,

Waler,nitrieacid,and ammoniawerepurifiedaccordingto the methods

givenby Baxterand Graver4.Sodiumchloride?wastwiceprecipitatedfronta

1 BaxterandScott:Proc.Am.Aead.SO,21(1923).
1Magnanini:Z.physik.Chcm.,4, 427(1889J.

HowenandSharp:J. Chem.Soc,127,1026(1925).
1 Baxterand(irovor:J. Am.Chcm.Soc,37,1028(19151.
i RichardsandWells:J. Am.("htm.Nie.,27,469(1905;. (

t

n
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xaturated solutionwith hydrogenchloridegas. It was then centrifuged,
dried,and finallyfusedin platinum. Phoitphmisjœntoxideforusein drying
the gasesused in this workwassublimedina currentof oxygen,according
to the directionsgivenby Finchand Petoland Whitaker*.Silverwaspre-
pared by the processesoutlincdby Baxterand Scotta,with two déviations
from the generallyadoptedprocedure. The useof charcoalwasavoidedin
the first twofusionsof the silver,becauseironwasfoundprésentinail of tlio
availablesamplesof this material. Thefusionswerecarriedout ona bedof

pure limein an electricfurnaceconstructedasfollowK:24ft. ofg18Chrome!
"A" wirewaswoundinto a springon a 3/16in.iron rod. The coilswerc

sprung apart, wrappcdarounda tso ccm.silicabeaker,and tied in position
with asbentoswicking. The turns were insulatedwith 1/4 in. blocksof

pressedasbestos. The beakerwas packedin an earthenwarecrockwith

magnesiaandsheetasbestos.
The silverwasfusedinan atmosphèreofpracticallypure méthane,which

waspassedthroughwashbottlescontainingalkalinepotassiumpennanganaM'
solution,concentratedsulfuricacid,andcotton. Theabovedescribedprocoux
h consideredan improvementoverthe fusiononcharcoal.

The otherdeviation,whichwasnot regardedasan improvement,wasthe
useof a 16in. X 1-1/8in.silicatubein theelcctricfurnaceforthe finalfusion
of the silver,ratherthan the usuallengthofporeelaintubing.

Fourreagentswerepurifiedespeciallyforthosilverpreparation. Ordinary
c. p. concentratedhydrochloricacid,mixedwithan equal volumeof water,
was distilledthrougha quartz condenserand the last three-quart«rswore

collectedin a quartz flask. C'.p. calciumnitrate wascarriedthroughthc

processof purificationdescribedby Richardsand Wells4,to pure calcium
oxide. Sodiumhydroxidein solutionwaselectrolyzedina 500ccm.platinum
dish until thepassageofa s- 10ampèreeurrentforthreehoursgavenodeposit
of iron. Fîlectrolytichydrogenusedin the finalfusionof silverwaspassée!
throughtowerscontainingconcentratedsulfuricacid,overa redhot tungston
filament,througha 3 ft. tube containingfusedsodiumhydroxide,and finally
over P»Of.

TheAnalyses

The N0C1samplesfor analysiswerein everycasecontainedin sealed

gla.ssbulbsofabout 5 ccm.capacity. Somewereanalyzedgravimetrieally
and othersnophelomctrically.Thégravimétrieanalyseswereusedto follow
the removalof the excesschlorincfromthepréparationsof nitrosylchloride,
and were»carriedout in the customarymanner\ With the exceptionof the»

analysisof Iiulb$$%thecorrectionfor the solubilityof thesilver chloridein
tlio finalwashingswasomittod(ailothercorrectionswereapplied),and there-

FinchandPeto:J.Chem.Sor.,121,692(1922).
1VVbitaker:J.Chem.Hoc.,127,2219(1925).
3HaxU'i'on<lHrott:I'roc.Ain.Acad.,59,23(1923).
KichunteandWells:J.Am.Chcm.«oc,27,481(1905).

4Sec,foro.xumplp,HnrkinsandI<igRctt:J. PhynChom.,28,7Û(19241;Kftxtcrand
foopw.I'rocAm.Ariul.,S9,248(1924.1.
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fore the results of these analyses are not fully comparable to thosc of the

nephelometricanalyses. The latter analyses werecarried out with rigorous
adherenceto the usual technique, as described in many of the représentative
atomic weightdeterminations basedon the nephetometricprocéduredescribed

by Richanls and Wells1.

Sincethe procédures referredto above are standard,they are not described

in détail. We shall note below only important déviations from these pro-
cédures and also certain innovations which were found to be advantageous.

Weighings: A Sio Troetnner balance and the best grade of lacquered
brass weights were used for the weighings. The weightswere calibrated just

beforc and after use in this work. Although noneemployed in the analyses
showeda greater change than o.oi mg., it is interestingto note that the 2.0"

gramand to.o" gram weightsincreased by 0.04mg.and0.20 mg.,respectively.

Weighingswere made withprecautions to avoid errorsgreater than 0.02 mg.,

and for the nephelometricanalyses were made in duplicate.
Vacuum corrections were calculated from the usual formula1,the air

deiuity being determined for each case by measurementof the temperature,

pressure, and relative humidity. Calibrated instruments were used. This

policywasconsidered advisable in view of fluet uatingatmospherieconditions,

and was made easier by an ingenious graphical method of calculation, for

whiehweare indebted to Dr. P. F. Weatherill3.

The densities employed in calculating the vacuum corrections were:

Silver,10.5;Silver chloride,5.56;Glass, 2.48;Sodiumchloride,2.16;Brass,8.4.
Thedensity of glass was determined in this laboratory from typical samples.

Collectionof the GlassFragments: The transfer of the glass fragments of

the sample bulb to thc filter, probably the weakest link in the analytical

operations, was effected with extrême care. After thorough washing by

decantation, the main portion of the fragments was removed to a 400 cc.

beaker in the usual manner. The flask was then suspcnded in a ring with

its neck extending downward into the beaker. A jet of water from a wash

bottle with an S-shaped nozzle, which reached up into the flask, expedited
the washing of the remainingglass fragments into the beaker. By this de-

vicethe splashing incident upon the use of an ordinary wash bottle was also

avoided. The transfer of the glass fragments to the filter paper from the

beaker was comparatively easy. because a rubber "policeman" could be used

to remove the finer particlcs.

Finally, in buming away the filter paper care wastaken never to fuse the

glass,even for check weighings,because it wasfoundthat the bubbles whieh

sometimesappear on fusionmay expand to an extent sufficient to render the

vacuum correction for the glass inaccurate.

Precipilaiioti of Silver Chloride: The filtered chloridesolution from thc

hydrolysis of the NOO, preparatory to precipitation, contained 50 ce. of

1Richardsand Wells:J. Am.Chem.Soc.,27,507(190^.
Landolt-Bûrnstcin'sTabcllcn,and.cil.,p. 15.
Privaitcommunication.
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concentratednitric acid. It wasprecipitatedwith almost the theoreticol

amountofsilver,whichwasweighed,dissolvedin 40 cc.of t i nitrieacid

in a flaskwith a lUchards'tower,and madeupto 600cc. Contraryto tho

usualcustom,the silversolutionwasaddedto the chloridesolutionthrougha

funnelwitha capillarytube,fromwhichit floweddownthesideof the 4liter

Pyrexanalysisbottle8ttho rate ofabout 4ce.a minute. Thefinalvolume

after precipitationwtwapproximatelytwoliters.

Afterprecipitationthe bottleswerefiretcautiously«hakenby rotation,
then violentlyshaken50timeseachdayfortwoweeksbeforetestingwiththe

nephelometer. Fromthis time onthey werefrequentlyshakenand tested

until the finalend-pointwasreachedand checked. Theadjustmentto the

end-pointwas madewith standardsolutionscontainingone milligramof

silverorits equivalentofchlorinepermiliiliter.

Déterminationof lk End-Poinl: In the courseof the presentreseareha

study wasmadeof theinfluenceofvariousfactorson thenephelometricend-

point. Theoptimumlightintensity,thechangein the nepht-lometerreadings

per unitadditionof eblorideandsilverions,the effectofthe acidconcentra-

tion,thedegrceofprecisionobtainable,the effectof timefollowingprecipita-
tion onthe nephelometerreadings,and the effectof certainchangesin the

generalprocédure,wereconsidered.An outgrowthof this study was the

followingmethodof procédure,whichapparentlygivesreproducibleresults

and whichwas adoptedin determiningtheend-pointin the finalanalyses:
In a roomilluininstedby redlight,i ml.each of AgNOgandNaClsolu-

tionswereintroducedinto test tubesfromcalibrateds ml. burettes. Thèse

solutionscontainedtheequivalentof 0.061gm. of silverpermiliiliter,and

5 ce.ofconcentratedHNOSper liter. To eachof thesetest tubestherewas

then added20 ce. ofthe saturatedsupernatantliquidfromthe analytical
solutionwhich wasto be tested. After identical stirring,the tubes were

placedaside,andexaminedin thenephelometertwo hoursafterprecipitation.
The examinationconsistedin exposing65 mm. of the cup containing

excessofsilver ion,andadjustingthe jacketof the othercupuntilthc fields

scenin the eyepiecematched. Fivereadingswere takenin whiehonefield

wasinitiallybrighter,and fivein whiehit was initiallydarker. The tubes

werethenrevereedandtwomoresetsof fivereadingseachweretaken.

Actualadjustmentto the finalend-pointw&scontinueduntilthe average
ofat leastthreesuchreadingsofthe ratioofthe exposedheightsof the tubes

waswithin0.03unitsof 1,00. The averagedeviationof sucha serieswas

nevermorethan 0.02units,althoughindividualreadingswerescatteredover

a widerrange. Whilethe correctionto make the ratio 1.00exactlynever

amountedto morethan0.03mg.ofsilveror its equivalentinchlorine,it was

neverthelesscalculatedfor the sakeofunifonnity. Thecorrectionwasbased

on ourdata whichshowsthat a changeof0.0 unit in the ratiocorresponds
to theadditionof0.006mg.ofsilverper literof solution. Thesolutionswon»

keptunderobservationforat leasta month.

Inorderto checkthe standardsolutionsemployed,as wellas theforegoing

nephelometrieprocédure,fivesaturatedsolutionsof puresilverchloridecon-
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tainingvaryingamountsof nitrioaoid weretestedat variouHtitnesduring
thenephelometrieobservations.Theaveragevaluefoundfor the ratioof the
exposedlengthsofthetubeswas i.oo,withanaveragedeviationofo.o2units,
the individuel'valuesvaryingfrom0.94to 1.05.

The Résulte

Preparation1 ofNOCIwas neverguardedagainstexposureto light. It
wasfractionallydistilledunder varyingconditionsin fivedifferentsystems,
severalmoreand lessvolatilefractionsbeingrejectedeachtime. Although
norefluxingcolumnwasemployedduringthesedistillations,an attempt was
madeto hasten theremovalof excesschlorinebytakingofflowboiUngfrac-
tionsfromthe materidwhileit wasalmostcompletelyfroaen. In the fifth
distillationthe mainportionwaschilledin an icebath andthe samplescon-
densedbymeansofliquidair. Fourofthe morevolatilesamplessocollected
werecarefullyanalyzedand the percentsof chlorinefoundare givenbelow.
Thesamplenumbersgivethe séquencein whichthe sampleswerecollected.

.SampleNo. 14 16 17 18
Percentchlorine 57 .20 56.46 56.12a 55.68

PreparationII waslikewisepurifiedby repeatedfractionaldistillation
theessentialdétailsofwhieharesummarisedin TableI. In this table the
termlightor darksignifiesthat thedistillationwascarriedout in whiteor red
light,respectively.Atother timesthe materialwasalwayskept in a dark
cupboard. The expressionreftuxingindicatesthat during the distillation
conditionswere maintainedwherebythe nitrosylchloridewas constantly
refluxingin a Hempeltower. Column1givesthe numberof the samplesin
theorderin whichtheywereremoved. Thedesignations"head"and "tail"
are used in ColumnII to show whetherthèse samplesweremoreor less
volatilefractions;"main"indicatesthe middleportionwhichwas the initial
materialofthe succeedingdistillation. Theestimatedvolumeofeachsample
isgivenin ColumnIII. The nature of the refrigerantused to condensea
sampleis stated in ColumnIV. The figurescontainedin ColumnVare the

pcrcentagesof chlorinefound forevery samplewhichwasanalyzed. The
methodofanalysis,gravimctricornephelometrie,isgivenin ColumnVI.

Table I
Data bearingon the Purificationof PreparationII

FirstDistillation

(Light)
I 11 m IV V VI

1,2. head 9.0 ce. COrale.
3 5.0 ce. 60.05 gravimetrie
4 4-oce.

main 124.0ce. ice-salt

5 tail 6.0 ce. COralc. 54.42 gravimetric
f> 2.0 ce. ice-salt
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Table 1 (Continued)
Data bearing on the Purification of Préparation II

SecondDistillation

(Light)
1 Il III IV V VI

7,88 head 4 5ce. liq. air

<) 3-jee. 57.19g gravimétrie
jo 2. s ce. 57.19 gravimetric

n-23 39 5ce

24 3 -Soc. 54. S9 gravimétrie
25 3-5CC.
26 4.0 ce. 54.3s gravimétrie

main 60.0 ce. ice-salt

27 tail 3.0 ce.

Third Distillation

(Light-Refluxing)
28 head i.occ. liq. air 54.68 gravimétrie

29 a.oec. 54-42 gravimetric

3«>-33 3-o ce.

34 2. 5ce. 54-238 nephelometric

355 2. 5ce, S4-2I71 nephelometric
main 45 .0ce. ice-salt

36 tail 3 .5 ce. liq. air 54-130 nephelometric

37y 0.5 ce. ice-salt

Fourth Distillation

(Dark-Refluxing)

38 head 3 .5ce. CO*-alc. 54.22a gravimétrie

39 3.5 ce. 54.166 gravimétrie*
main 35.000.

40 tail i.occ. 54 09 gravimétrie

41i 2.0 ce. ice-salt

Ailsoiubilitycorrectionswereappliedin thiscase.

FifthDistillation

(Dark-Refluxing)
Unfortunately,at the outset,a capillaryin thedistillationsystemwasbroken,
allowingairtoenter. Measurementsgaveasthemaximumamountsadmitted:
110ce.ofair and 2 ce. of watervapor. About3 ce.of materialwerelost in

expellingsomeof the air.
SixthDistillation

(Dark)
To eliminatesomeof the air admitted in the aboveaccidenta specialap-
paratuswasconstructedwitha total volumeof 30 ce. It waaso devised
that the bulbcontainingtheNOCI,whenfinallysealedofffromthe system,
had only0.8 ce. of vapor. A partial fractionationwaseffectedduringthe
tranafer.
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Tablb 1 (.(.'ontinued)

Data Ix'aring on thc Purification of Préparation II

i Il 111 IV v VI

main 20.0 ce. COj-alc.

42a tail 2.0 ce. iee-salt

Seventh Distillation

(Dark-Refluxing)

43 head 1.500. C'Orether 5397 gravimétrie

44 i.occ. 53.92 gravimétrie

5S 4.0 co. 54. iQ gravimétrie
main 19.0ce.ce.

46-47 tail 3 .s ce.

Kightb Distillation

(Dark-Refluxing)

48 head j.jw. COj-alc. 54235 ncphelometric

49 3.0 ce. 54.2188 noplieloinetric

50

¡

3.0 ce. 54.162 nephelometric

51c 3.0 ce. 54-i6î nephetometrice

52 3.0 ce. S4»6î nephelometrlc

53 l 3.0 ce. 54 .118 nephelometric

54 tail 0.50c. 5407g nephelometric

Our analytical data show that the final 19 ce. portion contained 54. «744

percent of chlorine.

Finally, the complote analytical data for the three samples, which pre-

sumably contained pure nitrosyl chloride, are given in Table II.

TableII
Sample Weightof Weightof Weightof AK Weightof Ag
Nurober NOClin Agit) addedor added or

vacuum vacuum »ubtracte<l subtractol:

gm. gm. in solution nephelometer
gm. correction

gnu.

500 3.92308 6.46519 -0.00036 +0.00003

51 4.16219 6.85433 +0.00462 +0.00001

52 4.17839 6.88652 -0.00085 ±0.00000

X = 14.008 Ag = 107.880

Sample Corrected Ratio Atomic
Numlxir weight of N()W:Ag Weightof

Ag in chlorine
vacuum

gm.

50 6.46486 0.606832 35 .4570

511 6.85896 0.606825 3S-4S6»

52 6.88567 0.606824 35-4562

Average 0.606827 3S-4S6i
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Discussionof Results
The purityof the nitrosylchloridein the threesample»(#s<H»sj-#s*)is

eyidenccdby the followingfacts. In the firstplacethesethreemiddlefrac-
tionscontainsensiblythesamepercent of ehlorinc,a conditionwhichcan
resultonly whenthe distilledmaterial is pure or whena constant-boiling
mixtureispresent. Theimprobabitityof havinga constantboilingmixture
whichwouldyieldthe samevaluefor the atomioweightofchlorineas that
obtaiuedbymanyothermethods,is suffirontgroundfor rejectingthe second
possibility.

Furtherevidenceforthepurityofthesesamplescan beadducedfromthe
manncrin whichthe impuritiesare removedby fractionaldistillation. For
instance,the data in TableI showthat excesshydrogenchlorideis reduced
with considérablerapidity. Tho few cases whichare exceptionsto this
statement can doubtlessbe attributed to photochemicaldecomposition.
BothdecompositionproductsaremorevolatilethanN0C1andareultimately
removedby fractionaldistillation. The nitric oxide,however,appears to
distilloffalmostas fastas it is formedwhereasthemoresolublechlorineis
notsovolatile. That chlorineimpurityin NOCIcanbercmovedby fraction-
ationis clearlyshownbythe data givenfor the purificationof PreparationI.

Additionallight is thrownon the questionof the éliminationof low-
boilingimpuritiesbyanexaminationof the data forthe last twodistillations
describedinTableI. Forthèsetwodistillationsfollowedaftertheunfortunate
accidentwhichadmittedair into almostpure nitrosylchloride. The chief
impuritiesintroduccdasa result of the ruptureare:N2–Or- HC1–HNOS.
Sinccthecompositionofthehighboilingfractionbeforeandafterthe rupture
is aboutthe same, wecanreasonablyassumethatonlysmallquantitiesof
HClandHNOjwereformedbythe hydrolytiereaction.Hencethe séquence
of the impuritiesin thoabove list gives the ordernot only of decreasing
volatilitybut alsoofdecrcasingamounts. If the impuritydistillsoffin the
given séquence,wc shouldexpect the first portionto bc low in chlorine
(presenceof N, and 0,), the secondto behighinchlorine(presenceofHC1),
the third to bepureNOCI,andfinallythe tail fractionto be lowin chlorine
again (présenceHNO«).As a matter of fact thisis essentiallywhat took
placeondistillation.

To supportthe conclusionthat low-boilingimpuritiescan bc quantita-
tivelyremovedby fractionaldistillationwemaymentiononemorefact, the
apparentabrupt exhaustionof impurity. Thisphenomenonis exbibitedin
twocases:in onecasethe percentof chlorineinconsécutivefractionsdrops
from54.22to 54.166:in the other, from 54.218to 54.163.The theoretical
percentageof chlorineinN0C1,is 54.162.

The followingconclusionscan bc drawn regardingthe high-boilingim-
purities. Sincethe percentof chlorinein the tail fractionof the first dis-
tillationis 54.42and that of the fourth distillationis 54.09,the nitrosyl
chloridemay hâve containedat least two impuritieswith boiling points
higherthan -6°C. Themorevolatileofthesewouldhavea greaterchlorine
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content than NCX'l;the other wouldcontainlesschlorineand is probably

nitrogendioxide(bpt. 2i*C). The data inTable1 indicate that there is a

rathersharpseparationofnitrosylchloridefromthèseimpuritiesonfractional

distillation.

