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11re epeelfåc and equåvalent eonduetances of aqu@ous soluÈlone

of a.monLr.m nlÈrate rangfu¡g ån concentraÈion fræ .1 M to thaÈ of the pure

nolten Ealt hevø been determlned at 180oC" The speeial technlques enployed

are deeer{bed"

Ttre form of the conduetanc@ vgo eoncenÈnatÍon eur:ves &r@ dfecussed

in the lLght of all avallable data on eoncentraÈed aqueoue solutions"

(For the unost part solutl.ons of silver asrd a.nmonfim nltrate at varíoue

temperatures)'

A nen onpírtcal relatlonship of the fo¡m.i1- * - -/\- * - o[roe ca

- foe { where Ð ls the slope of the -l- " 
t". 1og e plot and ttre .¡/l¡ * fs

the equivalent conduetance at the lfm{dfu¡g eryeri-nental concentratíon Ca

ie described" ltre appllcation of this eçatlon to aIL avallab1e data on

highl¡r eoneenÈrated soLutlons is discussedu For sllver nitrate and amnonltm

nLtrate the range of appl!-aability le approximateþ 2 M and 6 M respectively

r¡p to the Ïl¡ritlng øsperirnental eoneenÈration at all tenper"atures for whÍsh

data exist,

The tenrperature coefficiente of conductiviüy and the temperature

vs' eonductance curv@ are dlecussed"
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Â" &e &eory of Ëhe EleetroLfble SoLr¿tåoÃ"

fho theory of the eløctrolyti.e solution presents ltself as a naJor

d.iviEfon of study wåtbin the ffeld of pb.ysfeal ehomlstry" In the isvestl-

gatloe of sueh solutfo[s, thø conduetaneeu bocause of fte wide sange of

applieeblltrty has proven to be of particular value"

ï{hat ean now be termed. the elasslcal theory of electrolytlc

solutions was proposed by Amh.enlus (1). Ee conslderoð eleetrolyteo fn

eolutlolr to dlssocfate luto ions wb.ich wore essentially lsd%enc!.eat of eacb

other, and whlch. exlsted fn equillbrtum with untllssoeiated moleculee. 0n

thls basls, the ratlo tLlL"represeats de the d.egroe of di.ssociatlon"

Assuning the valfd.ity of the Ostwald ctllutÍ.on Iaw, 1t follows that th.e

equíIibritm consta&t ean be caLeulaÈed:

L
K s d"cGA; {r}

As appl3.ed to week eleetro}ytes the constaney in K was sufficlent

to valldate th.e theory. In f,act the th.eory had such overwhoLmlng suceogs,

that lt obecured. a basfc theoretleal weakness revealed by the lnconstancy of

K for strong eLeetrolytes"

Eue to tbis fallu.re of the Arrb.enius theory, üIany early workers ån

tbis ffeld v¡ere Led to tentattvely accept the eoncept of compl-ete dtsesclatlon,

A ty:¡leal early statemenË of thls view fs glven for exemple by Noyes and
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Ïåa*3eaaø {2} ,;;.&.ææç.3.u *b.xaa-ess :!.¡l ø*n*s*fu¿zrtçø *rya rel.aäød- eo& Èg eha_sî6æç

åe &h.Þ øzir.øst sf sTåseoeåa$åen, bat xsr*her ts cþa:ig*ø 3n å**råc m*båååÈy"

äÈ isas aå*ø recogeåseå lty v*n Tear {3¡ thaÈ esnÈemry *o ghe åsrh6nåu.* fJaeørg,

$.tneu de¡ç t* *beås øtror:g eåø*traæfia*åa fo**@s' wórs n&t É,aåegrøeð@ãlt ef

eseh, otr;kor-

Ss *htr baçås *f øøwp},øte d$"ssesåaf,*.sn^ Fæ'Þ¡re *is€ å{t¿skeå {4}

eråoce'sefBlåy a*caunbeÔ- gt? thege f,sçËors åa tkein' $,&t6ri.€rãåc a&traeååsn

t"boe;rry" ffiæg *q*k aø åhcâ,g mpd*L 'tihe nl*'rpåe,uå eaøe; v$.ø* e *pheråea3" $.rrn

eurso:¡¡*råe& þy e øyænetr*.naå åðn*,ç *'em*øphøre of øppoeåto eherge* *n thås

b*eåe they deråred. a fr¡neÈte& sçåaååne the acâåv$.ty enð eeaeeaÈra&åon,

èpplleatåøs. tre È'Í*e grobl*æ *f eon¿*¿sgêåËø as çxtaadeê þJr r)¡:sa€er {5} re*

Ërå¡.tæ€ ås Èhe f,amåI"åar #Ëtßñ€etr eo¡ÏðqrtåBee eqT;|'aååern:

-Ä- =Å*-içp:,d. + f##É*l G,- '¿-'i.

3bF Tåeå-uaåvale¡lê B3.eü&trøÊyåes ås v¿aËçr at Ê5"çu t&.$.s redaçee åo

{3}

whåeþ, ås $,ûçntåçaå ån førn ås tihe eqfi¡$.råeaå 3ËebÅsaussh re!"atåoEsbåp { 6} "

ffio fmbFe*ÏÐqekeå '*'høery åeå åo a vãsÈ amøueà *f geseareh f,n th,*

a'e6åoa sf tþç dåtrste selutå.qn wb$,eÞ. offectåveþ veråf$,eü Èhe åhe*ry aø

{ä}

sïìã,*re

bJ= tn,+z-j Iru I
Lî:Ð6J

eeå ,IF û ,ry
t ¿¡r

{ã* + g-J
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applå@d to ålrte r€gåoao The faeb that e¡cact agreenent was r@aehed oxtþ for

øxbræøþ diLute solutlons le nob surpråslng sinee the Èheory ftself, esld@

fræ any aathematleal sirylifÍ.eatlonse &Ês derived on th@ basis of as¡

tnfÍnitely dllut'e sol,utfon,

Á,ttempts were nade èo ext,end the theory to higher concenåratíoas

by eorrectlng for n¿thæatical sårylifåeations or aecor¡nti-ng for factors not

origfnalþ conelderedo but sueh ettryte have falled ûo account for strong

soluÈlonsn

gther workers have proposed erylnicaL equå.tfons, such as that of

Jones and Ðole (7),

J\-o *-/Lo fu *KG (r+)

where A, G, and K are eonstants, and Shedlovsþ8e (8),

q

-iL" ä-llo *(¿lBJL') "G- cef Ðeloge /E"o
(5)

w¡rere A, Bs C, Ð, and E are eoneêaslts. Sueh attwpte fafL Èo be v'alfd be-

yond 0"1 H"

An exeellent nerrLevr of the fnterioale attractåon theory 1s gåven

by Scagcbard (9), and ite applleatåon to eondeetenee by MaeInnee, Shedl-ovsky,

and l,ongsworÈh (10). For detalLed discussion the coqrrehengfve work of

t{arned and Owen (tt) ås reeosrrcnded"
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B" The Ði.eeociation of ELeetroJ¡Éee"

Ttre greaù sueeess of the Ðebye-I{ückeJ, theory fulltr Justffied lte

assumptíon of the complete dåssoeletion of strong electrolytes in dll"ute

solutíon, but its appS.fcatlon has not been eonffned solely to strong

eleetroJybese on@ of its greateet auccesses being lts appttcatÍon to weak

and moderateþ etrong electroJytesu

Baaing their work on the ûTeager theorgr of conductance, MacÏnnes

(fe) ana Maclnnee and Shedtovsky (13) arrived at a nethod for detemfníng

Èhe thernodynanf.c dissoclatåon eonstant of væek eleetrol¡rbeo. Líkewlse

Grose and }Þlpem (14), She¡ril and T{oyes (15)ø and !4achnes (L6) rrave

developed methods of findfng the dlssocfatíon eonstant for noderateþ eÈrong

electroJ-¡rbes, Attenpts ære also nade, notabþ by Ðaviee (1?)¡ to extend

Êhese eoneÍderatÍons to strong electrolyüesu llowever, as pointed out by

Bedlieh (1S), the acer¡racy of such dete¡minatlons deereases as the ratlo of

lons to rnoleeu-LeE fncreases so that, whlle it nay be valld for weak eLectro-

3¡rbesu for strong electrolytes the uncertainty beco¡nes e:rtremel¡r great"

1{onøtheleae åt does reprøsent a¡r early atteryt to aceount for the fallure of

the Ðebye-Häckel theory in coneentrated soluùione" fhiE faåAure, due to the

feeÈ that shor"t, range nsn-eymetrical forces eould not be accor¡nted for by

the Ðebye*HäckeL theory, led to a great deal of speculation on the problæ

of lonlc ínteraetf.on"

It $ras to açcount for thege ehorb range forees t'het' BJernm (l'9)

introdueed Èhe coneept of the f6p-paås, &T tbe baeis of the s{nFlest model,

that of a rigid unpolarfzed spherlcal ion in a nediun of ffu(ed macroscopJ.e
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dåeleetrÍe eonstarÀtu negleetång all quanütm forees ar¡d any'solvent-eoluÈe

i¡teraetion, BJerrum æ"s ablc to equate the potentÍal enerry resulting frcm

the eLeetrostatíe forees beÈr+eer¡ the ions bo bhe mean kj¡retåe enerry at

various fnterlonLc distances and to arrlve at a degree of ioníc associatlon"

He for¡nd the nini-nr:m díetânce for wtrieh association can occur to bes

r mln a ,2 lz, f z*l

2 ÐkT

(6)

lons approaehing to withÍn this dlstance form ion-paårs whlch are pureþ

eLeetrostatie in cbaraeter and which can be represented by an equillbritm

reacÈions

0)