Summary

The possibilityof doterminingthe atomicweight of chlorinefrotn a

measuranentofthe favorableratio N0C1 Aghasbeen investigated.
The analysisof three saraplesof presumablypure N0C1basyieldedfor

this ratio the value 0.606827± 0.0000017,fromwhich the atoraicweight
of chlorineis calculatedto be35.4565(N = 14.008and Ag = 107.880).

An improvedmethod for the preparationand purificationof nitrosyl
chlorideis described. Evidenceis offeredwhichindicates that HCI, Cl»,

NO,KS|0»,andnitrogenoxidesare completelyremovedfromthocompound

by fractionaldistillation.
Wetakegreatpleasureinacknowledgingourindebtednessto theElizabeth

ThompsonScienceFund and the WarrenFund of the AmericanAcademy
of Artsand Sciences,for financialsupportinthis investigation.

Houston,Texas.
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,THI; FOIïII~IATIUNUh'I'ECTIN JELLII:,SBYSUCARTHE FORMATIONOFPECTINJELLIESBYSUGAIt

BY GBNE SPENCER

It basbeen150yearssincethe publishingof thefimtrecordfoundonthe

jelly-fonmngconstituentofplants. Attheendofthistime,notheoryexisted
whiehsatisfactorilyexplainedtheformationof pectinjelly. Thepurposeof

this investigationbas bcentostudy thispcctinjelly-formationwitha view
to derivinga workinghypothesiswhichwillexplainthefactsaswesecthem
andwhichmayserveas a toolin furtherresearchonthissubject.

Vauquelin'startedabout1780to studythe substancewhichhe derived
fromplantsand called"gelatin,"becausoit formeda jellyundercertain

conditions. Thirty-fiveyears later Payne,' Guibourt,*and Braconnot4

publishedpapersgivingtheirobservationsregardingthe jelly-formingsub-

stancesobtainedfromplants.
Just whatsubstancesthemen beforeBraconnotstudiedis not certain;

but it is doubtfulifany of themhadthe pectinwhichweconnectwithfruit

jellics. Vauquelin's"gelatin"formeda reversiblejellywithwater;Payne's

jellywas insolublein water;Guibourt'sjelly formedspontaneouslywhen
certainfruit juicesaged.

Braconnotundoubtedlyisolatedthe pectinwhiehwenowassociatewith

fruitjellies but the jellieswhichhe madewereinall probabiUtypecticacid

jelliesand not pectinsincehismanipulationinvolvedhot treatmentwith
alkalis. Braconnotrealizedthis difference,becausein his 1831paper
hesaid that hehadoriginallythoughthisjeUywasa pectinjelly;but later

workshowedthat this couldnot be truesince"pectioacidispracticaUyin-

solublein water,whereastbemucousjeUyof fruitswhichisnotacidat allis

easilysolublein their juices. Thèsetwobodiesthereforeare by no means
identical."

FifteenyearsafterBraconnot's firstpaper, Fremy*beganhisinvestigations
startingwith the knowledgeof howto obtainpectin fromfruit juiceby
alcoholicprecipitation,andhowto makepecticacidby alkalitreatmentof

pectin. AsaresultofhisworkheadvancedthefirsttheoryforjeUyformation.
He attributed this formationto the actionof "vegetablcalbumin,"(later
calledpectase),onpectin.

Theformationoffruitjuicejelliesbyenzymeactionisnotuncommon.It

probablyexplainsthe jelliesofsomeoftheearlierworkers.ButFremymade

the mistakeofaecountingforsugarjeUiesin thesameway.
SinceFremy,theformationof jellicsfromfruitjuicesbasbeentreatedin

the literaturebothas a chemicalandasa physicalphenomenon. c
Thechemicalthéorieshavcassumedthat pectinjelly-formationinvolves

hydrolysisand,insomecases,the subséquentformationofmetallicsalts. So

far as webavefound,thefunctionofsugar,whcnrecognizedat all in these

theories,has beento givea mediumin whichthe hydrotytioproductswere

insoluble. »
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FollowingFrciny,Caries"postulatedthat whena pectinsolwasheatcda

conversioneither to insolublepectic acid or calciumpectatetook place.
Morris7hasincorporatedthissameidea in his textbook. Wcndelmuth1pro-

posedhydrolysisof methylpectateas one step in pectin jelly-formation.

Hallidayand Bailey»weresomewhatinclinedtowardthe chemicalconcept
of jelly-formationinsuggestingthat the reasoncalciumchlorideaidsin jelly-
fonnationby sugar,isperhapsdue to a calciumpectate formationwhich

hasa higherjelly formingpowerthan pectin. Tarr,10followingLoeband his

protein-acidcompoundhypothesis,suggesteda pectin-acidcompoundforming
at a definitepH. Tschirseh"issometimescreditedwithsuggestinga pectin-
sugarcombination;but actuallyhe was concemodwith the peptizationof

pectinfromfruit tissuesby meansofsugarsolutionand hedidnotassociate

sugarwiththe mechanismofjelly-formation.
ThefirstattempttoestablishpectinjeUy-formationasa physicalphenom-

enon wasmade by Baudrimontin 1844.12His workseemsto have been

totallyignoredin subséquentstudiesofpectin,sincenopublishedrecognition
of Baudrimont'sworkwas foundin the pectin literature. Baudrimont's
workwasdiscoveredbyW. A. Benderin his examinationof theliterature,
and Bancroft13has givenusa paperon "Baudrimontas a ColloidChemist."

Beforediscussingfurtherthe theoriesadvancedforpectinjelly-formation,
wesliallconsidertheconstituentswhichhavegraduallybecomerecognizedas

ofequalimportancewithpectin.
Morethan 100yearsafter Braconnotannouncedpectinas the jelly-

formingconstituentof juices,scientificarticlesasa wholebegantoassumethe

importanceofsugarinfruit jellyformationandto assignquantitativelimit-

ingvaluesto this constituent.
Solittlewasthe importanceof sugarin thisjelly-makingrealizedthat as

lateas 191wefindsuchpublishedstatements14as "sugar must have

little to dowith the coagulationproperty;"and in a text-book"as late as

1921 "manyfruits containpectin. Theseare readilysolublein

water,andwhendissolvedin concentratedsolutionsin hot water,they set

into jellieswhenthesolutionis cooled. Thesejelliescarry withthem the

solublesugarsand flavorswhichare presentin the fruits." Noms' also

ignoressugarin pectinjelly-makingin histext-book.

Beginningwith about 1922severalpaperswerecontributedwhich re-

portedthe limitingsugarconcentrationsforjellymaking. Mehlite10stated

that in hisworkjelliesformedonlywhenthe total solidswerebetween50^
and 70%. The minimumsugarrequirementreportedby Poore"was37%,
and by Noyés,1*was38%.

TarrandBaker"havecomparedthe strengthof jellywith ilssugar con-

tent andfromsuchdatatheyhaveplotteda curvewhichshowsa maximum

jellystrengthat a definitesugarconcentration.
It wouldseemfromtheseobservationsthat the abilityof sugarto cause

jelly formationdiminishcsat both highand lowconcentrations.This im-

pressionisconfirmedbytalkingto peoplewhomakejelly. Thodata from

Tarr andBakerwhichcorroboratethis arcshownin Table I.
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Thothird constituent,acid, whichhasgraduallybeenrecognizedas an

esscntialof fruit jellies,wasfirst emphaaizedby the workof Goldthwaite."

Varionsworkorehave attempted to fixtbe limitingvaluesfor acid in fruit

jclllesbut thera iseven lessagreementin the quantitativefiguresthan in the

caseofsugarbeeause,asGoldthwaiteshowed,allactdsdonot behaveidenti-

cnlly. This-waslateroonlîrtnedbyTarr.10

Table 1

Therelationof sugar to jelly strengthfor pectinjelliesmadeby a hot

evaporationmethod,asgivenby TarrandBaker.

^'c Suaar ln Jelly Stronctb 8««ar in Jelly Strensth

Jelly at top of Jelly Jelly at top of Jelly
(Pressure cm. water) (Pressurecm. water)

74,1 63.5 68.5s 58.5

72 S 65.5 67.6 55.S
71.4 62.5 66.7 44. $
71.0 67. s 64.5 34.0
69.4 63.5 62.5 28. s
69.0 63.5s 60.6 17.5s

Tarrand Baker"havestudiedtheeffecton jellystrengthofchangingacid,

concentration.From theirdata it appearsthat thereisa definiteacidityat

whichjelly fonnsmost strongly. Theystate: "Increasingthe quantityof

acid increasedthe strength of jellyuntil the optimumjelly wasobtained,

afterwhichfurtheradditionsof acidwereaccompaniedbydecreasingstrength

in jellies." DatafromTarrand BakerillustratingthisaregiveninTableII.

TABLEII

The relationof acidity to jelly strengthfor pcctinjelliesmade by a hot

evaporationmethod,asgivenby TarrandBaker.
v tt f~t.–~AL v Q.

ceo.t X JellyStrength ce0.1X JellyStrength
Acid pH Pressurecm.water Acid pH Pressurecm.water

at topof Jelly at topofJelly

3.0 3.65 23.0 9.0 3.24 60.0

3.5 3.60 «S-S I0° 319 6oS

4.0 3.53 a8.o 11.o 3.16 58.5

5.0 3.46 42.0 u.o 3.x3 SSS

6.0 3.38 48.5 13.0 3-" 48.5

7.0 333 52. o 14.0 3.08 43.5s

8.0 3.28 55.5 20.0 2.94 27.0

The generalimpressionobtainedfromall peoplewhohavestudiedfruit

jellymakingis that jellyfailureresultafromeithertoohighor too lowacid,
andalso fromtoo highor too lowsugar. In otherwordsthe jellyfield,be-

tweenthe co-ordinatessugarconcentrationandacidity,wouldseemtobea

closedfieldboundcdonall sidesbya syrupregion.Thestrongestjelly-form-

ingtendencyin the fieldis indicatedto be somewheretowardthe conterof

this field.



199© GENE SPENCER

It is not apparent whysugarshouldfunctiondifferentlyat saturation

than it doesat concentrationsaboveandbelow;nor ia it clcarwhy both high
andlowacid concentrationsshouldbe lesseffectivein jellyformationthan

aninterrnediateconcentration. Yettheseare the factsas borneout in fruit

jellyinaking,and in the laboratory.
The closecljellyfieldrepresentstherésultaobtainedfromthehot evapora-

tionmethod. Thegénéraltechniqueof thismethodis givenin one of Tarr

and Baker's'9papers: "In makingup thc jellies,tho requiredamountsof

peetinandacidweremeasuredintoanagatepanandbroughtto a boilonan

electricplate. Sugarwasnextaddedandthe boilingcontinueduntil that

point wasreachedin the proeesswherethe solutionshoweda tendencyto

breakfroma silverspoonin a sheetform. Whenthis "jellpoint" wasob.

served,the jelly was consideredfinishedand its weight recorded. The

finishedjellywasthen transferredtoa jellyglass,coveredtopreventevapora-

tion,and allowcdto standfor twelvehoursat roomtempérature."
Beforeacceptingthe elosedjellyfieldwhichthismethodgives,as a basis

fordevelopinga workinghypothesisforpectinjelly-forrnation,wedecidedto

findout if thejellyfieldgivenby a differentmethodofmanipulationwouldbc

thesame. -«the.sanie.
ExperimentalWork

MethodofcombiningJelly-formingConstituées

Douglas21was the first to realizethat heatingwas not an essential for

jellyformation. Weappliedhisdiscoveryto this work.

Themcthoddevisedwasto combinetheconstituentsat roomtemperature
as follows:Acid(oralkali)ofknownstrength,and waterto makeup a definite

volumewerepipettedintobeakerscontaininga weighedamountof pectinsol

of knownstrength. Definiteweightsofsugarsolutionofknownconcentration

werethen rapidlymixedwith the acidifiedpectinsol by pouringback and

forth betweenbeakers. Withveryconcentratedmixtures,it was necessary
to stir the constituentsrapidlytogetherwitha porcelainspatula,sincethese

jellymixturestend to set veryquickly.
Very concentratedsugarsolutionswererequiredin someof the com-

binations. Crystallizationwaspreventedin theseeoncentratedsolutionsas

follows:Thesolutionswerepreparedin taredbeakersby heatinga weighed
amountofsugarwith10celesswaterthanwasnecessarytogivethe calculated

concentrationrequiredfortheexperiment.Thebeakerswerecoveredduring

heatingto preventthe concentrationofsugarat the top circumferenccof thc

liquor. Assoonassolutionwascomplète,thebeakerswereranovedfromthe

hotplate and 10ceof waterpouredcarefullyoverthe top ofthesolutionand

thecoveredbeakerscarefullyset asidcto cool. This thin layerof wateron

the surfacesucccssfullypreventedcrystalformationduringcooling. The

cooledbeakercontainingthe sugarsolutionwasthenput onthebalancepan
andwateraddeduntil its weightwasbroughtup to the amountrequiredto

givethe calculatedsugarconcentration.Thewateron the surfacewascare-

fullymixedinto the sugarsolutionbeforeit wasused. No crystallization
evertook placeduringthismixing.
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The timerequiredforthe jelllesmadein thiswayto set, variedbetween

the instantof mixingand severalhours,dependinguponthe concentration

of the constituent».AUobservationswercmade34hoursafter mixing,unless

otherwisestated.

AcidandAlkalineRangeiweatigated

ln additionto studyingtheacidrange,weextendedthe investigationinto

the alkalinerégion.
Bclling*reportcdno jelly fonnationwhenhenoutralizedthe acidof his

mixturebeforeevaporation,withsodiumcarbonate. Tarr1*reduced the

acidityin his mixturesby addingbuffermixturesand found that between

the pII of3and 10nojellyfonned. "At a pHof 10,jettyparticlesseattered

throughthe liquidbutno jellyformedthat w'ouklstand." Hisexplanation
of this was "Thismightbcdueeithertothe concentrationof hydroxyl
ionsthat existat thispH value,or to the saitconcentrationwhichfor this

particularsolutionwasquitehigh." PerhapsifTarrhadextendedhisinvesti-

gationintothealkalineregionnojellieswouldhaveformedbutit isnotcertain.

By the cokl method,sugar-pectinjellicsformedreadily in an alkaline

medium.That thesealkalinejelliesrepresentthe sametype of formationas

the acidjelliesandarenot a productofchemicaldecompositionof pectin.is
évidentfromfourfacts: (1) If the alkalinejellywerca result of a chemicaî«

change,boilingthe mixtureshouldgivea morepronouncedjelly fonnation;
but experimentallylongboilingdestroysthejelly-fomingtendencyof the

pectin-alkali-sugarmixture. (2)Undercertainconditionsof concentration,

jellies forminstantaneouslyas dothe jelliesonthe acidside. Sincesaponifi-
cationrequirestime,this arguesagainstasaponificationreactionas a pre-

liminaryto this jellyformation. (3) Weliavesucceededin makingan acid

jelly frompectinreeoveredfromone of thesealkalijellies. The process is

complicatedbythedifficultyinvolvedin washingout the alkalibcforehydro-

lysistakesplaceandby the salts resultingfromneutralizingthe alkali not

completelywashedout. Especiallyis thisthe case in the highalkali, low

sugarmixtures. Asa result,the remadejellyis weakerthan its checkacid

jellywhichwasnotfirstconvertedto analkalijelly. This is to beexpected
sinceitcontainscitbcrlesspectinor moresodiumchloride,orboth. (4) Alkali

of theconcentrationusedinsomecasesisunableto givea jelly inthe absence

of sugarora sugarsubstitute.

JellyFieldas oullinedbyIhisExpérimentalWork

Whenthe constituentssugar-acid-(oralkali)pcctin-waterwerecombined

at roomtempérature,in a seriesof experimentscoveringa widerange of

acidity(oralkalinity)andsugarconcentration,wefounda jellyfieldnot only
on theacidsideofneutralitybut alsooneof somewhatsimilar shapein the

alkalineregion. Theseresultsarc shownqualitativelyin Fig. t.
Thequantitativeaspectsof sucha boundarylineare meaningless,since

the pectinusedcontainedsomeash. Klcetrolytcirnpuritiescertainlyaffect

the quantitativevalueof anyworkon pectin,makingthe data specifiefor

thepectin,acid,andalkaliused. Thepeetinimpuritiesshouldnotmaterially
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alter the qualitativevalues,if they archcld constantby holding the pectin
concentrationconstant. Theacidorbaseusedtoadjustacidity or alkatinity
willdefinitelyalter the trendof thecurve. M

Lai Sing's23workonpectinjellygaveresultsofthc sainenature in the acid

région.
Fronithèseexpérimenteit is apparentthat insteadof there bcinga single

sugar-acid-jellyfieldforpectin,boundcdon all«idesby a sol region,as we

havebeen led to believe,thereareapparentlytwojelly field»boundedby a

Via. i

The relation betweenthr pertin«>1and

pectin jelly régions in acid, ncutral, and
alkaline médium resuit ing from varying
amounts of sujsar in a givenpeetinmix-
ture.

ireappart'iuiyLwojeiiy iu'iukrcuunucauy a
solrégionononlyoneside, that ison the

low-acid,low-sugarside.
On the high-sugarside,thc jellyfields 1

are terminated,theoretically,by the cry. t
stallizationof sugar,andon the extrême a
acidand alkalinesidesbythe decomposw

dtionof pectin. Practicaïly,however,the

formationofhomogeneouspectinjelliesat

ul highsugarandhighacid(or alkali) con-
Id centrationsis limitedby tho mcchanieal

x. difficultésofgettingthe constituentsmix-
U

ed beforejelly-fonnationtakes place. jt

The (îel-Sol BoundaryCums wilhOtherAgents than Sugar

The converging tendency of the boundary linesof the acict and alkaline

jellies, asshown in Fig. i, ledus to speculate as to the possibility of these two

linesmeeting, if the barrier ofsugar solubility had not interposed; so we tried

substituting alcohol for sugar, using the saine manipulation as had been used

for sugar. The succcssfulmakingofalcoholjellies,requires rapidity of motion

and practice, otherwiseone obtains a precipitate and not a homogencous jclly.

As we anticipatcd the boundary eurve for the alcohol jellies was not

frustrated at the high alcohol concentration but was continuous through

neutrality.
A few experiments were run using glycerine instead of alcohol and we

found that the glycerine boundary curvowould liebetween the sugar and the

alcohol curve. The qualitative relation of the boundary lines of these three

precipitating agents is given in Fig. 2.

The effectof pectin concentration on the positionof the sugar jelly bound-

ary line on the acid side, was investigated. Theseexpérimenta showed that

as pectin concentration was inereasedthe boundary line fell, that is, the jelly
held bccamc increasingly largerwith increasingconcentrationof pectin, Fig. 3.

The continuity of the alcohol jelly boundary curve in Fig. s is very

important for it must mean that acid is not an essentialto pectin jclly-forma-

tion,a.« jelly-makingexpériencebas foundit to be.The answer to this apparent
contradiction is that acid is necessary for pectin jelly only where the jelly

forming agent has a low solubility. This point is more readily understood

hy reforring to the boundary curve in Fig. t As acidity is incrcased, a lower

xugar concentration is necessary for jelly formation with a given pectin sol.
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This loweringof augarrequircrnentby the présenceof acid k fortunate;

otherwiseit wouldnot be withintho solubilitylimit of sugar,and fruit

jellieswouldnot beknown.

Thisdoesnot meanthat acidisessentielto jelly forination. Onecould,

just aswell,havea neutraljellyif the solubilityofsugarwouldpermitH, or

an alkalinejellyif theepicureanwouldpermitit.

Exploitationof CurrentOpinionan PectinJelty-Fonnationin'tem» of thèse

kamlls.
Ourideasonjellyformationarederivedfromthe hotevaporationmethod.

This methodhas doubtlessgivenvaluableinformationfor practicalwork,

but forthe studyof the theoryofgelationit is to becriticizedonfourpoints:

First, the décompositionof pectinand sugarduringcooking. Second,the

Fia. a

A qualitative viewof the relations
of the boundary curves of pectin jelly
fieldsfor sugar, glycérine, and alcohol

joiliM. Thealcoholjelly fieldla the larg-
cat, andthe augar jellyfield the «mallest.

Fia. 3
The relative aise ofpeetin jelly fields

for threc différentpectinconcentration».

The j% pectin jelly fieldis the largest,
and the o.*s% peetin jelly field is the

Bmallest.

furtlwrlossof quantitativecontrolof the 'constant' constituentsbecauseof

cvaporation. Third, it employsas a jelly-formingagent a substanceof

limltedsolubility. Fourth, the possibilityof prematureprecipitationof

pectinwhcnthe sugarisaddedto the hotmixture.

Whena largeamountofcoldsugaris addedall at oncetohot fruit juice

whichishigh inpectinand in acid,the sugarcoolsthe mixtureto the point

whorejellyformationbeginsbeforethe sugarhas had time to dissolveand

becomedistributedthrough the mixture. As a result of this, particles of

pectinin contactwith sugarcrystalswill form smalljelly masses. These

jellymassesmaynot be repeptizedwhenthe températureisrestoredto boil-

ing,so theyare nolongeravailablefor jelly formation,andthiswouldhave

thcsameeffecton jelly strengthas reducingthe pectin in any other way.

If thisprématuréprecipitationis verypronounced,it givesa mixturewhich

containsthousandsof tiny, fioatingjellyparticlesrather thana homogcneous

liquidwhichoncoolinggivesa continuousjelly structure. The jelly-maker

describesthis failureas "curdling"or "settingin the pan."
That this jellyfailureis a purelyphysicalphenomenonmaybe demon-

Rtrntedby simplyehangingthe manipulationin mixingtheconstituents. If

thesameamountof sugaris addedto the samemixturein smallincréments
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so as to preventthe coolingof the mixture,thcprématuréjellyformation,
as justdescribed,doesnottakeplace. Thesugarisiucorporatedandbrought
into solutionwithoutprccipitatinga part of thepectinand one continuous

jellystructureresults.
Thejelly-strengthdatashowingan "optimumacidity,"actuallyrepresent

a résultantofat leasttwochangesbroughtaboutbyinereasingthe hydrogen
ion concentration.Thèsetwo changesaffect jelly-formationin opposite
directions. It isevidentfromFig. i that an increasein the acidityof the

dispersingmediumincreasesthe jelly-formingabilityof a givenamountof

precipitatingagent,andso tends to makea firmerjelly;but this sainein-
creasedacidityalsodecreasesthe amountof pectinpresentby increasing

hydrolysisandsotendstomakea weakerjelly.
At the "optimumacidity,"the weakeningeffectof acid beginsto pre-

dominateover the strengtheningeffect,and withfurther increasein acid,
the jellystrengthbecomescontinuouslyweaker.

If tlu>hypothesisiscorrect,a pointshouldeventuallybe reachedin the
additionof acidat whichthe hot methodwouldconvertall of the pectinto

pecticacidduringthecookingprocess.Wewouldthenhavean irréversible

jelly likeBraconnot'soriginalpecticacid jelly and no further additionof

acid wouldgreatlyalter jellyconsistency.Wedidnot work with the hot
methodso thisproofofthehypothesiswasnot made.

The3.19pH turning-pointin the jelly-strengthcurveto whichTarr bas

given"optimumacidity"significance,–andthencepectin-acidcombination

significance,– maysimplymeanthat at this hydrogenionconcentrationthe

decompositionof pectinbeginsto predominateoverthe increasedstrength
dueto increasedacidity.

A "minimumhydrogenion" concentrationat whicha givenpectin-sugar
mixturewillsetto a jellyisin keepingwiththe gel-solboundarycurve. But
it mustberecognizedthatthisminimumisspecifieforeachpectin-sugarmix-

ture anddoesnot representa propertyof pectin.
Twootherexpressionswhichhavebeenusedin jelly-makinghave to do

withsugar:oneis the "sugar-holdingcapacityofa pectinsol" or its "sugar
worth;"the otheris the "optimumsugarconcentration."

In regardtô the "eapacity"or "worth"of pectinDore4*states: "At pH
3.37,if the proportionofsugarto pectinis greaterthan 65:1,the resulting

jellyisnot firmenoughto stand. If thepH be increasedto 3.1it is possible
to increasetheratioofsugarto pectin85or90:1."

Tarrand Baker20havemadea similarstatement:"Attentionshouldnow
be calledto the extentto whichthe capacityof pectinto holdsugarwasin-

creasedby the hydrogenion concentration. It willbc observedfromthe
data prcscntedinTableI that witha hydrogenionconcentrationofpH 3.37,
the greatcstquantityofsugarthat wasaddedto the2g.ofpectinwas130g.
Moresugarthan thisamountresultcdina jelly that didnot havesufficient
firmnessto stand. However,by inceasingthe hydrogenion concentration
to pH 3.23,the sugarholdingcapacityof the.pectinwasincreasedto 145g.

Increasingthe hydrogenionconcentrationstill furtherto pH 3.10,increased
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the sugarholdingcapacityof the pectinto as muehas 180g. The same

quantityofpectin (2 g.) bas thoreforebeengivenmorejellyingpower(30.5

percent)by increasingthe hydrogenionconcentrationfrompH 3.37to pH

3.10.
"Thesorelationsbetweenpectinandsugarare reallymeasuresof jelly

strenKthinwhichthe jellyingpowerof thepectinisshownto beappreciably

affectedby the hydrogenionconcentration."

Thérealmeaningofthis statementisnotcasyto comprehendsothe data

givenhâvebeentransferrcdfromTable1ofTarrandBaker'»paperto Table

III. Thenumberof gramsof tartaricacidrequiredto givethe dcsignated

pH valueto the pectinsol,whichthey usedwasobtainedfromTable III of

theirpaper. Thelast threecolumnsinthisTablewerecomputedbyus from

theTarrand Bakerdatagiveninthe upperhalfofthe table.

Table III

Wt. of Constituent*combined Wt. of finished

Jelly
I 2. 3. 4- 5. *>.

Com- Wt. of Grains Wt.of

bination Pectin pH Tartaric .Sugar

Numbor ueed togivepH added

(grams) designated (grams)

1 2 3.37 0.1325 "30 l8S-°

2 2 3.23 0.2403 145 202-°

3 2 3.10 0.6230 180 252.0

Cone. of Conatituents in FiniahedJelly,
calculated from precedingcolumns

1. 7. 8. 9.

Combination
number Pectin Tartarie Sugar

1 1.08 0.07 70.0

2 0.99 0.11 71.3
3 0.79 0-.24 71 -4

_t_a.J'
J "<

Databuisoftheammptionthat"thesugar-holdingcapacity"ofpectinisincreasedby
increasingthehydrogenionconcentration.

Thesedata and calculationsof TableIII showthat allof the jelliescon-

tain approximatelythe saineamountofsugar,but that thepectinvariesby

3$%andthe acid from0.07%to0.24%.
Thèsefacts interpretedin tenus ofthe soland gelfieldsof Fig.3 mean

that the acid and sugarconcentrations(Columns8 &9)ofCombinations1,

2,and3 meetin thcgelfieldsofa 1.08%pectinmixture,a0.99%pectinmix-

ture, and a 0.79%pectinmixturerespectively;but the acidand sugarcon-

centrationsofConibination1 wouldmeetin the solfieldofeithera 0.99%

or a 0.79%pectin mixture. To changethe compositionof Combination1

sothat it wouldbcin thcgelrégionforeither0.99%or0.79%pectin,it would

benecessaryto inercaseeitherthe acidor thesugarorboth. Experimcntally,

in Tarr's work,this changewasmadesuccessfullyby increasingthe acidity

frompH3.37to 3.23,or to3.10.
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It is thus eleartliat the phrase"sugar-holdingcapacity"of pcctinis not
an expressionofsomeobscurepropertyof peotin,but rather an indicationof
the relationof acid and sugarconcentrationto the gel-solboundarylino IC

for that particularpectinmixture, Experimentallyit désignâteshowmuch
theacidandpectinofagivensolmaybedilutedbysugar,andstillgivea jelly.

In industry,the expressionis ofpracticalvalueindeslgnatingthemaxi-
muniamountof sugarwhichmaybeaddedto a minimumamountof fruit

juice (pectinsol) to obtain themaximumyieldofjellyof a satisfactoryset. <

Expériencehasshownthat juices differin their "sugarworth" and thence

F10.4
Jelly-StrcngthTestingApparatus

intheirjellyyield.Thisdifferenceinfruitjuicesisduechieflytoconcentration

of pectin,thc higherthe pectincontentthe morethe juice may bcdiluted
withsugar.

Theotherfactorssuohaselectrolytes,protectivecolloids,andundoubtedly
thenatureof thepectinitselfwhichinfluencethequantitativepositionofthe

boundaryline, also limitthe degreeof dilutionby sugar permissiblefor a

givenpectinsol.
The "optimumsugar" valueis, webelieve,likethe "optimumacidity"

a characteristicof the hotevapomtionmethodandnotofpectinsincebythe

coldmethodthereis noindicationofan optimumsugarconcentrationinde-

pendentofotherconstituents. Theerrorcausedbyprema.tureprecipitation
isespeciallyprobablein the caseofveryhighsugars.
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If thiscxplanatjonofthcoptimumacidandsugarvalucsof thehot methodi»

valid,thenthecoldmethodwhicheliminates,almostifnotquiteentirely,thèse

errera, shouldbeableto demonstratethat jellyatrengthincreaseswithincreas-

ingacidityandwithincreasingsugar,otherconstituent»remaipingconstant.

Toprovothiswcmadea serlesofjelliesaccordingtothe methoddescribed

aboveand measuredtheir strengthafterdefinitetimeintervals.

Apixiratua:Theapparatus,Fig. 4»usedfor measuringjellystrength was

a cuttinginstrumentbalancedon tbe left arm of an analyticalbalance by

> I _J» I 1

Fia.s
AoidityagainstjellystrengthforI*hr.,24hr.,and48hr.
oldpeetinjelliescontaining1%i»ctinand65%sugar.

meansof the ordinaryanalyticalweights. Afreshlyeut surfaceof the jrlly

wasbroughtcarefullyintocontactwith the cuttinginstrumentby meansof

a screw. Theminimumweightwhich,removedfromthe rightbalancepan,

wouldcausetheouttinginstrumenttopenetratethejelly,asindicatedbythe

swingingof the needleto the edgeof the indicatoracale,was taken as cri-

terionofthestrcngthofthejelly. Asmeasuredbythisapparatus,anordinary
fruit jellyhasa strengthoffrom2 to 4 grams.

JiesuUsof nteasuremenUs:Jellystrength measurementswere made for a

sériesof jelliesin whiehthe changedvariablewasacidity,the pectin and

sugarconcentrationbeingheldconstant. The resultsaregiven in Table IV

and plotted inFig. S. “
Fromthe dataofTableIV it is seenthat thereis no tendency for (jelly

strength)-(acidity)cun-esto passthrougha maximumwhenthe mixtureis

made by the cold method.
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TABLE IV

Acidltyof Amdl^jrf

Jelly ex- Jelly ex

& Weight in grainsrequiredto nww^âs Weight in grama required to

No^'N pu^agharpbladethrua a No.eoN push Bharpthru »

HClper Uhly eut surfaceof jelly HClper fresWyeut surface ofjeUy

100 gr. 12 Kra. 24 Krs. 48 Urs. too gr, u flre. 24 Hrs. 48 lire-

jelly. old old old jelly old old old

0.0 No jelly Nojelly 3.5 4© 22.0 – 300

O.2 4.0 10. 0 9.0 8.0 22.0 28.0 32.O

1.0 18.0 24.0 27.0 16.0 22.0 29.0 340

2.0 20.0 25-0 29.O 26.0 24-0 29-0
“ i! 1 'il.. _(* A.ii!«. !Mn«M &a ilm f/ital a/*i#lïtv in flic» fpllv îs

The résistancewhich jelly olîerstocuttingincrease» as the total acidity in the jelly is

increasetl. Thèse jelliescontained1% pectin and65% sugar.

Fiu. 6

Percent mmtagainst jeUystrength for12 Hr., 24 Hr-, and 48 Hr. oW

pectinjcDycontaining1% pectin, and 1 ce XHC1per 100grams.

In the jellies of the second series (Table V, Fig. 6) the peetin and acid

were held constant and the sugar concentration changcd.

Table V

r-hSugar W't. in grains necessaryto eut thru a frcslily exposcdsurface of iclly

in jdiy ufiraold 24 Ht»,old 48Hre.old

4S 0.2 i.a 2-6

55 13.0 iS-o J7-2

63 18.0 240 27-o

(7S) (20.0) (3<>-o)

'l'he rosistancewhich jellyoffersto cutting increasesas the augar concentration j? in-

croased. Thcscjelliescontained1gram of pcotmand 1ec N HC1per 100gram of jelly.
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In the mixturescontaining75%sugar,jelly formationtook placeMore

the mixingwaseompleted,yieldinga tough,clastic mas»full of air bubbles.

The last rowof data doesnot, thereforc,represent correctlya 75% sugar

jellyfor thestructureisnotthat ofa typicalhomogeneousjelly.

Crystalliisationfrequentlytookplacesoonafter mixingwascompletedfor

sugarconcentrationsgreaterthan 70%.

Theseexpérimentahâve shownthat the tendency toward a closedacid

jellyfieldwithitsoptimumsugarand acidconcentrationsin the center,does

not representthecolloidbehaviorofpectinbut rather that it is charactertstic

of the hot evaporationmethodand neednot, therofore,be considercdin a

jelly-formationhypothesis. In fact, pectin jelly formationby sugar even

by the coldmethodis too specifiea caseto use by itselfas a basisfor an

hypothesisbecauseofthe limitplaccdby the solubilityofsugar.

The eolloidbehaviorof pectin,as regardsjelly formationis represented
webclievcby a continuousjelly fieldpassingthroughneutrality according
to the boundarycurvesof Fig. 2.

CataphoresisExperlmentsandBtectricalChargeon Pectin

Beforeweundertakethe formulationof this hypothesisfor jelly forma-

tion,anotherset ofexperimentsmustbe consideredwhichbave to do with

the electricalchargeon pectin.
Sincethe gel-solboundarycurves(Fig.2) have a maximumin the region

of neutrality,weconducteda seriesof cataphoresisexperiments,usingthe

Mitchellapparatus,to seeif thismaximumrepresentedan iso-electricpoint.
Thèseexperimentsshowcdthat pectinis negativelychargedin bothacidand

alkalinemédia.
Inasmuchas the recognizedsourceof electricalchargein colloidsolsis

that of the adsorbcdions,it followsthat pectin musttend to adsorbanions

preferentiallytocations,evento hydrogenionsundermostconditions. From

workwhichbasbeendonowithcertainother colloids,a positivechargein

acidmediumand a negativechargein alkaline médium,might havebeen

expected.
This isnot the firstcasereportedof a colloidadsorbinganionspreferen-

tially in the presenceof excesshydrogenions. Odén,Mfor instance,bas

observedit inthe caseofcolloidalsulphur.

Theoreticallya reversaiof charge.shouldresultwhenanion adsorption
is lowas comparedwithcationadsorption.

Experimentallyreversaiofchargefromnegativeto positiveis not easily

accoinplishcdbecauseof the very markedanion adsorptionpreferenceof

pectin. In twoinstanceswewereableto bring aboutthis reversai;in one

caseby treatingpurifiedpcctin (0.12%ash) withnitric acid, and in the

othercasebytreatingwithbariumchloride.

To makepositivelychargedpectin with bariumchloride, a jelly-like

precipitatewasfirstfonncdbyncutralizingthe stabilizinganionchargewith

bariumionsofbariumchlorido. The jellykofonnedwasnext maccratedin
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a mortarwith crystallinebarimn chloride. In this way,the bariumion

concentrationwasbuilt up and thereresulted a posltivcly-chargedviscous

sol,whichmigratedto the cathodeina cataphoresis.
Theprocessofobtaininga positivelychargedsolwithnitrieacid didnot

hâve this intennediateformationof jelly. lu fact, wehavenever obtained

an unquestionable"pectin" jelly by treating a sol with acid. It is true

that if the acidity is increasedsufficiently,a jelly forumin time; but the

jelly isprobablya pecticacid jellysinceit cannot bc broughtback intosol

formbyrepeatedwashingout of theacidwith water. In the caseofbarium

chloridejellya reversaito the sol formis accomplishedreadilywhonbarium

chlorideis washedout of jelly.
ProfessorBancroftsuggestedthat it might havebeenpossibleto obtain

a sufficientlyhigh hydrogenion concentrationto destabilizea pectinsol,
withoutthe complicationof hydrolysis,if one had workedat a very low

température.
Fromthefact that wewereabletoget reversaiofchargewith nitricacid

but notwithhydrochloric,weconcludethat the nitrate ionis adsorbedless

stronglythan the chlorideion; consequentlythe nitrate-stabilizedsol is

moresusceptibleto the electricalneutralisationand reversaiof chargeby
the actionof the cationsprésent,thana sol stabilizedby adsorbedchloride

ions.
It isinterestingto note in connectionwith the negativechargeon pectin

that Kopatwenski24foundpectin to be toxic to livingcells. Poisonedcells

showeda coagulationof protoplasmwhensubjected to ultra-microscopie
observations.Starch,anothernegativelychargedcolloid,is said to produce
the sameeffect.

The soft jelly whichGriggs and Johnson»0report as formingon the

cathodeimmersedin electrolyte-lowsols,is presumablydue to the excess

alkali whichhad accumulatcdthere and does not indicatea positively

chargedpectinsol. In our workthe jellywhichformedat the cathodehad

the propertiesofnon-peptizabilitybywatercharacteristicofpecticacid.

TheAcidity0/a PectinSolexplainedbyAnionAdsorption

If noclectrolytesare presentpectincouldstiïl obtainitsnégativecharge

fromthe hydroxylionsof the water,molécule.Thiswouldaccount for thc

fact that a watersolof pectin normullygivesan acid reaction. Bancroft"

has takenuptheeffectofadsorptiononthe acidityofa sol:"If fuller'searth

be shakenwithwaterand thcn filtered,the filtrate isneutralto litmuspaper

or to phenolphthalein,showingthat nosolublebaseor acidis present. If

fuller'searth be shakenwith a sodiumchloride solutionand filteredthe

filtrateis acidto litmusor phenolphthalein.This is becausefuller'searth

has adsorbedthe base. If onepresseslitmuspaperagainstmoistcnedfuller's

earth the litmuspaper turns red, andif one adds fuller'searth to a faintly

alkalinesolutionof phenolphthalein,the red color disappears. This is not

becauscthefuller'searth isacidbut beeauseit takes thebasefromthesodium

chloride,the litmusor the.phenolphthalcin.
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"I have been told that the adsorbing power of ftiller'» earth I» so great

that an acre-foot as soil wouldadsorb 30,000 pounds of lime and that this

would make fuller's earth about equivalent in acidityto a 2% Bulpburicacid

solution.

"Miss Master» has shown that purified cotton adsorbs someof the base

from a sodium chloridesolution leaving the solutionslightly acid. The alkali

can then be washcd out of the cotton and the procès*repeated indefinitely."

This adsorption plienoinenon would oecur regardless of the chemical

nature of thc colloid, and niight mask or cause an erroncous interprétation

of reaction» designedto showthe chemicalnature of the pectin molécule.

For instance the apparent mutual precipitation of the two negative sols,

starch and pectin, could be misinterpretcd, to signify a chemicalunion be-

tween thèse two carbohydratt'H. Ciill»8has reported that starch h precipitated

by small amounts of acid; and as stated above, a pectin sol ïk normallyacid.

Kurthermore, this précipitation of pectin and starch mixtures takes place

almost immcdiatdy upon mixingtlie two sols, a behavior not inaccord with

the formation of organic compounds. That pectin is found qualitatively

in the precipitate, together with starch is probably due to the mechanical

taking down of pectin by starch, just as coagulatingalbumin clarifiesa turbid

médium.

Development of a Worktog Hypothesis for Pectin Jelly-Formation

Pedin JcUy-Formatioiia Colloid Précipitât ion

The first postulatc whichwe make for pectin jelly-fonnation is that it is

a precipitation phenonienon, and not one of thoseswellings whiehis said fo

resuit in a cellular structure.

The "swelling" hypothesis for fruit jclly-fonnation is, we believe, very

readily disproved by a study of thc action of alcoholon pectin.

We are assuming that, since alcohol, glycérine, and sugar all give thc

Kamctype of jellies, the mechaniwn by which thèse agents function is the

«une. Alcohol is chosen in this discussion in placeof sugar or glycérine be-

cause the viscosity of the mother liquor is lowand so the results are more

pronounced and obvious.

Whcn a given pectin sol is treated with a definiteainount ofalcohol one

may obtain by simply varying the manipulation either a firmjelly, capable

of being molded from its container, or precipitate. Whcn the constituents

are well mixed before the "set" takes place, a jelly results; when the "set"

begins beforc mixing is complète, a «hapclcsamass results. This mass is

unquestionably a "precipitate" occluding the mother tiquor whichto a large

degree, may liepressedout mechanieally. There is no rcason to supposethat

the mechanism of the alcohol action would differwith the techniqueof com-

bining the constituent», so alcohol jellies, and henee sugar and glycérine

jtOliesmust owe their structure to precipitated pectin.

Another proof that the action of alcohol is one of précipitation is shown

oven more forcibly whcn an ncidulated pectin sol is allowed to run through

a pin hole into absoiute alcohol. l'nder thèse conditionst hread-like.«tn?ainors
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ofpectinformthroughthe alcohol,verysimilarin appearanoeto the forma-

tionofartificialsilkfibrescuagulatedfromcellulosesol.

Stillanotherindicationthat thepectinin a fruitjelly is ina precipitated
stateand not in a "swollen"state is that the motherliquoreanbo washed

out by other non-peptizingliquidawithout injury to the jellystructure.
Forinstance,a sugarjellymaybecunvertcdinto analcoholjellyby simply

immersingit in a seriesof alcoholsolutionsinwhichthe alcoholconcentra-

tion is increasedwitheach newimmersion. The processcan then bc re-

versedby treatingthisalcoholjellywith sugarsolutionsof increasingcon-

centration. In the same way the alcoholjelly may be convertedinto a

chlorofonnjelly,the chloroforminto a xylene,and the xyleneinto a par-
affinjelly.

It is difficultto sechowxylenewhichdoesnot in itselfprecipitatepectin
couldbe incorporatedin the jellystructure by simple immersion,if the

processwereanythingmorethanthewashingoutofonoliquid,fromthe inter-

pectinspaces,by anotherliquid.
It wouldbe interestingto examinemioroseopieallystainedslidesmade

fromthe "paraffin-pectin"jelly.
The cellularstructureofpectinjelliesis opposedby Sucharipa"whohas

shownthat thesolidpart ofthe jellycontainspectinonly,andthat the liquid
containsall thesugarandacidwithtracesofpectinand niethy!alcohol.

PeplizationandStabilizationofPectinSol

Thesecondpostulatehasto dowithstabilizationofpectininthe solform.

Weknow that pectinadsorbswaterand weknowthat evenin very acid

mediumit migratesto the anodeincatsphoresis.Pectinmustthenbestabil-

izedby adsorbedwaterand byadsorbedanion.

PrécipitationofPectin

The third postulateis concernedwith the mechanismby whichthe sol

is destabilizedduringprecipitation.
Whenpectinispeptizedby waterit must bc true that an equilibriumis

reachedbetweenthepartial pressureof the adsorbedwaterandthat in the

dispersingmédium. Précipitationofpectinmustdisturbthisequilibriumin

thedirectionto givepectinin itsoriginalunpeptizedstatc. In accordwith

this,the postulateis made that the precipitatingaction of organicagents
is due to the fact that whentheydissolvein the dispersingmediumthey
lowerits vaporpressureand, asa result,the adsorbedwaterwhichhasbeen

stabilizingthe pectin,distilla,as it were, to the regionof lowerpressure.
This leaves the pectin destabilizedand subject to agglomération. The

largerthe amountofa givenorganicagentdissolvedin the dispersingmedium,
the greater willbc its precipitatinginfluencc,sincethe greaterwillbe the

reductionin thc partialpressureofthe dispersingmédium.
There is nothingnew in this ideaof sugaraffectingthedistributionof

water betweenpectinand its dispersingmedium. Baudrimont"definitely
advancedthishypothesisin 1844."In the preparationofcurrantjelly,this

productshowsa consistencyvaryingwith thc relationsexistingbetweenthc

i
l
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»*n!*n*wltlw»aiiRAW«irlil/ilitaaiiftni'tts\ If Vb*l+ti+tw/\n'ùwtur\f tnif**a*\taatirlnnnfruitand the sugarwhichisaddedto it. Withtwo parts of currantsand one

part sugar,one obtainsa veryhard and firmjeUy;if the arnountof sugar is

increased,tho pectinis graduallyeliminatedfrom the solution,thereby as-

KUininga conspicuousand gralnystate nothat the finnnessof the jelly is

considerablydecrcased.
"In this reactionwhichis quitespecifie,it is probable that the particles

of pectinswellup, byadsorbingwater chargedwith sugar, thus acquiringa

largevolumeandadheringfirniiyto oneanother;but, whentho quantity of

sugaris increased,a sortof equilibriumtendsto be establishedbetweenthe

actionswhichthepectinandthesugarexerton the water present,with the

result that the pectindeercasesin volumeand becomesisolatedin partides
whichfloatin the sugarsyrup. Sincethe densityof these particles is les»

than that of the liquid,they cometo the surfaceas a sort of scumwhichmay
thenbeeasilyseparated."

Baudrimontassumée!that the sugarconcentrationwas highestin those

jelliesmadeby addingthe largestamountofsugar to the fruit juice before

its evaporation,which,of course,is not necessarilytrue; ho also pictured
normaljelly formationas a swellingprocessand jelly failure as a result of

a shrinkingprocès».Thiswouldgivetwodifferentbehaviorsforsugar under

the sameconditionswhichdoesnot seemprobable.
It is neverthelessprobablethat if workon pectin jellieshad started

eighty-sixyearsagowithBaudrimont'ssuggestionon sugar, our knowledge
of pectinjellieswouldbemuchadvanced.

Bancroft"'has saidof thisneglectofBaudrimont'swork: "I hope that

thèsequotationswillshowthat Baudrimontwasnot a man to be forgotten

profitably,even thoughhis workalongtheselineshad absolutelyno effect

so far as wenowknow. It isa discouragingpoint of view;but apparently
a goodideaat the wrongtimeor by the wrongman, which is perhaps the

samething,is apparentlyas muchwastedas though it had neveroccurred.

Onecanconsoleoneself,howevcr,by assumingthat if it werenot for these

preliminaryand apparentlyfutileefforts,the right time and the right man

wouldnevercome. Emersondid not lovethe Irishman but he thougbt up
a useevenfor him."

That Baudrimont'sideaof the transferof water from pectin to sugar
solutionactuallytakes placemay bc secnexperimentallyby observi;igthe

convectioncurrantsresultingfromthe dilutionof a sugar solutionin which

is immerseda massof pectin-waterpaste. The pectin massbecomestrans-

parentbut doesnotswellunderthèse conditions.

In accordwiththiswater-transferideawehavefoundthat it isimpossible
to peptizeour dry pectinsatisfactorilyin a dispersingmediumcontaining
morethan approximately30%sugar. Thisis approximatelythe minimum

amountofsugarwhichwehavefoundcapableofbringingabout jelly forma-

tionwitha 1%pectinsol.
Theexplanationoftheseexperiments,accordingto our hypothesisof sugar

function,is that the dissolvedsugar decreasesthe partial pressureof water.

There is then lesstendencyfor water to passfrom the dispersingmédium
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to the pectin or, in other words, the pectin would adsorb less water. This

decrease in thc water adsorption of pectin would become more pronounced

as the vapor pressure of thc dispersingmédium is decreased by the increase

in sugarconcentration. This wouldalsoaccount in part for the relative posi-

tions of thc sugar, glycérine, alcohol boundary curves (Fig. 2) since a 40%

alcohol solution, for instance, will lowerthe vapor pressure of water more

than a 40% sugar solution. The relative positions of the boundary curves

would be reversed if the concentration had been expressed in molar values

instead of percentage.
This viewofthe function of sugarin connection with the water distribution

is in harmony with the view held bymany workers. Holmes" has definitely

called sugar a dehydrating agent and classed it with glycerine and calcium

chloride in this respect, since all threeprecipitate pectin. McXair" gives a

second function to sugar which doubtless has to do with syneresis; that is,

its effecton the viscosity of the mother liquor. We know that high-sugar

jellies are less subject to syneresis than low-sugar jellics, pectin and acid

beingconstant. Wondclmuth* observedthat jelly formation increases cither

as a result of adding sugar or removingwater, as by evaporation.

Sucharipa2'states that pectin is only slightly soluble in the sucrose-acid

medium of certain concentrations; but this does not stand as the wholeex-

planation of jelly formation, since a given sucrose-acid medium will give

a jelly with one pectin concentration and no jelly with another.

FunclioiiofSugar in neutralmng theStabilizing NégativeCharge

The workwhichhas been done onthe precipitation of negatively chargcd

colloidsby alcoholbas been given byBancroft32: "It seems to be true experi-

mentally that alcohol tends to precipitate negatively charged sols, beingmore

effectiveif thc solhas been made relatively instable by the addition ofelectro-

lytes. The negatively charged globulesin rubber latex can be precipitated

by alcohol.in the présence of salts. Thaer states that negatively charged

humus is prccipitated by alcohol if the concentration of electrolytes is not

too low, while van Bemmelen foundthat alcohol peptizes humus when the

latter is charged positively by the addition of acid. Ron» and Gyôrgy report

that the rate of sédimentation of negatively charged kaolin is increased by

the addition of alcohol. Klein has made some rather unsatisfactory experi-

ments to showpartial agglomération byalcohols of negatively charged arsenic

sulphide, gold, silica, and ferrie oxide,while no agglomeration was obtained

with positivelycharged ferric oxideor alumina. More striking results would

have beenobtained if Klein had addedelectrolytcs to sensitize the sols.

"Swezey had no difficulty in changing the color of red gold sols to blue

and then precipitating them by addingmethanol or ethyl alcohol. Mcthanol

is more effectivethan ethyl alcoholand the effectivenessof both is increased

by the addition of sodium chloride. Colloidal silver'and an alkaline silica sol

were both precipitated by alcohol."

It seemsreasonable to suppose that if alcohol is capable of precipitating

other negatively charged colloids it would also bc capable of ncutralizing
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the négative charge of pectin sols and so tend to precipitate them. For this

reason, in addition ta its ability 10procipitate pectin by its influenceon the

water distribution, alcoholis probably capable ofdestabilizing the electrically

charged peetin.
No record was found of the precipitation of negatively charged colloid

by sugar or glycerine. Whether or not this is such an example cannot be

stated. It is exporimentallypossible to sensitia?pectin sols by certain elce-

trolytes so that they require less ofeach of thèseprecipitating agents.

TheFundion of Acidsand Hases

The fourth postulate bas to do with the function of acidand basein pectin

jelly formation.

Cataphoresis experiments tshowingthe négative charge of peetin in both

acid and alkaline medium have preeltided the possibility of explaining.the

shape of the boundary curve on a basis of isœlectric precipitation or on any
other wholly electrical charge basis. ·

The other stabilizingfactor in a pectin sol,aside from its negative charge,
is adsorbed water. As bas been stated, a vapor pressure equilibrium must

exist between the adsorbed water and the water of the dispersing medium.

liy hypothesis, the uiulerlying principle of jelly-fonnation by added organic

precipitating agents, is the shifting of this equilibrium so that the pectin sol

isdestabilized, and, underproper conditions, agglomerated to a jelly form.

Since, by experiment, the addition of hydrogen ions on the acid side of

the maximum, or hydroxyl ions on the alkaline side, decreases the amount

oforganic precipitating agent required to causejelly formation, it follows as a

corollary to the sugar-function hypothcsis that both acid and base tend to

decrease the amount of water adsorbcd by the pectin. The maximum water

adsorption for pectin is then, by hypothesis, inthe vicinity ofneutrality and

the function of added hydrogen and hydroxyl ions on the acid and alkaline

sides of this maximum is to decrease the amount of water adsorbed by the

pectin, thus making it possible for a lower concentration of precipitating

agents to destabilize the sol and bring about jelly formation.

Conditionsunder whichPedin Jelly forms

The last postulate considéra the factors which detemine where the sol

region shall end and the jelly field shall begin,and also why there is a dis-

tinct jelly field for eachconcentration of pectin.

It was statcd above that the déstabilisation of a pectin sol would result

in a jelly formation "under proper conditions." Thèse conditions are pos-
tulated to be those which give an agglomernted net-work capable of sup-

porting the weight of the mother liquor. The rfiipporting strcngth of any net

work structure would seem logically to dépend upon two factors, – the

continuity of the structure and the rigidity of the structure.

Continuity of structure, by hypothesis, dépends upon the number and

proximity of pectin particles at the time of precipitation and this in turn is

determined by pectin concentration and dispersion.
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Higidityof structure, by hypothesis,dépends upon the precipitating

tendencyof the dispersingmediumand this is determinedby sugar con-

eentrationand hydrogen(or hydroxyl)ion concentration.

If thejellystructure is dependenton the frequencyofpectinparticlesfor

its continuity,and on acid and sugarconcentrationfor its rigidity,it should

be possibleto makea jelly ofanydesiredstrengthbya variety ofcombina-

tions of the three constituents,-pectin, sugar and acid. A high pectin,

low sugarand acidmixture wouldyield a densestructure,retaininga rela-

tively largeamountof absorbedwater. A lowpectin,high sugarandacid

mixturewouldgive a less densestructure but a morerigid one. The hy-

pothesisisborneoutcxperimcntallyas is shownby thedata of TableVI.

TABLE VI

Jelly atrength Compositiunof mixtureswhieh yield jelliesofthe strengtha indicated

in gram Pectin Sugar è^f?1
~j" (°c) N HCI/l00

grams Jelly)

0.3.0.25 55 o.a

0.5 45 IO

1.3 0.25 55 I-°

0.5 45 16.o

1 .0 45 IO

4.4.0.5 55 ï-o

1 .0 45 8-°

Variouseombinationsofacid,pectinandsugarwhichwillgive24houroldjelliesofthe
samestrength.(Intermsoffruitjellics,0.3gramsofstrengthisa"veryweakjelly"and
4.4gramstrengthisa "toughjeUy.")

Accordingto thesedata, a jellyexerting,forinstance,a 1.3gramrésistance

to beingeutmaybe obtainedfroma continuityof structurerepresentedby

either o.isScpectin, 0.5% pectin,or 1% pectin. For this to be true, the

lower pectinstructures wouldhave to be more rigidthan the 1% pectin

structure. By hypothesis,différencesin rigidityare due to the amountof

water retainedby the pectin at the equilibriumestablishedduringprecipi-
tation. Accordingto the hypothesisadvancedfor the function of sugar,

this relativerigidity would be determinedby the concentrationof sugar,

the acidityfactorremainingconstant,or by the concentrationof acid, the

sugar concentrationrcmainingconstant.

Theonlydifferencein the compositionof the 0.25%and 1.0%jelliesof

strength1.3gramsis the concentrationof sugar; the lowerpectinjellycon-

tains 55%sugarand the higherpectin jelly only 45% sugar. Whenthe

sugar concentrationwas constantat 45%, less acid was requiredby the

1 .0%pectinthanbythe 1 $%pectinto givejellyofstrength1.3grams.

Anotherexampleof the influencewhiehacid has on the vaporpressure

relationsin a mixtureis indicatedby a comparisonof the jelly strengthof
,If

i:
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any twocombinationshavingtho samesugar and peetinconcentrationbut

différentacidities.Forinstance,the 0.5%pectin jelliescontaining4S%sugar

bad a strengthof 0.3gramsandof 1.3grams. ThiBdifférencein strengthis

explainedby the postulatethat excesshydrogeniondecreasesthe amountof

water adsorbedby pectin. The 0.3 gram.*jeUiescontainedonly 1.0ceaoid

as againstthe 16.0ce.acidof the 1.3gramsjellies. The 45grams ofsugar

reduccdthe vaporpressureof thc dispersingmediumto thesame degreein

both mixturesand sowaacapableof removingthe sameamountof adsorbed

water. The pectinof the highacid mixture,however,heldless adsorbed

water than the lowacidmixtures,so there was lesswaterto.remove; the

resultingpectinstructureforthe16.0 ceacidjelly wasmorerigidt hanthatof

the lessacidmixture.

The inereaseof jellystrengthwithage,as shownin TableIV is another

corroborationof this hypothesis. The adjustment betweenthe vapor

pressureof the twophasesrequirestimeto reach a full equilibrium. The

jellies shouldaccordinglybecomefinnerwith time as the systemprogresses
towardits equilibrium.Anotherfactorin this ageingis doubtlessthe coales-

cenceof overlappingfilaments,as bas been describedfor silica jelliesby

Bancroft.
It Isinterestingtonotethat increasein strength becoweslesspronounced

as timegoeson. Jelliesof this serieskept for sixmonthslongerthan the

othershadnot increasedin strengthasmuchduring this timeas theirdupli-

cates increasedduringthe firstforty-eighthours.

Applicationof this Hypothesisto Fruit Juice Jelly-Making

If fruit jelly ismadeby evaporatingthe mixture,it isboileduntil some

end point isreachcd,suchas the "sheeting-off"(froma spoon)test, boiling-

point, or specifiegravity. Tarr has shownthe spoonor "sheeting-off"test

to beunreliable:a seriesof sevenjellieswhichwereevaporatedto thispoint
showedconsistenciesdescribedas "verytough," "tough,""good," a "little

tough," "excellent,""good,""soft," "unstable."

Tarr alsoshowsdata froma seriesof fifteen jeUiesin whichmixturesof

differentcompositionwereheatedto the "sheeting-off"point. The weights
of the finisbedjelliesweretakenandthepercentagesugarineacli calculated.

In the fifteenjellies,the variationin sugarwas between69.4%and 72.7%.
Fromthisheconcludesthat theamountofsugar injellymadeby thismethod

is "a constantwithina reasonablelimitoferror."

Fromthis welcarathat the shecting-offtest, liketheother tests usedas

end-pointsin jelly-making,(the boilingpoint and the specifiegravity),

representschieflya sugarconcentration.

Sincethesugarismoreor lessconstantin thèsehot evaporatedmixtures,
the questionof whetherornota jellysomade willset, dependsupon whether

or not the acidconcentrationin the finalmixture willmeetthe sugarconeen-

tration, within the jelly fieldof that particular mixture(Fig. i). If these

two concentrationsdointcrsectin the jelly field the mixturewill set; if not, }

the mixtureremains"syrup." l
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Thé softest jcUicsin a given jctty field are those of which thé xugar-acid

concentrations tic a!ong the boundar)' line. Tougher jellies rpsuit when

thé concentrations are further from thé line in the jelly field. (Mixtures, thc

composition of which tics within thé jeUy fictd,but which, because of pré-

maturé précipitation do not have an opportunity of forminga jelly nonuatty,

and soarc very soft, need not confuse this discussion).

YVhercthé gel-solboundary line for a given cooked jelly mixture will lie,

dépend!' first upon thf amount and condition of pectin and protective col-

ioids present in thé original juicc; second whether conditions in the cooking

mixture favorcd deconiposition of pcctin duringevaporation; and third, on

thé t'tcetrotytps chamctcristic of thé juice.

The quantitative values for thé gel-sol boundary line arc specific for

cach fruit. The cranberry jelly field was the largcst of a!t fruit studicd.

Thé apptc jelly field was anaUcr, and the strawbcrry and elderberry jelly

fieldarc stiUstuaUcr,–strawberry because of lowpectin, elderberry probably

b<'caui!cof the pn"<('nccofsalts or protective colloids which tend to xtabilizf

the sot.

XaturaHy, the larger thé jelly field the casier it is to makejelly, since the

larger the jelly field thc larger thc range of sugar and acid concentrations

possible. Whcn the jelly field is stnaU, it is muchcasier to miss it, and end

with a mixture the cotnpoiiition of which puts it in thc sol région for that

particular fruit.

Within the jelly Md for every fruit is a sugar-acid concentration which

will yictd a jelly of whatcver characteristics desired. Hitting upon this

point by thé evaporation method of jelly-making,is a matter of luck; it tnay

bc arrivcd at with Komcprécision by thé use of eonnncrciat pcctin and for-

tnulacbascd ona knowledgcof t hecharactpristics of each specifiefruit.

In fruit-jelly partance, faHures caused by either "too much" or "too

Httle" sugar, tnay K'fGr( t) to the failure of the jelly to set, (2) to a prématuré

!<ct,or (3) to a too tough jelly. The matter is further complieatedby the

fact that the dcsignatcd amount of sugar sometitncs refers to that added

to the hot juicc and sometimcs to thc sugar in thefinished jelly.

Faihtrc of a jelly to set rneans that the acid-sugar concentrations are

outside the jelly ne!d for that fruit. Bt'forc it will set, either thèse concen-

trations must be moved into thé jelly fietdor the jelly fieldmust bc cn!arged

untit the original acid-sugar concentrations arc included within it. This

cntargonent of the jelly fieldia most obviously donc by adding more pectin.

It cou!dundou))tc())ybe enjargedby adding to thcjuice certain faits or other

substances which tend to destabilize the pectin but no work front a practictil

standpoint has ever been donc so far as wc knowalong this line.

The preniaturc-sct faiture probably would have been onc variety of a

"tough jelly" if the setting.had been de!ayed until the hot mixture wcrc in

thc gtasscs. Thèse mixtures in which the pcctin is prceipitated the instant

thc constituents are mixod are those thc eompoMitionof which lies weU
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within the jelly field. Oneof thèse failures can h<*remade into a ftatisfsctory

jelly byshifting its compositionbaok into the sol fieldand thon bringing th<*

compositionback into the gel region.

This shifting from thé gel to thc sot fields may be aceompMtcd either by

reducingthe acidity of the jelty by mixinf! in comptetety a smat)amount of

alkali, or by adding water, thus reducing the concentration of both aeid and

xugar. This also dilutes thé pectin entarging thé sol field for that partieular
mixture.

After the addition of the peptizing agent, thc mixture must stand with

fréquent stirring longenoughfor the pectin to !jGwellpeptized. Then if thé

pcptizingagent was an alkali,acid is added to rcstore the mixture to the jelly
field. If water was ufiedinsteadof alkali to bring the mixture into the sol

région, then the repcptized mixture would néed to bc evaporated until its

compositionwas retumed to the jelly field. More pectin, sugar, and acid.

couldbeadded and evaporationomitted to accompHshthis samepurpose.

Wchave accomptishedthèse reversats from gelto sol, and backagainwith

currant jelly, by both of thèsemethods. Rach time thé proecss is reversed,
thé jelly is of course weaker–becauiicof the unavoidabte experimentalerror

introducedby heating thc peetin sol-in thé one case or in the other by the

sa!ts fornK'din the mixture whenthe acidity is shifted between the gel and

sot région.

This wcakncsiimay bc overcompcntircty by inereasing the concentration
of any one of the constituent! an increase in cither the sugar or the acid

wouldmove the compositionof the mixture further into the jelly fieldand
so make the jelly stronger; or thé same thing could be aceomptixhedby en-

targing thé jelly fieldby adding pcctin.

The suceessfutapplicationof this hypothesis to such a difficult.problemas

remaking a jelly whieh bas once set, is a very cncouraging évidenceof its

corrcetnes!

It shoutd bc possible,accordingto this hypothcsis, to peptizea fruit jelly
which has once set, by heating it sufficiently under a very efficientreflux

condenser,so that thcre wouldbe no loss of water. The jelly so peptized
«houtd thon set again on cooling. Thc remade jelly would of course be

weaker than the original because there would bc some pectin loss; but it

would secm that enough pectin shoutd be left to show a jetty formation.

We have not as yet tried this.

The jelly failure whichis called "too tough" resutts from a mixturewhich

is tuo far from thc get-sotboundary line. This, according to jelly makcrs, i.s

usually caused by t«o little sugar. They do not mcan too little sugarin the

final jetty, they mean that too little su~ar was added to thc fruit juice so

that by the time the "spoon test" was reachcd,–according to Tarr, by the

time enoughwater had becnevaporated to bring the sugar concentrationup
to saturation point,-the pcctin had also bccn concentrated and the jelly
netd unduty entargt'd. Asa result the acid-sugar composition of the mixture
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whenit finallygavethe sheeting-offtest, was far fromthé boundaryline

insteadofrathercloseto it, as it shoutdbc ifa tenderjeUyis to result.

Failurescausedbyadding "too much"sugar to thé originaljuiceare just

thereverse. Thesaturationpointofsugaris reachedbeforethepeottniasut.

ncicnttyconcentrated.If evaporation were eontinueduntil the pectin is

sumcienttyconcentrated,crystallizationwould resutt,–whichisstillanother

varietyof jeUyfailure.

Summary

The hot evaporationmethod of pectinjelly-makingis limltedbyits un-

avotdabteexperimentalerrors and by the low solubilityofsugar.

A cold methodusing several prccipitating agents is recommendedfor

theoreticalstudiesof pectin jelties. When tMs methodis usedand the so

foundminimumjelly-formingconcentrations of acid (or alkali)and pre-

cipitatingagentareplotted on co-ordinate'paper,a continuousgel-solboun.

dary line resultswithits maximumprecipitatingagentconcentrationin the

vicinityof neutrality. The solubilitylimit of sugarcutsoff the topof this

curvewhensugaristhe precipitatingagent. A!!quantitativedataonpectin

isspecinefor thesamplesused, becauseof the varyingamountsofelectro.

lytesin unpurifiedpectin.

Theworkinghypothesisfor this boundary line:Pectinsol isstabiliredby

adsorbedwaterandanions. The solubleorganiccompoundswhichdestabilize

thesoldo so,first,by loweringthe vaporpressureof thedispersionmedium,

andsecond,insomecasesat least, byncutratizingthe negativechargegiven

by anionadsorption.Incrcasedhydrogenor hydroxylionson eithersideof

thé maximumin the curvc, decreasethe amount of adsorbedwater and

soreducethe amountof precipitatingagent required.

Ajelly resultsifthé precipitated pectinagglomérâtesto forma net-work

structurestrongenough,either bccauseof its dcnsityand continuityor be-

causeof its rigidity,to support the weightof thc motherliquor.

Achnowtedgment

Onediscoverywhicheach of ProfessorBancroft'sstudentsmakes,is the

possibilityofusingchemistryas a whieieof thought. Isolatedtactsas auch

tosctheir importanceunder his teachingand theirvalueaccruesonlywith

theirservicein logicallyexplainingcauseand enect. UndcrProfessorBan-

croft'sguidanccresearchbecomestrulya philosophywhichreachesfar beyond

the laboratory. Fortunatc and gratefulare wcwhohavehadthe privilège

ofworkingunderbisdirection.

Thanksare due the Certo Corporation for the generousfeHowshipon

whicha part ofthiswork was donc.

TheDepartmentofSpectroscopyofComell Universitymadeandreadthc

spectrographsofpectinash and for this1wish to expressmythankg.

r



THE FOBMATtON 0F PtiCTtN JEÎ.UE8 DY BUCAB aot t

References

Vauquetin:Ann. Chim., 6, 27$(t7oo); S,9: (<<t6o);Ann. Chim. Phya-,«j <t, 46-6!
(t<fat9~.

Payne:Ann.Chim. t'hye., (t) ÏC, 3~9 (<8:4).
'Gmbourt: J. Chimie médical,Ko.t, 27-3! (t62;).
<Hraeonnot:Ann. Chim. Phy., W 26, <73;30,o6-to~ (m;): 47,a6<)(<<!));SO,376

(t83t).
I-'nt!ty:J. rharm., (t) 20,368 (t~o); Ann. Chim. rhys., (3) 24, s (1840.

Carlea: J. Phttnn. Chim., (6) tt. 463 (t9oo).
Xorns:"Princtptes ofOrganicChemiatry," 3:5-6 (!9t~).

Wendetmuth:KoHoidchent.Beihette, t9, < t:-37(ttM4).

IMtida.y
and BMtey:lnd. En):.Chem., t6, 595-7('9St4).

T~r:Univ.of Det.Kxpt. St.. But! 134 (t9~).
TecMrach:Bern tnaut~M) rKaentation ()f9oN).
Boudnmont:"Traitt de Chimie,"844.85:; 870-73~844); J. Pharm. CMm.,(3) 12,

34 (t847~.
BMcroft: J. Phys. Chern-, M,~56-~6!(t9:4).
Duckwatt:Canner and UriedFruit Fâcher, 28, Oet. 19 (t9t t).

"Thatcher "ChemMtty of t'tMt Life," 70 (i9:t).
MeMitz:Konserven fnd., U, 467-70(t9ts).
PooM:U. 8. Dept. Agr. HuU.~a. tM3.
Xoyea: J. Ind. Eng. Chem.,XcwoHd., March )o (t9:!).

Tarr and Baker: Ind. Nnj:.Chem., 18, 89-93(t9:6); Univ. of De).Kxpt.8ta. Butt.,
M2 (t9!6), Me (<9:4).

"Gotdthwaite: J. Ind. Kng.Chem.,1, 333-340(<qoo);2,457-46: (t9to).
Doutdas:U. R. Patent ?<o.toS~oS?(!9)3).
Ld 8iM: J. Ind. Eng. Chem., 14, yto-u (t9M).
Dore: J. Chem. Education, 3,505.'< (Men:"Der kolloide Schwefet"t56 (t9~).

Kopanticmki:J. Am. Med.AMoo.,75, 507 (t9t6).
Cn~s aod Johneon: tm). Enj;.Chem., 18, 6:3.~5 (!9ï6).
Baneroft:"AppUedCoUoidChemistry," t40 «996).

"GiU:UnpubU8hedwor(t.
SMhanpt: U. Ass. 0~. Agr.Chem., 7, 57-68(t923).

'"Hobnes: Colloid SymposiumMonograph, 1, 24(t9~3).
McXa:r: J. Phya. Chem., !0,633-9 (<9t6).
Baneroft:"Applied Cottod Chentiatry,"~63 ()9~7).
BaUint!:Horida Agr. Kxpt.Sta. Report (too8).

ComeHt/n<<'trst<jf.



<Lo'~

THH EFFHCT OF SALTS ON SUUAH-PECTIN JËLLY-FOHMATION

j~ BYUEKKSt'KNCEK

Salt Effect on Pectin Sol in the Absence ot Sugar
Thc destabilization of pectin sots by solubleorganie compounds has been

deseribed in thé preceding paper.' DestabiliMtion by inorganiesalts is now
to be considered.

Before considering thf innuence which added salts have on peetin sols

containing sugar, we shaMconsider what bas been observed as to their in-
nucncc on a peetin sol in thé absence of sugar.

~'«n'«M<'Foc/ors in ~'€c/p)'<«<<oK

A review oftho Uterature relating to sait action on pectin sol showsvery
little agreptncnt as to the pcptizing and prccipttating action of different
satts. Thcne (Uscrepanciesare probably, in a large measure, traceable to
the failure to recognize certain variable factors in manipulation.

Weiscr~has outlined some of thosc factors which must not bc overlooked
in thé precipitation studics for colloids in general. The variables which in.
ftucnec tnost the compk'teness and thé form of a pectin precipitation are the

temperature of precipitation, the rate and order of addition of constituents,
thc concentration of peetin, the other elcetrolytes present and the acidity
or alkalinity of thc dispersing mcdium.

Fremy~ so long ago as 1840pointed out another important variable. One
of thc most conspicuous properties of pectin is its précipitation by certain
tnetaUic satts. The carty workers assumed this precipitate to bc a pectate
and Frcmy, like many of the othcrs, attempted to make and analyze thèse
salts. He rcported that the percent of lead in the compound which hc had
assumcd to be lead pectate, varied with the treatment to which the pectin
had been prcviousty subjected. This original physical condition of pectin
stiMholds as an important variable instudy ingits behavior withsalts.

Concentration of pectin is very important and often overlookcd. It
is an experimental faet that one concentration of pectin wiUgive a gelatinous
precipitate with sodium sulphate, whereas a more dilute pectin sol will not.
One would suppose that destabilization occurs in both cases, but is évident

on!y in thé one where it is accompanied by aggtomcration due to higher
pectin concentration.

As to thé presence of other electrolytcs, it gocswithout saying that when
the innuencc of the impuritics becotnc too pronounced we !osc sight of thc
influence of thé variabte and so we learn nothing.

It must be admittcd that the sa!t effect on a pcetin sol is a composite of

many tendencies, some of which wc recognizc and understand, others which
wedo not understand, and sti!!othcrs.doubttcss, whichare not yet recognizcd.
We shall assume that in general the qualitative tacts of pectin precipitation
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by salts arc dctermincd by the sumtnation peptizing etîeet of the anions

présent as against thc sunnnation precipitating effect of the cations présent.
But quantitative values an*,as yet, représentative of thé pecuHaritiesspecifie
to the pectin used and to the expérimental manipulation.

J~KfttCf f~ /~t.tMNt ,%)?Pf<'Ctpt'<0~'<Mt

Sincethe anions of baseand acid both tend to stabilise pectin, the cations

of either at sumcient!yhigh concentrations shou!d tend to neutratize thé ad-

sorbedanion charge.

Hxpcrimentatiy, tnctaUicions do precipitate peetin. This may bc shown

by treating a peetin sol with a strong sah solution made atkatine with

sodium hydroxide, when precipitation will takc ptacc at once.

An aikatinity is taken sucti that without the salt thcre will bc no pre-

cipitation. There is then no question of the precipitate bcing a product
of hydrolysis.

The thcoretical explanation of this precipitation is that the summation

peptizing influenceof the Mi)M)rbpdchtondc and hydroxyl ionsis cxecedcd by
the summation destabilizingeffect of the sodium ions of thé baseand thé sait.

Hayncf!~has already made it clear that these combinations of alkali and

sait whieh are able to precipitate peetin owc their power to the cation.

She pointed out that thé eiïect of the atkaU"was inereased by its i~tt whieh

woulddepress ionizationof thé hydroxide and thus lower thc concentration

of the hydroxyl ion. This tnakcs it appear that the positive rathcr than the

négative ion is the effectiveagent."

Haynes found that a gel formed by an alkali hydroxide and its sait was

reversible, but that an alkaline carth hydroxide with its sait gave an irre-

versible precipitate. Wc were unable to duplicate this last result but found

that if thc precipitating agent was washed out at once, the alkaline earth

precipitate of pectin was also revcrsiMe. Bancroft~ has treated thc reversi-

bUityof colloid precipitations thus: "With a colloidal solution stabilized by
an adsorbed ion, the reversibility of the coagulation depends upon the possi-

bility of washingout thc precipitating agent and on thf physicalstate of the

precipitate. The more strongly the precipitate is adsorbcd the more difficult

it will bc to wash it out. When albumin is precipitated by sodium chloride,
thc coagulation is ordinarily réversible. When it is precipitated by the

sait of a heavy métal, thé coagulation is irréversible. AUprécipitâtes tend

to change on standing, becotning coarser or more nrmty aggtomeratcd. ït

tnay then happen that washing out the precipitating agent will not cause

pcptization. When albumin is precipitated by calcium cMoridc,the coagu-
lation is reversiblc if the calcium chloridc it; washed out at once; but is not

reversiMc if thc precipitate is allowed to stand. If a precipitate of siiver

cMoridcbe allowetl to stand ovcrnight, it can then be filteredand washed

much more satisfactoriiythan when first precipitated."

The aid whichaikatigives to precipitation of pectin by salts is a!so notice-

able with starch.
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Hancroft*bas summedupother instancesof this cationeffectinalkaline
médium:"Cottoidatsiticicacid behaves likecaseinin one respect,that it
adsorbstunefrom suspendedcalciumcarbonate. In accordancewiththis is
the fact that silicieacid,thoughpeptized by causticsodaand NH<OH,is

precipitatedby barium hydroxide,becauseof the markedadsorptionof thc
alkalineearth cation. It is alsoprecipitatedby alutu and by basicdyes
whichis as it shoutd be. Ontheother hand Mattsonfindsthat theaddition
of caustic sodaniakes kaolinmore sensitiveto the precipitatingactionof
calciumchloridcin spiteofthcfactthat hydroxylionpeptizesquartz."

7M~MfMcco/Acidon /a!<Prc<<n<<w
Onthe acidside of neutratityit is a differentstory. Fa!kandMcGuirc"

reportthat at a pH of y,the alkalineearth saitsgavea jellyformationunder
thé conditionsof their experiment,but that at a pH of 6, underthe same
conditionsofprecipitation,noprecipitate resulted. vonFcHenberg,'on the E
other hand, states that the chloridesof calcium,magnésiumandbarium ]
gaveno precipitates.

Thedisagreementbetweenthéresults ofFaikand vonFellenbergandalso
betweenvonFellenbergandourown observationswiththesesattsispossibly
dueto differencesin hydrogenionconcentrationofthe dispersingmediumwith
whiehhe worked.

FaikandMcGuire'dialyzeda pectin solagainsttap waterand,whenthe

pH wasreducedto "y ormore,"obtained a jelly. Thisis explainableon the
basisof reducedhydrogen ion concentrationtogetherwith the fact that

diatysishad washed out the peptizingfruit acid ions and introducedtess

stronglyadsorbedanionsandmorestronglyprecipitatingcations.
The importanceof acidityinsait precipitationof pectinsolsisshownatso

by the fact that a sodiumsulphate-pectingelis peptizedreadilybyhydro-
chtohcacid;and, as FatkandMcGuirehaveshown,that a calciumchloride

concentration,whichwillcauseprecipitationina solofoneacidity,mayfail
todosoinasolof higheracidity. Increasingthesalt concentrationincertain
caseswillovercomethe stabilizingaction of the excessacid and causepre-
cipitation,thoughin manycases,as for instancesodiumchlondeandhydro-
chlorieacid,ourpectin solsaturated with satt remainsstableunlessthe sol
is madealkaline. t

~'tWencethatPectin doesnota~ort ~~ro~K Ionsreadily
Thé stabilizingaction of acidsagainst precipitationby salts isthe third

évidencewhichwe have had that hydrogenionsarc teas readilyadsorbed
than metatticions. The othertwowere discussedin thefirstpapcr.

Thèse three different experimentalobservations,(t) inabilityof acid
to precipitatepectin underordinaryconditions,(2) persistentmigrationof

pectinto theanode even in a stronglyacidmédia,and (3) the stabilization
ofa sol againstthe precipitatingaction ofsalts,ail pointto the assumption
of low hydrogenion adsorptionby pectin. From this evidencewcmust

postulate that the peptizingtendency of acid anionsin generalis greater
than the precipitatingtendencyof hydrogenions.

<
c

!<
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C! ~–– -)).-<! ~t~ t- -t ~t!- ~t-tt~- t. ~-tt~Sincean excès)ofalkali tends to aid pectin precipitationby satts, and
an cxcessof acid tendsto peptizepectinprecipitatedbysattsaa wellas to

preventitsprecipitationby salts,thépostulateismadethata gel-solboundary
curveforpectinisofthe généralformshownin Fit;. i. OncshouMnot tose

sightof the very importantfact that the quantitativevalueand even the
trendof theseget-sotboundarycurvesforsalt precipitationare specificnot

only for thé manipulationand pectin Ml but also for the acid and base
usedto adjust acidity.

This influenceofaoidon the precipitatingactionofsaltsmaybe an im-

portant factor in théextractionof pcctinfrom plant pulp. Whenthe pulp
iamadeacid, thé intersectionpoint of the salt-hydrogenion concentration
fatisin the sol régionand the pectinfonnsa solmorereadily.

1

Fto.:x

HypotheticateutvesdeNeaattngthebound-
ary line for the gel fields of the chtondm
fot-three meteb of différentvalence.

Fto.tt

Ahypotheticat boundarycurve sepamt-
ing thé gel-solregionsforpectin precipi-
tated by Mita.

*)-t-<t.t.Aspreviousiystatedthe quantitativevalueof thiscurvewouldbe specifie
for the pectinusedand for thé conditionsof its determination,but the evi-

denceis that withaUpectin samptcsthe boundaryeurvewouldhâve this

tendency.

Influenceof f)'~ereM<ta!Adsorptionon Ma~'w Position(~BMHdor!/CMrrff!

Therelationof the gel fieldboundarycurves fora seriesofsahs having
thc sameanionbut differentcationsofthe samepcriodicgroupis indicated

by Fa!k." He foundthat for his methodthé precipitatingeffieiencyofthe

alkalineearth metalswas in thé orderCa> Sr> Ba. Thi~is in harmony
with Haynes'~observationthat bariumchloridcgaveno precipitatewith

pectinexceptonstanding. Accordingto this the calciumchloridegel-sol

boundarylinewoutdbe belowthé bariumchlorideline;that is,for the same

conditionof précipitation,more bariumchloride wouldbe requiredthan

calciumchloride.

Fa!k"foundthat sodium,lithiumandmagnésiumsaltsdidnot givepre-

cipitationof pectineither aboveor belowneutrality, Thiswasour expéri-
mentalobservationin regard to sodiumon the aeidside,but as wchave

alreadydescribed,analkalinesodiumchloridcgavea precipitatewithpectin.
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~MfMCCu/ t'f~fMCCOHthe /)~H<!t'f~M'f<M<"f ~OMH~H~C«rt'M

Kxtending Faik's" cxpcrinn'tit to calciumand aluminutn, wf found that

precipitation of peetin by atutninum wasaffected k'ss by increasedacidity,

thau precipitation by calcium chtoridc. On thé alkaline side, thf aid which

increasing atkaHnity gave to cation prccipitating action was in thc ontt'r

At>(a> Xa.

From thèse and simitar cxpcrintents wc postu!atf that thc rotation of

thèse boundary Uneswill bp found to bc in accord with the order shown

in !ig. 2.

The relative position of thfse curvesfor any niven anion shoutd by hy-

potht'sisbe thc iiatne;for exampie, the sodiumacctate curve shouldbe above

tho ahuninutn acetate curve.

/H~MfMCfof P)'~)~t<<f)<Anion ~(fsorp<t'OM
)

A dc<initt' order of arrangement must obtain for thp satts ofany scrit'x }

having the santc cation but different anions. Such évidenceof anion ad-

sorption as we have indicates that organic ion:<,pspeciaUytho~ from fruit

acids, are adsorbed more readily than inorgunic ions. For theM?organic
Il

acid ions thf order M'cmsto be acétate >citrate> tartrate. That is, a

sodimnacetate Rcl-sotboundary eurve would be above a tartrate boundary

cun'p with thé citrate curve betwecn thetn. The évidence forthis will be

considered in connection with sugar jellies.
As to the inorf:anicanions, the chlorideions are adsorbed morestrongly

than the nitrate ions as is indicated by the fact that the negativecharge of

pectin bas been rcvcrscd in cataphorcsi~expchmcnts with nitric acid but

not with hydroch)orie, which would indicatea lowerstabilizing poweron the

part of the nitrate ion. Sulphate ions atso seem to bc adsorbed less than

chloride, since sodium sutphate but not sodium chloride will precipitate &

ï' pectin sotution in an acid medium.

There are so many factors which influencethe precipitation of pectin by

salts that this working hypothesis is set forth qulte tentatively as a basis

for further investigation of the~' influences. The hypothesis helpsto explain

salt influence on peetin jelly formationby sugar,as wc have observedit, and 'f

it also helps to explain some of the recordsin the hterature. t

Salt ECect on Pectin JeUyFormation with Sugar

Hainer" bas found that potassium ferricyanide may bc substituted in c

whoteor in part for sugar in pectin jelly formation. HaHidnyand Bai)cy"' )

itave found that a part of the sugar may bc aubstitutcd by calciumchloride. L

Halliday and Bailey do not state their observations in just this way but,

in tcnns of our hypothesis of jelly formation by sugar, it meansthe same

thing. They rcported that the acidity eoutd bc decreascd by addingcalcium

chloride. To the extent that calciumchloride may change either the rcat

or thé apparent hydrogen ion concentrationof thé dispersing medium,it is

taking the place of the acid. But this effect on hydrogen ionconcentration

cannot be the wholesto~ even thoughit may bc part of it.

t

i
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Thé sensitiiiationof pcctinxo that it is morereadily precipitatedby
sugarmustbean importantfaotor.

Thcempiricalfactaof thecaseln HallidayandBai!ey'sexperimentseem
to bethat calciumchloridelowersthegel-solboundarycurveforsugarjellies;
thus makingthesol field8n)&ner80that a lowerconcentrationof acidor
sugarorbothwillfaUwithinthejellyfield.

Thisalsoisprobablytheexplanationfor I~atncr'sresutts. The opposite
is truc forsodiumchloridewhich,instead of loweringthc gel-solboundary
eurveon the acidside,misesit and so decreasesthe sizcof the jelly field

makingthc sugarand acidrequiremeothigher;andwesay it hindersjelly
formation.

The actionofsodiumchlorideon the alkalinesideof neutrality is quite
different. Infact,in the caseofeverysatt withwhichweworked,the sugar
gel-solboundarycurvetendedto beloweredonthealkalinesideby the addi-
i; "t ban m"e, "e
e. .»,
tionof satt. Tosumup ourobservations

graphicaUy,theeffectofsaltonjellyform-
ation is givenin Ftg. 3. To avoid the

complicationofferedby the frustration
of the 8Ugarcurvebccauseof the solu-

bility limitofsugar,the boundarycurve

,ofaleoholjelliesi8used.

HallidayandBaileyfoundthat they
couldnot Bubstitutccalciumchloridefor
acid indefinitelyor a jelly too high in

syneresiswouldbe obtained. In terrns
of Fie. t. as thev movedthc hvdrncpnof Fig. 3, as they movedthe hydrogenion concentrationover toward

ncutrality,theamountofsugarrequiredwasincreased. Insteadof adding
moresugarthcy addeda secondprecipitatingagent,namely,calciumchloride
thus loweringthe boundaryline to mcet the sugar concentrationin the
mixture. Thisthey couldnot do indefinitely,however,and stiUretainthe

propertiesdesirablein a sugarjclly, since theyeventuallytended to fonn
a calciumchloridejelly ratherthan the sugarjellynormalfor that acidity.
Salt jelliesarenoticeablyhigherinsyneresisthansugarjellies.

This différencein syneresismay bc due to a différencein structureor,
foUowingMcNair's"suggestion,to a différencein viscosityof the mother

liquor,waterbeingdisplacedfroinits adsorbcdstatewithouta concomitant
increasein thesugarconcentrationof the motherliquor.

The scnsitizationof a colloidby one precipitatingagentso that its pré-
cipitationmaybccompletedbya secondprecipitatingagentiswcUrecogniMd.
Gurchot'*sensitizcda solof ferrocyanideby salts so that it was brought
downby a fewdrops of alcohol. WickmannandChcmon" have revcrsed
this forpectin. They foundthat :o mg. of peetindissolvcdin 22oce. of
water treatedwith a certainamount of alcoholdid not give a precipitate
but that theadditionofctectrotytescauseda pectinprecipitateto form.

A. v
Ftti.33

Thé qualitative gel-sol boundary line

hev
"<'hot jetties Mgiven by thé eoUd

tint. 'fhe dotted Uneaehow thé hypt)-
for theticxtelevation or lowering of thit

boundaryline tesutting from thc édi-
tion ofcertain salts to the pectin sol.

TtHS



Mt8 CNUE8PKNCER

/mpor<<tHceo/.Sohsin theyeM~-FortNttpValueff a PectinSol

Therebas beena tendencytoattributethe jellyformingvalueofa given

juice,or sol to the amountor kindofpectinwhichit contains,eventhough

noadequatemethodofobtainingthesedatais available. Acidityhas been

given,more recently,due recognition,especiallysince the work of Gold-

thwaitc'*and Tarr.~ Thécriterionforthevalueof a fruit juice in industry

is theamount of dilutionby sugarwhichthe juicewillpermitand still give

a satisfactoryjelly;this resta on a purelyempiricalbasis,becauseas just
statedno quantitativepectin testhasyetbeenfoundwhichwill servethe

purposeof standardisingthe juices.
Thepoint to bemadein this connectlonis that saltshavenot beengiven

duerecognitioneitherin the attemptsat quantitativeestimationof pectin

orinitsevaluationbythejelly formingpowerofthe juice. ItisaweH-known

factthat a relativelysmallamountofsodiumchloridewillmakea goodjuice

unfttfor jelly makingand, as Hallidayand Baileyhaveshown, a smaU

amountof calciumchloridewillenhancethejelly-formingvalueofa juice. ,<

The behaviorof differentsaltsis satisfactorilyexplainedon the basis

ofthehypothesisthat, becauseofthespecifieadsorptionpreferenceofpectin

fortheirions,somesaltslowerandothersraisethe gelsolboundarycurve.

Many saltsundercertain concentrationsand with certainacidsor bases,

appearsimply to delayrather thanto changethe amountof acidor sugar
E

requiredto givea jelly. Whetherthe precipitationformedafter thé delay

wouldbe identicalwiththat formedwithoutthe additionof the retarding

constituentcannotbe stated. Onecoulddeterminethis by studyingthe

jeUystrength of cold-methodsugarjelliesformed with and without thé

additionof the saitinquestion.
Theobviousexplanationforadelaywithoutweakeningofjellyformation,

isthe displacingof oneadsorbedion byothersof higherconcentrationor

perhapshigherpreferentialvalue. Thereachingof ionicequilibriumsuchas !<

wouldtake place for the same constituentin thé absenceof pectin, may <

alsobe a factor in this retarding influenceof salts.
1

Acid~iM!'OKjE~CdonPectinJ<MyFonHO<<OM f

This bringsus to the necessityofconsideringthe anionof the acidwith

whichwe adjust the acidity in anyseriesof sugar jellyformation. The

morestrongly adsorbedthe anionis, thé largerwillbe thesol field. Gold-

thwaite~foundthat tartaric acidwasmuchsuperiorto citricin jelly-making t

bythe hot processand the workof Tan- and Myersand Baker"*have j

substantiatedher rcsults.

Thefollowingdatafrom Tarrincorporatedin Table1isof intcrcst:
_s_

TABLElI

Jelly Strength

ec. o. X Acid pH Pressure cm. Water

Tartaric ïo.o 3.19 ~°-5

Citric 20.0 3.'S 46.5

1
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In GoMthwaite'Rwork the criterionof superlorityof tartarJoacidover
cttricacid, was"texture and Havor"of the productwhenthe samoamounts
of acidwereused. In Tarr's work,the criterionwastheamountofaeidused
to yieldan "optimum"jeUy.

Wedo notbelievethat the dinerencein the amountof aoidrequiredto

give a certainpH is of firstimportance,becauseof the uncertaintyof salt

impuritiesinthepectinused. It is signuioant,however,that at the samepH,
the jelliesareofsuch diiTerentstrengths.

The fact that the citrate makes a weakerjellyindicatesthat there is

greatercitrateionadsorptionand sogreater résistanceto destabilization.

Myers andBaker have made a real contributionto this studyas far
as the practica!applicationsare concerned. Theirresultsare not entirely
in accord withthe developmentof this hypothesis,but the variations,we

beUeve,are aUexplainablein termBof the unavoidablechangeswhichtake

placeas a rcButtof the evaporationmethod whichtheyused.

Conclusion

i. The stabilizinganionchargeon peotinmaybeneutraUzedbycation

adsorptioneitherwith or withoutthe presenceoforganioprecipitatingagent.

Concentrationof pectinand manipulationin eombiningconstituents

are importantinsalt studies. Acidityor alkalinityofthe dispersingmedium

andthe ionsoftheadded acidand baseare alsoveryimportantfactors. The

cold method ofjelly-makingwith several precipitatingagents, is recom-

mended.

3. Salts asa wholeprecipitatepectin morereadilyin alkalinethan in

acidmédia. It ispostulatedthat the geland solrégionsfor this precipitation

maybeseparatedby a definiteboundaryline. If thesalt and acid(oralkali)
concentrationsintersect within this gel field,a precipitatowill form. This

precipitationmay then be reversedby changingthc salt-acid (oralkali)
concentrationrelationto onewithin the sol region,as by washingout the

precipitatingsaltor increasingthe hydrogenionconcentration.

4. A givenamount of salt willaid in the sugarprecipitationofa given

pectinsol ifit lowersthe sugarjellyboundarycurveofthat partieularpectin
sot. If it raisesthe boundarycurve,it willhinderjellyformation,orat least

retard it.
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Saite, AeMs,and Bases: BieetroiytM: St~Koehemist~. By /'<tHt H'aMm. M X /<?/
eta.- 3C7. A~w Yorka'td /~tdon.- AfcO~tc-M~ BookCoMpon~,~MC. PW< ~.OOJ
This book eontains the lectures givenby ProfesserWatden during the 6rst term of <92y-
1998when he was thé George F. Baker Kon-Mesidentï~ecturerin Chemistry at Cornett

University. l'art 1 dealswith aaita.acida, and bases;Partît witheteetro)ytesandnon-<')<'c-

trolytes; Part !H with the etectticat conduetivity of non-aqueoussolutions;and Part IV

with stereochemistry and the Waldon inversion.

"On the basis of what bas been discussed, K. A. Hofmanndefines acitb and bases as

Mtowa. Layhtg parttcutar atreN on the lability ot the acid hydrogen atom,he says that

truc acids aresubstances eontainint; a labile, reactive, and reptaceabtehydrogen; true bMea

sueh as the atkatiea, e.g. KOH, are substances ~ith a labile bydroxyl group capable of

forming aattawith separation of water.

"Thia definitionbrings us to thé end of a ctaMKat,eentury-tane.period ofdevelopment
of the concept "Acid, Base and Salt," a development reaultingchiefly fromexperimental
investigations. This definition really containa aUthé cMentiat,observable eharacterMtim)
of them substances as they are met with by the organic and théinorganic ehemiat.and it

is thus that they Meregarded in present-day theoryand reaeareh.

"At theMtnc time by ita quaiifyinf:term "true (Echt)" thedetinitionpoints towardthé

new, modem, concept that takes account of newexpérimenta facta and new theoretical

foundatioM," p. 69.
"One oftenhears to-day the Muntata.tcment–that theory io"wrong;" but no scientifie

view is "wrong" if it is baaed upon actuai faets and ia reachedby topcai reMoning. tt

maybeincomplete. ttmaybebaaedoninaumcientdata. jtmtytaterber~utedbynewiy
ascertained faets, but nevertheieaait was true for a given statoof knowledgeand it often

happens that from a new standpoint or in a moreadvancedperiodof our sciencewereturn

uncotMciouatyto formerao-cattedfabe views and, usingnewfaeta,we recreatethooriesthat

are analogousto the old. In our hbtoricai survey, référencehMfrequenttybeen made to

auch cases of revival of forgotten acientinc ideaa; and many of thé seominglyorijtinat
theohea of thé présent day can be traced back to thé viewaof thé earlier chemiata. tndeod

it would appear that the fundamental concepta conceming nature exhibit a lawof con-

servationanatogouato the lawof coMcrvation ofenergy.
"l'urthormore, it ia évident that aU scientMe ideas and theorieamuet have a favorable

"culture medium." This bringe to mind an oM French quotation conceminga famous

man whiehre&daas foMowa: ne MfHt pas d'ette grand homne, il faut venir à propos."
The same thought might weUbe applied to a theory. Il is quite esaentiaithat it appear
at thé "right time," but it ia a difficultmatter to aseertain theexact psychotogicatmoment

for its pretentation. It waa known in thé year tsoo that burning metals increaaed in

weight; Lemery knew in !675 that the proeesaof combustionwas linked with the con-

aumption of something that came from thé air. Mayow (t6~) knew that a specialkind

of matter existod in air and gave it thé namo "spiritus nitnmenus." But not until tySo
did Lavoiaiercreate hia oxygen theory. LavoMer presentedMaideaa at the proper time!

The large collection of new tacts and thé inadequacy of thé traditional views and ex-

planations required the creation of a new idea.

"However, a third factor entera at this stage. A new idea needa foUowem,scientifie

apoattes. It must find mental résonance. The gréât suceessofLavoisier'stheory was due

not only to its scientinc cham and sunpticity, but aloo to the tact that it waa accepted

by the younger chemists in ail countHcs. The "culture medium" for Liebig'shydrogen

theory of acids waa cortainly his famouis chemiea)taboratoty at GieMen. HiBlaboratory
was indeeda wortd laboratory. It attraeted studenta of chemistryfromait civithed coun-



:02: NEWBOCKS

tries. One eouldhardtysay that the suece<sof Arrhoniua*theoryof eieettotytic dissociation

lay in the tact that it was the brain-ohildof a briUiant phyeieMt.ït was the laboratory of

chemistry of WithehnOstwald whiehhelped to spread hisdcetrtne–a laboratory which

was then to modem physical chemistrywhat Liebig's waato organicehemistry nfty yeare

previous. Ostwatd'slaboratory wasa gréât coUectorof mentalenergy, for to it came the

young and talented chemiats from aUover thé world to embrMCand become foMowersof

new ideas and méthode, Indeed, OstwaldMnMeifwas a mostéleverand indefatigabteinter-

preter and prcmoter of this theory of Arrhenius,and by hb unique and exceptional per-

sonality made manyMientNo converts," p. 71.
"In !879 "KoMraueehteavee it an open question whetherhydrogen chloride ie present

in solution as HCI,ot HCLHtO, or HCt.zH<0. Hedoes not supportthe general theory that

ammonia is present in water as KH~OH,since ita behavior as an electrolyte oontradieta

this idea. Ita conductivity eurve Mvery different from that of atrong bases. It must,

therefore be presentauNH~ and act asa conductor," p. t~.
"There existaho mettdUchydroxides,such ae Zn(OH)<ad At(OH)t, which can add on

both hydrogen and hydroxyl ions and fonn eatta. These areknownas amphoterio hydrox-
ides and wiUbe dieeuMedlater ae amphotenc eteetrotytea,"p. Mo.

"Thift theory oftwo iBomencfonMof acide, via., peeudo~eid~true acid, is not aecepted

by Fajans who )ustty contends that the optical differenea)whiehhave been used as the

basie for thé existenceof sueh an MomerMm,may very we!lbeexplained and even neeessi-

tated by the procès of dissociation. Thé observations of H.Leyand HQneckeaM abo of

importance in passingjudgment on this question. Thèse investigatoramade opticat ab-

sorption measurementsin the ultra-violeton certain carbotytieaeids, their estera, and their

aatts, and state that "there is absolutelyno reason why weehoutdassume that the solvent

effects noted in the case of thèse acidsshouldbeexpwned byrearrangement (acM!=tpseudo-
acid)." Even esterswhich are incapableof rearrangement showno optical eoMtaney and

are innuenced by solvents to as greatan oxtent aa the acid<themeelves. "Thé changein the

spectrum of the earboxytic acidawroughtby salt formationMofa magnitude equal to that

caUed forth by the sotventt." Ley, von Halban, and F<JMB,explain these changes in

dissociaticg acids by the déformationof the outer shell of deetronaof the add anion pro-

duced by the approachof thé hydrogennueleus. Interesting, also,Mthe statement by Ley
that the ability ofthe ester group,COOR,to solvate miRhtweube expected to be dMefent

from that of the carboxyl group, COOH. He aiso sugftestathat it is not the whole die-

solved moleculewhieh is entirely surrounded by aoivent molecules,but that the latter

are attached only to certain *!yophUe'groupe," p. tt8.

"Truly, oneeannotdeny thé sagacityand the interestingmentalproceaseawhichpermit
us to caH potassiumchloride or sodiumchloride 'bMea,' whenthese typical aatts are dis-

solved in hydrogenchloride; one Mabo at liberty to cait aluminumchloride an acid, when

the latter MdiMotvedin phosgeae and eventually forma a complexcompound. But on

the other hand, onemay justly inquirewhether there ie anypractical neceasity for auch a

course of action, whether it representsan advanee when ecimtincnames, estab!MMdas the

result of experimentand based on definitetheoretical comideratione,are taken as marks

of distinction for phenomena whichdiffer, although they areformatty singular. !s there

any advantage in such a procedure? Does it not portend a degenerationof our scientifie

concepts and tenns? Wou)d it not be better in place of themore or !esssweepinggener-

alizations, to retain thé otd estabMed names and conceptswith their hydrogen and hy-

droxyl ions basedupon the behaviorof aqueous or water-!i)(ee!eet)ro)ytiesolutions, and to

introduce tpeeM terma for the exceptional cases dealingwith new types of soiventa?

Let us not forget thé application of thé old otasieat denoitionsto analytical, teehnieal,

physiological chemistry and bioehemieatscience," p. !58.

"Huctfet arrives at Ma theory of strong electrolytes in thefollowingmanner. "Let us

assume that there exist completely dissociated eiectrojytet and let us caloulate, theoreti-

cally, how thèse shouid set. Oneascertaina that there areelectrolytes whieh behave in

accordance with auch deduced properties. Theae will nowbe assumed to be whoUydis-

sociated. Thèseare the eleetrolytes whichhave been designatedas etrong." It is évident
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that thh definition bu been worded very carefutty. No referenceato the conetitutionof

etectrotyh'a,no dependenceupon the type, no generalptedict!onM to their atrength are

given. tt therefore bttomea necemary to determineaeparatety for e~h individuale!ec-

trolyte whetheror not it iBto becaUed a atroageleetrolyte,"p. t&i.

"In générât,the disaociationeonetant, K~of typical binary oaltaehoutdbe about K =

o.oat. TMavalue is infair agreement with the one obtained by Weilandfor potaaaium

ehloride,K ° o.oao. Avatue K o.o<tt waaobtained by Beneowittand MeMhawfor

tnmethy)autphonium iodide,8(CHt)tt, at t;* at dUuUoMv < 1000to îooooo,whilethe

UiNoeMon constant K o.ot;: waa obtained for tM-ethyt Mlphoniumbromideat dilu-

t!oM v <*taoooto t ooooo.tn goneral, a constantK value is obtainedin thécaee of these

three binaryalto wherethe depee of diModationis above a '=' 0.906and the dilution,u

above nooo-t40oo.
"Wemay therefore considerit an eatabtMtedtact that the typicalbinarysalts (balides)

whiehbavebeen examined,obey the maMlawin aqueouasolutionsat ditutjoMabovev

toooo-t~ooo,"p. t86.

Bjett-mnaays: "The typieal etrong electrolytela one compoeedof rigid,uachangeaMe
ions. Asworked out inthe last few year$, thé trend of the theoreticalv!ew<on etrongelee.

trolyteabas been sueh m to attempt to exptainaUproperties ofelectrolytesby aid of inter-

!on!c forceson thé btM of thé unchan)[eaMUtyof thé tona. ïn accotdaneewith the

most Kcentviewa thm etectmtytes are deaenated a< etrong whoMtMMdo not combine

meaeurablywith one mother under obaervedconditions. Sineethe ioMof strong electro-

Iytea donot, in {{enemi,mutually deform eachother, it eeometoccat to regard as thé ideat

atrong electrolyte that substance composed of non-deformableiona," p. tQt.
"Theaquafe-root formula vaMd for att soiventainvefttigatedthtMfar, but ite appiica-

t ionMdependent uponthe dietectriecoMtant tôt thé solvent. Thesmaller tbe value for

E, thé MgherwUtbe thédilution range at whichthé v-curve willbegin to approximatea

atraifihtUne. The ealculatedvalues for v (tyo/t)' given in the last cotumnof thé above

table showa eatiefaetoty agreement with the v-valuesat which the square-rootformula

becomesvatid. The empiricalequation v '=' (:70/t)' on'eMa meana for predictingthm

charaeteriaticdilution, provided tetraethyl- or tetrapropylammoniumpieratea are em-

ployed. Applying this equation to beMene and chloroform the foUowingresulta are ob-

tained

Chbtoform:v '=' (~70/4.9:)' '6aooo Uters

BeMene:v '= (xjfo/a.tQ)' ° 1870000titets.
"tn other words thé square-root formula for strong binary aatta would becomevatid

in theeesolvents at dilutionsv acooo and aooooootiterareapecttvety,"p. t<t.
"Onthé basis of conductivitydata that have longbeen knownand repeatedtyverified,

it MgeneraMyasaumedthat the alkali hatides–for instance, thoae of sodium,potassium,
and MtMum–are typieal binary salta whichare similar in behavior and diMoeiatedto

practicaUythe eame degree in water and alcohole. It hatt furthermore been aasumedas

true that salts made upof univalent radicals,suchaa the ammoniumand alkylatedammon-

ium bMee,may be eonsidetedas <ypicat binary salts which, Ukethe atttati hatidea,"are

dimociatedto nearly equal extent in équivalentmtutions." Direct conductivitymeaaure-

ment*in methyl and ethyl aieohot and water have verified this view.

"However,in acétoneeohttMnconductivity measurementsahowthat there bas beena

séparationof these eatts, provioualy eonaideredsimilar and equaUy dimociated. They
havedividedinto onegroup of 'normal,' atron)!,or typical binaryaatte–the tetra-a&yiated
amaMniumeompoanda–and eeveral eubiproupaof moderately strong to extremelyweak,

poorlyconducting ot)M. Theae studies bave rovealedfurthomore, that the conduetivity
valuee!n each of theeesub-groups shows a decideddependenceon thé nature of thé halogen
ion. Thisinfluence uponconductivity andupon dimociation–expremedby at ~Y/t–
be !M<Ntratedby the foMowmgseries. AnioM:picrate > iodide> tMoeyaMte> bromide>

chloride, (The triamylaminesalte of picricand tMocyanioacidehave abo been ineluded.)

It haadennitety beenehown that theae extremetylow conductivityvalues are net eauaed

by eo1volyaia,"p.
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"Thé KoMrauBchlaw bas beentested with référenceto )<<appiieabiiityto thé équivalent
conductivities catcutated fordefinitedilutions, v by meansof the square-rootfor-

mula. tt has beenfound to ho)d:

(t) in a<tucoussolutions up to too",M ~'e)i au in non*aqucoussolutions between t

-33.5 to +50°,
(2) for both elementary univalent cations and anions, 118well as for large univalent

organic ions,

(3) for both non-aqueous solvents with high di-electrieconstants and pronouncfd

dipolar character such as the alcohols and ammonia, as well as for thé so-cailednon-

conductors, thé halogcnhydrocarbons,118ethylene chloridewith< – Sto," p. 283

"Kmpluyingoneand the sameeleetrolyte, K(C)H<)tt,in non-aqueousorganic solvents,

thé pro<<M<;<t'/ (A<-<K<frKa</)'tc(toMf<m<the <)mt<<ftj?<-oK~t«<tt'«< «' tn<<fpetK<<t<<t~tAf
J!0<M'M<<tftf<(t~t/x'if)M:~<')'N<Wf.

"The ~.i; = Krule was receivedlike so many other newtheorcticat pronouncemcntB.
One group of N-ientistatt!titnatety regarded it ae a perfectlyobviouaKencratt!!a<!onwhich

had long beenknown, and linked it with Stokes* law. The other group diMarded it as

faulty and inadéquate.
"it is to beassumedthat the previouxtymentioned specialists(Jahn, Abegg,and othent)

knew of the Stnkmlaw (t85o) dealingwith the slowstationary movementof a ephere in a

liquid. ~everthdess, they stated that not even a theoretica)relationshlp between the

mobilitycf thé ionsand the propertiesof a medimn could beptedicted. Later, Stokes' law

K = constant ôTf.r.v.

(wherev = vetocity, tt vt~coaty, r radius of the sphère) wasrepeatedlyapplied to ions

and their mobilityas dependent on viscosity.
"tn particular by the comprehensivemeasurementa of Dutoit and Duperthuis using

sodiumiodidein ethyl, propyt, iaobutytand amyl atcohob, as wellas acétoneand pyridine,
was the Watdenrule X~ ° shownto bc apparentty not verifiable.Xoconstant for the

product couldbe obtainedeither in oneand the same solventat differenttemperatures,
or in variousmediaat thé same temperature," p. 286.

"!n water the ion mobilitiesof the three cations tpotaMium,sodium,and lithium)difïer

widely from oneanother. Thesedifferencesare considerablysmaller in ethyt alcohol, the

re)atioMhipbeint:approximately the same in both ethyl andmethyl atcohot. tn acétone

the mobilitieshavebecome pmeticallyidentical. If oneamumesthat thia gradualequatiM-
tion ofthèse ionmobilitiesdependsupon an adjustment of theirionieradii due to decreasint;

solvation of the Li+ ions, it is justifiablyconceivabte that the solvationof the Li+and Xa~

ions, respectivety,may be decreaaedto such an extent in certaineotventsthat thé order of

mobilities may become completely reversed and

U+>Xa+>K+

Examination ofthe measurementsof Morgan and Lammert in acetophenonowith this idea

in mind supports this aasumption," p. 3!8.
"L'<e of varioua sotvents eventually differentiatea thèse two substances, diethyl

ammonium chloride and tetraethyl ammonium chloride whichwe recogniMas being of

equal strength in aqueous solution. The first retains the charaetenstics of a strong sait,

white thé other gradually becomesweakerand weaker, finallyto be chtssedas a non-elec-

trolyte in ethylenechloride. Thé concept 'strong salt,' in Mfar as it has been deducedfrom

conduetimethe behavior in aqueous sotutions, must be qualifiedby a statement of the

chemicatnature ofsolute andooivent. Just as the hydrogensaits, that M,acids,maygrade.

from atrong to weak ctectroiytesor to ail intenta and purposesbecome non-eiectrotytes,

according to the nature of the solvent, so a!s« may tho alkylatedammoniumsatts, as well

as the lithium andsilver and other salts, vary in behavior dependingupon the mediumin

whieh they are dimolved. Solventsmayaiso effect a difTerentiationof the ions themselves.

Whencombinedwith one and the same cation in aqueous sortions, thé hatide, nitrate, and

chlorate ionsexerta dissociationeffectwhich la practicatty the same. This effectis shifted

to an appréciabledegrec in non-aqueoussolvents, and saits formerlyof equal dissoeiating
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1t stretx~hB. Mitumim!the foUowinzrelative poeitioM:chloride <powerbecNne of different streogths, aœumingthe followingrelative podtions:chloride <

bromide< nitrate < iodide< perchlorate < picrate. Thèsefindingt make it possibleto

aynthesiMetecttotytm or Batteof varicd 'strength.' It ean be shown in this manner that

salts of the best conducting type, that ie thosecompoaedof a tetra~tkytated ammonium

cation and of a picrate, perchlorate or iodide anion,giveeteetwtyticsH)'conductingsolu-

tionseven in the ao-ealled 'non~onduetor' bentene.

"On the basie of measurementa presented,the rOleotthe eolvent inthe conductionof a

dimoivedsait dopanot appear to be attogethersimple. Thé selectivesolubilityof suite,

c"olorchanges, and formation of sotvates, seemto point to 'ehemieat'retation~tipebetween

eolventand eotute. fia far as physieal propertimof the solventaare eoncemed,it has been

catabliahedthat the dieiectric constant, e, and the vi<eoNty, exert t very definite in-

fluenceupon thé "degree of dissociation" (i.e.«' '=~) and the numericalMie of the

conductivity, rcapectivety, p.3?x.

Jn regard <othe Watden inversion Watdenquotea,p. 3: from Stewart:"ln the whole

fieldof stereochemistry, no more ptMtUngphenomenaare knownthan thoeogroupedunder

the head of the Walden Inversion, and at thé pteoentday we atUt awaita MMon of the

problem. The data are M complicated that it w-outdbeimpoMibtetodealwith them fu!)y

here."
"Cp to the present time n" !ess than twcnty-nvetheorieahâve beenadvancedto explain

thifphenomenon. The diacoverer of this inversionhaa had the unusuat honorof eeeingthe

most inBuentia) men gathered around his "brainohitd." They have beetowedgifts upon

thia cM)d,and many of them have propoeedchemica)or phyaical theorieato explain the

nature of this phenomenon. Although in thé meantimethis child hMgrown up, and has

reachedthe âge of thirty years, chemMtawhoare studying the configurationof molecules

etill regard it as an e~ant <<n-<M<.Althoughmany MMestions bavebeen advanced to

explain the phenomena grouped under thé 'WaldenInversion,' a completelyBatMactory

ootutionhas not yet been attained nor haa it been foundpossible to prediet thé course of

an invention," p. 384.
!tM<r D. Bottent

Molocular Physics and the ËteeMett Thecty Matter. B~ J. A. CroM-
foMr</)'~

<d)'<t<M). X 18 cm; pp. MM+ JM%.MthddpAto: P. Bh!M<tott'<Sen attd Ce., ~C~.

~nre~ ~0. In the preface the author say<: "The progreaaof Sciencein, nowadaya,aJ

f~neraUyaccepted eommonptace, but no onecanbe moreacutely awareof howrapid this

progressie than thé author of a volumeauchaBthe pfeaent,who findsMm<elffaced, from

time to time, with the pteamnt but by no meMSeMy duty of attempting to )<eephia book

abresat of thé modem developmenta ofhia aubject. In no part of phytdcahaa the advancc

beenmorerapid than in the investigation of thepropertieaandstructure of the atom. New

experimental methoda have enabted 118to eoundthe depthaof thé atomand to map out ita

levelswith the certainty of an oceanographieslsurvey. Sir EmMt Rutherford and his

students are already battering down the defeneesof its innennost citadel,the nuctetM,with

their atomie projectiles, white the workof Bohrand otherquantum meehanicianaia giving

a theoreticat baeis for the experimental observations.

"As these devetopmente were foreahadowedin thé previouséditionthey bave involved

anextension rather than révision ofthe text. Tomakeroomforso muchadditionalmaterial

without unduly inereasing thé siM of the book1 havebeen eompelledretuatantty to ab.

breviate thé accounts of the earlier théoriesofatomic structure; Ktuotantty,because thé

methodsby which science advances are as intereatingand as vatuaMeas the resuMswhich

it achieves. ï bave tried to preserve sufficientof thé original materialto lllustrate the

historieal development of the subjeet."

Thé ehapters are entitled: introduction: thé physicsof thé tiectron; thé positive

nartiete; positive ray anatysis; the nature andMe ofan electron; thestructureof thé atom;

the eleetron in chemistry; the atom in vibration; quanta and eteetrons;the molecular

theory of matter; the atom in disaotution.
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There Man intoresting foot-noteon p. t. "Thé teienceof etectrieity is burdencd with

two distinctSystems of unite for themeasurement of etectricttmagnitudes, the onefounded

on the considération of the forcewithwhieh two simitarchM~s repet each other, the other

on coMiderationsof the inductionofcurrents by magnets. Thepracticalsystem of unita is

founded upon the latter, the volt being )0* and the ohm to*absotute eteetro-magnetic

units. The ampere and coulombare thus one-tenth of thé absolute units of eurrenta and

charge. To make confusion woraeeonfounded, it bas becomeusual in books and original

papers on these subjects to givethé value of m/e in eleotro-magnetiounité, white the value

of e itsetf M usuatty given in electro-etatie units. Our statement that the force on thé

electron due to tho magnetio fieldMequal to H.e.f. implieathat woare usin)! the abMtutc

etectro-toagnetteeystem ofunite,as this aystent has beendeNnedin sueh a way as to make

this statement true. Aa this eyetemia the one more eloselyrelated to the unha in practical

UBe,tt-e~haUemploy it throughout,exoeptwhere the contraryMexpUeittyetated."

The method of positive ray anatysiB"enabtea us to deteet with certainty thé présence

in a gaseousmixture of far emallerquantitieaof an elementthan couldbe accomptMhedby

any other methodkaowntoMienee. Thenewmethodhaathehutheradvanta~e

over spectroscopieanatyaia that it giveadirectly the atomieor moteeutarweight ofthé sub-

stance underexperiment. Laetty–andthiaiaperhtpamoat important ofaUfrom

thé point of view of an inttmate study of the modesand methodsof ehemical combination

and decompoettion–thé time takenfor each ainglepartioletoregister it8 présenceand maM

is exceedinglyminute. A very moderate value for the Bpeedof the positive particles if)

to' cma.per second (about 690milesper second). Their path in the discbarge tube la not

morethansocms.inaU. Thus a partiel whoncaught bythe dischart~wiUregisteritsetf

on the photographie plate in eoMiderabtylesathan ooe-miUionthof a second.

"Wemight therefore teaaonaMyexpect to ftnd on tho photographaourves corresponding

to temporary combinations of atomeso unatable that their wholeperiod of existenceis not

greater than one-miUionthof a second,of any such combinationaare fonned in the dis.

charge tube. Thua in the caseofchemicalreactions taking placewithin thé dischargetube

we mightexpect to find on the plate traces not merelyof the stable products of the reaetion

but abo of any intermediate stagesoccurrinj; in the courseofthé réaction. Thé netd thus

openedup for an intimate study of the mechaniamofchemiealréactions is iUimitabte.

"Though little bas as yet beenaccompiishedalong thèselines, the experimentsalready

made show that this expectationMnot unfounded. As a very simple illustration of the

application of the method we may take thé case of phoegene,COCtt. When this was

introdueed into the apparatus tho photographa showedthat, in addition to the molecules

of undecomposed phosgene (09), the carriers of positiveelectricity were molecules of

carbonmonoxide (9&)and atomsofchlorine (35.:). The MnMdue to singleatoms of carbon

and oxygenwero very faint indeed,thus ehowingthat the decompositionof the compound

by the discharge consisted of the séparation of thé chlorineatoms from the CO molecule,

the bond between the earbonand oxygenatoms remainingintact.

"This is a simple case where thé reaults obtained might easily have been predietcd.

Another Intereeting case is that of methane, CH<. Whenthis gas is subjected to the dia-

eharge a group of Eve Knesappears on the photographieplate, indicating the présenceof

partieles having masses tt, !3, !4, !S and t6 times that of the hydrogen atom. These

correspond to partiotes having thé compositionC, CH, CH,,CH., and CH<respectively,"

P- SS-
"!n the realm of science an iMumeient,or even a fatse,hypothesis is better than none

at ail, and it will be tMeMto take the best approximationwecan devise to serveus aa a

etue through the labyrinth of experimentalfaota whichwehave atitt to consider. At the

same time it will be well to point out carefully wherewe are treading the solid ground of

experimental fact and legitimatodeduction, and whereweriseto the higher but morepre-

cariousftightaof scientine imagination,"p. 6t.

"Weare thua ted to divide chemicalcompoundainto twogreat ctasses: those in which

the forcesbetween thé atoms havenot been suNicientto bringabout the passageof an etec-

tron from the one to the other, and those in whichmx-han exchange bas taken place.
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Motecuteaof the second ctaM may coavenientlybe termed 'MtHf«<f,'and the procemmay
beBpokenof M t'n<re-me<<eM<<t<'~M«o<MN.In thé former ctaaa weshouldnaturatty ptaee
moleculessuch aa Ht, Ot, CO, NO, etc.,thé constituent atome of whiehdo not differ very

widolyin their etectro~hemicat oharacter;to the second or ionhed ctaaeweehouldaœign

compoundeof thé more violently oppmedelemente, auch as H<0,H.Ct,NHa,together with

the whole etMeof etectrotytea. TheaetMuttaare borne out by thé experimentawith the

dJMhMgetube," p. m.

"On thé other hand, if the two eharj~ of the doublet are aituatedon differentatome,

the setting of the doublet wiU neceMJtttethé rotation of thé wholemaaoivemotecute–

obviouslya muehalowerproceM. Nowinthe case of ordinary etectrieatexperiments.where

théNetdis UBuaUyappUedto the aubstaocein the same directionforat teaatan appreciable

fraction ofa second, there will be ampletimefor theee heavy doubletsto adjust thenMetvee

to the field, and they witi thus add theirfull value to the Bpeeineinductive capaeityof the

Mbstance. In the c<Meof auch very rapido<ciUatioMof the fieldaa aMknownto occur in

wavea of light this adjustment will obviouatybe impossible, and the <peei&einductive

capacity as deduced from opticat experimentawill be much hw than tbat obtained from

electricalexpérimenteof the usuat kind.

"Now, Maxweuoaa <hownthat ontheetectro.mafcnettctheory oflight there laa simple

relation between K, the epeoiBoinductivecapacity of a substance, and tt, ita refraetive

index, which may be expremed by the equation K ni. It ia weUknown that in many

ctM8the value of K deduced from thh expressionis ideotical withthat obtainedby direct

eteetricatmeasurement, but that in othMothe relation does not ho)deven approximatety.
Forexample in the eaae of water, electricalmeasurementeof the specineinductivecapaeity

give a vatue of about 79, while that deducedfrom it6 refraetive indexby Maxwett'slaw ie

only t.?8. Thia diacrepancy betweenexperiment and theory bas atwaya been felt to be

dMtinettyUBmtiafactory,and scienceia indebted to Sir J. J. Thomsonfor this simple,

adequate, and elegant explanation. It ia an interesting confirmationof thé theory that

these dMcrepancteaare atways to be foundin the case ofcompoundsin whichweknowfrom

independent evidencethat the atomearecharged.

"We may therefore use the lawof Maxwellaa a means of determiningto whichof our

two great chMMSof compounds any givensubstance betonga. MMaxweU'alawhotda,ae in

the case of hydrof~n,oxygen, nitrogen,carbonmonoxide,carbondioxide,and nitrous oxide,

to mention only a few, the atoms in themolecule are uncharged. !f, on the other hand,

MaxweU'alaw doeanot hotd, aa ia the casefor water, the atcoho):,ammonia.hydrocMohc

acid, etc., the compoundabetong to the second ctaaa, and hâve intramoleculsrionisation.

It ia obvioua that the recognition of thèse facte will bave important bearinga in many

directions. At present. however. weareonly concemed with their applicationto the aub-

ject of valencyand thé nature of chemieataffinity," p. 114.

"Michael Faraday, with ahnost uaomnypreMience,eeemsto bavefelt that the relation

between magnetiMnand light muât be the ctoMat, and aought for it with unremitting

diligence. It is one of the little iroaiMof life that the only enect whichhe did discover

(the magnetic rotation of the planoofpolarisation) waa one of thé very few phenomena

which theory even now ia hardty adequateto explain. The enect he aought for waa not

diecovereduntil, more than thirty yeaMlater, hMexperiments wererepeated withatronger

magnetic fieldsand far more powerfu)methods of spectrum anatyM by Zeeman," p. !a6.

"To sotve thé riddle, Professor Sir J. J. Thomaon bas hesarded thé bold, but almost

certainty correct, conjecture that the tines in the spectrum of hydrogen and, indeed, of

many other elementsare not emitted by the atoma of the etement at att, but by eyateme

whiehonly exiatwhen the gas il throwninto a luminouscondition. Whenweconsiderthe

absotute identity of the tpeotrum ofanetement whether aituated on the earth or away on

the furthest star of which we have epeetroscopicdata, this hypothesiamay eeemto be the

moat startting we hâve yet advanced. It is, however, not without a very coMideraMe

experimental baaM,"p. tM'
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"tt is uselesa at present to apecutate M to the mechaniamby which tttiopoeutiarrequit

is brought about. Thc nx-ritof Planek's theoryis not so much that it removeaourtroubles

attogether, but thatpacksthem aUtocether into onebag, <o to speak, au that thcybecome

paaier to handte. t'or the restwecan onlyregardthe matter Ma ehildregardsan automatie

machine. content with the empirical knowledgethat a penny inserted in thé machinewill

permit the extraction of a bar of chocolaté, and that two hatf-pennim, though commercially

equivak'nt. wiHpmducenochocotatewhatsoevpr,"p. t43.

"t~-t us return nowfora brief apace to oursolidagain. Sotidsmay )M-dividedinto two

c)a!Nett,act'ordin)!asthey do or do not conduetetectrictty. It is aho found that eonductorf)

of etectrieity are abogoodconductors of heat, whileetectrica) inautators are ~enerattyvery

poor conductors ofheat. Wehave by noweometo connect electricity with etectroM,and

hencean etectrie currantis a flowof etectroMfroma placeof h!t;hto a place uflow))otenMa).

\Vc may regard a conductor, then, a<a substancecontaining etectrons whiehare free to

move under the actionof an electrie field,wMtein non~-onductoMthe etectroMare fixed

and unable to followthe impulseof thé field.

"How are theseelectronsset free? In the first place it may be noticed that thé only

guod conductors of electrieity are metallie; that is to say, etectro-poNtivein character,

substances whichwe know from other phenomenareadUy part with an electron under

Bti~htprovocation, ~ow in a solid Mtchprovocation may weUbe suppiied by thé ctose

propinquity of the neighbouring moteculee. It MweUknown that a charged body will

attract uncharged Mtbetanccft. The attraction of a wett.rubbed stick of fteatiM~-waxfor

small pieces of paper is generatty ou)-first introduction to thé aeienceof electricity. Thé

attraction is, of course,mutual, the forceon thé charged body being equal to that on the

uncharged paper. Hencean electron in oneatom Mattraeted by a neighbouringiincharged

atom, and under tavourablocireutnatanceB,and especia)lyin thé case of an atom only too

ready to part withita electrons,the attraction may weUbesufficientto enableit to make its

escape.

"That some such aMiatanceis necesaaryand ia so given is ahown by the faet that a

metatticvapour is nobetter a conductor than any other gas at the aanMtempérature. Thus

whileliquid mercuryat its boiUng-pointis anexcellentconductor ofetectricity, thémereury

vapour above it eonductBlittle better than the air it diaptace~-that ia, praoticattynot at

aU," p. tyo.
Wilder D. Battent

The CoUectedWorka of J. Willard Gibbs. ~<<«f t~ William V!a~mo'M<Longleyand

/~pA Gibbs VanName. Vol. -M X M em;pp. xr~tt + Vol. /1, pp. <MM+ 184.

A'e«'t'or& and London:I~~tOMa, Greenand Co., /aM. Pft'ce;M.OOper <e<.The )ao6

edition haa beenexhauated,Laah Miller and bis studenta having been the chiefpurchascra.

As an introductory note to thé present edition thé editors my:–"The formeredition of

Willard Gihbs'a writings,pubMahedin t9o6 underthe titte rAeScMn~e Paper* H'tMaf<<

Gt')<Mt,did not ineludehis important treatiaeBkmenta~ PWNCtp<M<n ~otttMeat~etoma

whichhad originaUybeenpubUahedas a separatebook and wasat that time Btiilavailable.

In the present reprintthisworkhaa been includedas Part OneofVolume11,and this is there-

fore the nrstcomptete editionof the author'xpubiMhedwntings. Penniasiontoreprintthe

~<a«'<«M<~<~)MM was Mndty granted by Yale University, holder of the copyright, a

courtesy which is hereby gratefully acknowtedged.

"There ia no doubt that interest in the workaof Wittard Gibbsand appreciationof their

fundamental importancehâve greatly increMedin the twenty-two years aineethe publica-

tion of the formeredition. It is hoped that thisnewreprint may serve to makethe original

text of bis writinjpaeceasibieto a far wider circleof readeM than heretofore, and with this

object in view thetwo volumesare offeredat a low price. This bas been madepossibleby

the generoaity of ProfeasorIrving Fisher of Yale University, a former pupit of Willard

Gibba, and by the economyresuttinj; from the use of photographie reproduction,which
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was also desirable as a means ofavoidingtvpo({taphica)errors. The photographiemethod

accounts for tho stight typographical dissimitaritybetweenPart"One and Twoof Volume

Il, and for tho Mparate pagination of thé two parts, wMchon account of the footnotes

coutd not readily be changed.
"As a supplément to this reprint of the original text, a eommentary designedto aid

thé student of Willard Gibbs'a writin~ may, it lehoped,bepublisbedat a !aterdate. This

volume, or volumes, ta be written by recognised authoritiesin thé several fields,would

aim ta oxpiain the theoretica! backgroundof Gibbs's method,to ampfify thé treatment of

points of specialdi<Bcutty,ta dHeusathe evaluationofGibbe'afunetionain tenu ofdirectly

meaentaMe quantities, and to furnisha variety of iUuatrativeexamplesfromthe literature

now availaMc. Such tteatment Mprobably moet neededin the caseof thé thennodynMnic

papers, but other parts of his wntinf may ateobe coveredif it Mêmedosirable. Aapecia)

committee is now investtKatin<thé practicabitity of thewholeplan."

The reviewer wetcomeathe etatement that a commentarydMtgnedto aid the student

of Willard Gibbs'a writings may, it Mhoped, be pubtMhedat a later date." Such a work

will be invaluable if it Mdonc Kaltywelland willbe a greatbelpany way. TheanonymotM

reviewer in Nature eaid, amonj;other tMogs:–

"It is wett known that Gtbbs'awork did not meetwith peat appreciation for many

yeaM,and after reading bis paperait Minteresting to eomoderwhy. Wecanimaginetome

etdcf of the Connecticut Academysfter one of their meetingstelling him as delicatelyas

poM:btc that he eould not understand what the "Hete~eneotM Equilibria" waaabout;

and then Gibbs would go homeand ampufy it, expectingthereby to make it as clear to

others aa to himMtf. The rMutt ia that, once the chiefidea ia graaped, the wholeMdis-

cussed in auch great detail that it couldscarcely be improvedin ease or eteameœ. The

whole trouble Mat thé beginning,and depends on the reader being able to feelthé mean-

ing of
(<<S Mt – pdf ~f) ~t<fn)<

(Gibbs always considera the case of inequaUtywith tMe), and for moet of us it Munfor-

tunatoly a eonsiderablestep fromadmittingthé togicofthé eq<)attonto thé intuitiveunder.

standing of it. lt is hard to seehowamptifyinghMintroductionwou!d hâvehetped;what

ia needed ishabit of thought, and this ean only growwiththé lapseof time. His firstpaper

on thermodynamics was publishedin t873, two yeaMbeforethe (treat paper,and the nght

answer to anyone who complainsabout the "HeterogMteousEquilibria" is ta adviaehin)

to spend, like Gibbs, two years over its pretiminariM."
This may be true; but Mit? WeshaHknowwhenthé pMposedcommentarycomesout,

because thé author or authom wiUhave to show that ho or they understand Gibbs. It is

open to anybody to impty, as doesthereviewerin Nature,that horeally understandaGibbs;

but ean ho pass an elementary exsmination? Lash MiUerand Donnan areprobably thé

best two experts in tho worldon the subject of Gibbs;but neither one of them bas ever

pub!ished the équation for the change of the chemicalpotential with thé concentration

in a simple binary solution. Xobodybas over madeanattempt to deducereactionvelocity

équations for gases from the conceptof the chemieatpotential. The usuatansweris that

thermodynamics bas nothin: to do with reaction velocity. This is truc but not adequate.

Guldberg and Waage deduced the mass law and the reaction velocity équations from

kinetic theory. Gibbs deducedthé man law from the conceptof thé chemicalpotential.

He stopped there, whieh was perfectlyproper underthe circumstanees;but, whenGibbs

stops, we stop. This may bea proofthat somebodyreally uaderstands Gibbs;but it does

not look like it. AUthese things willhave to be diKussedin the proposedcommentary,

whieh ahoutd bc an epoch-makingvolume. It may tum out that the wordsof Hanz still

apply to Gibbs.

To findthe tneanings that my Unesbestow,

WtHtenot your wit, nor say: tt's thtMand so.

This penyou need not hopeto understand-

Kot even1willail its secretsknow.

t~Mf)- Fa<ter<~
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.Soof~, .Ma~ M.S9.M X Mew; pp. M~JM + M'tt. ~don.' Gto-w~o~Jadttfm, M~.
frtcc.' Na/«~Kf~, Cpence. "The varietiesot aUthings depend upon the varietiesof their

atoms, in number, eise,and aggreg~tion." Sowrote DemoeritusweUover twothousand

years ago. One cannotavoid comparingthis statement with the openingremarkof Pro-
fessor Ciotdschmidtin the volumenowwider review. "Thé task ofcrystal chemistryMto
find systematic retationshipsbetween ehemicalcomposition and physiea)properties of

crystalline substances,especiallyto findhowcrystalstructure, the arrangementofatomsin

1

trystals dependson chemicatcomposition." Andagain.atitttefurtheron: "Theetrueture
of a crystal is determinedby the ratio of numbers,the ratio of aites, and the propertiesof

polarization ofthe atoms." ChaneetemneMianottMuattyeoM!den*dan attributeofeystema
of natural phitoeophy. Yet it le possibleto <ay that in crystaUochemiBtryat least the

hypothesis of the ancientehaa becomea realityin our time; a reality that ie, in the aeMa

that, X-rays havinxprovidedthe needfuldata for the elucidationofstructure,it iapoMiNe
to correlate atomic environmentwith chemicaiconstitution.

T he Faraday Soeiety'sReport ofthe DMcuwionhetd in Londonlast MarchieeMentiaUy
a collection of contributionsby workerscompetent to add originalknowledge,as weUas

eriticiam, to the gênera)problem of crystal structure and ita bearing upon chemicalcom-

position.
Professor GotdMhmidtm hia inaugural addrem shows how powerM the proceMof

chemical substitution canbe in tracing causalretationshipsbetweenatomicenvironmentin

theer;'8taitattice,andpropertieBoftheaubstaneeasawhote. Th<Mforexamp)e:Whyhae
magnesium fluoride the structure of rutile, whereas strontium nuoride crystaUMeslike
fluorite? The answeris that Nature doesnot weighthe appropriate"bricks",thé arranges
them aecording to the spacethey require,and withregard to the amountofdxtortionwhich

they inflict upon one another in thé lattice. It le the ratio of thé atomieradiiofthe con-
stituents of a crystaUinecompoundwhich-in the simpiestcases–déterminestheresuiting
structure. When however,thé atoms or ions are hightydeformabteunder the influenceof
thé intense eiectriofieldsexistingwithina crystal (especiaUywhen the cortespondingforces
are not directed symmetricatty),then it lethis propertyofpolarisationwhiehi8paramount,
and the ratt*!of tbe radiidiminishesin importance. Frequentiyhowever,both effectsoccur

simuita.neous'y. Rock sait is a substance ahnost entirely dependent upon ioniovolumes
for its structure, whereassotid carbon dioxidefor exampleowes its moleoulariattice–in
which the units are COr-to the negligibledeformabiutyof carbon comparedwith the

re)ativp:yhigh value foroxygen. ThereMUtttedoubtthat.ontheMbrMdpriaeiptes.Pro-
fe~or Goïdschmidt bas gone far towards buildingup an adequate Systemof tnorganic

Chemistry, free fromtbe reproach of borderingupon thé semi-empiricat.
Papers to the GêneraiDiscussionitseUand grouped into four dames: ()) Inorganic,

(a) Organic, (3) Metals, and (4) Gênera). The subjects consideredincludesylvine,the

silicates, ultramarines, the benzenering, the metaitiostate, aNoys,and a numberof experi-
mental matters, deatingfor the most part with X-ray researches.

Professer Ewaldbas placedhis readersundera debt ofgratitude forhismasterlysketch
ofthe new wavemechanies,and their importancefor our understandingoferystalstructure.
The resonance phenomenon,the Heitter-Londonapplicationof the ExchangePrincipleand
the Pauli "Verbot" are aMhelping to make historyin the search for the mechanmmunder-

tying the stability of the crystal lattice.

This, thé revieweris aware,ia not a comprehensiveand aecuratelybalancedaceountof

thé contents of this volume. It is a sheer impoNibiiityto do the papersjusticewithintbe

compass of a short notice: the best than can bedone is to bring to the noticeofphysical
chemista the chief pointsof interest to them, in the hopesthat they wiUcorneto lookupon
this Report as oneof the products by whichthéyear to:<)willbe remembered.

f. 7onC. ~atthw
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Midsinduutesotution, !4<'8
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E)c<!t)'o!yte8,e<!ectof,uponemuMons. 43S

Mtectrokineticphenomena,fenninaction in relation to, M7

Electrolytes, coagulationof bloodand mitkby, and the eimitanty between the elot-

ting of blood and the formationof jellies, 459
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EmutBions,dua), aote<on, n-ithexamplesofinteteat in théaprayingof treea, 88

Emuleions,effectofeteetrotyteBupon, 49S

Fnergies,latticc, and photoehemicatdecompositionof the auvef haMdes, a
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Gases, an all-glasscirculationpump for, 955

Gases,efïectof, on the résistanceof granuiar earbon contacts, 69

Gas, ethylene, an equationofstate for. 354
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Hydro~n, lowest temperatures at whichoxidesshowreduetionby, t438

Hydrogen suiphide,action of, on ohtomatM, 8t

Hydrogen eutphide,action of, on ootutioMof nitrioacid, t343
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