It folLorøs that r nÍn, is e må,Eilrua for Íons of na¡cimr¡n charge ín soluti-ons

of Low àielectric constantu For a solutÍon of a uní-r¡råvalent ealt Í¡ water

aL 25olu r n:i¡ru is 3.5 L

As origÍ:ralþ proposed, the coneept tras meant to aceor¡nt for ehort

ra:nge íonic forces, water nolecules were not, pree-luded from existing between

the ions of a pair¡ æd the ion-palr i-tsel-f was not necessaråþ taken as a

fixed entity. TL¡e now r¡ntenable Èheoretåcal foundation of the theory nakes

ít difflc¿lt to arrive at arqr eonsÍsÈant physicel picture on thls basis"

The work of Fuoss and Ï{raus (e0) on ÈeÈraisoa.ryJ.amraonirur nÍtrate

in dfo:rane-Þrê.tep ni-rbures of dielecüric conster¡t, 2"1 (Atoxane) þo 78"54

(water) showed that ionie association occurred in solvents of dfelectrie

constant less thsn I+3.6" Frm this they deduce that i-n aqueous soLution åon

[u/ 11 
oé gu'
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aosoeiatåon of the type they investigatod Ís not presentu The value of h3,6

is not a constant however, but is dependent on the par€ieular systæ., al.though

iå is always ln the region of hQ" Thus Ðaþ and sìth (¿f) in thelr worlc on

KCL fn mi-xed solvents, propose ion association in the region of dieLeeùrfe

constant lesg than 50*60, Fuoss and l{raue i¡t later papers (ee) :ntroduced

the coneept of üriple ions, and lon complexes, The length èo whÍch such

eonsideratíons have been carried ie to be gained fron a recenÈ review by

Kraus (23) fuq whLch association nr¡nbers (formula weíghts per raole) as high as

22 are deduced, A related point of great interest ie the fact thet the

assoeiatfon n¡mbers pass through a rnanrimtln and then rapidþ fa1l off, Kraus

adnÍts that beyond say L F the factors eauei.:lg ion association in dlLute

solutton nay no longer be dominant" Tt¡e eLarifícation of this point erøa1ès

more extensÍve experlmental workç

Thus from the data of Fuoss, Kraus, etcn, we c&n say that ion

conplexes exist in solutions havíng soJ.vente of dieLeetrie coastant less than

appro:ri.rnabeþ l+5 and for coneentrations less than 1 N. Ttre aetuaL nature of

Èhese corylexes has not been cLear\r establÍshed" ûue to thelr great

conpLexity they nusù have real rather than ùransient llfeti¡eE. HheÈher

eLectrostetic forces åLone are suffícient to e4plafn fullt such cases ås ast

open qpestlon"

The fimest advoeate of the lon-pair theory as applled to aqueous

soLutÍons Ís undoubtedþ ¡ç¿slmir FaJans, basing hj.s convietions on hlE

enomilous series of refractomnetri.c meesurenrents erbending over alnost thir&y

years (2A). Ia a recent pâper (ZS) ne otates, r¡Since 192? the víe*r lras
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been held. (presr:mably by ¡'aja¡s) thab the change of the apparent ¡nslar ra-

fraetåon of eËrong @L@etrÐIyËes wlth eone@ntratisn is due ts the formatlon

of combfnatíons of oppooiÈely eharged. åons eølng f.n dåreet eontaet wlth.

each other wit&ørt watør nolecules between them, ie" due to tbe formatlon of

undtssoelatod pertleles.te SaJa¡e takes thøse neutral partlcles Èo be bound

by Bureþ eleetrostatle forees, iJ. faeË he eo¡¡ipar@s then to tb,e ådeallzed

heteropolar bond" .AF evldenee tbat such bond. types e.re possfbl.e he potnts

Èo gaseous NaCI. S€v'@ral obJøetions ean be raíeod agafnet trþJane üheorfcs"

ffiBerl-uaeatallyu lon*solvent effoets are sågnlf,ieant anð are diffleult to

cllstineuish from ion-Íon effeete" &e eoncept of the pure bond must bo re*

garded vrlth. seeptåelsm efnce sueh bonds are by theår traÈï¡re mere abetraetions.

Ilarbhør, it 1s d-åfficult to co¡¡oeåve of two ions exleting fn lnti-mate eontaet

and yøt ehowing no d.istortlon of thelr eLeetroníc atmoeph€r@s, fe, not ebar-

ång eløctrons to some extent" $ev'ertbeless th,e exBerå-mental data of Fajans

are moct inFreselve and are rjghtly interpreted. as lndleatfng fntimatc troaåc

å¡teracf*ons.

If the exleteneo of åon-Baåre fn the s€.ns€ used. here (ie" parÈ1eløe

fnvotving only eleetrostatfc forcos) fe adnLtted, tbere åe &o obv'lous reason

wby the øxistence of tn¡e noLecular s¡leefes roay not aLso be allowed. Tbus

tbe eLeetronegatlwåty of sålver I.8u as eonpaæed wltb. hydrogen 2.lu raakes o&e

wonder wby moleeular siLv'er nltrate is not cone*derod 1n eoneentrated

ssluülon whersas moLecuLar nitric acÍd. Íe. Tats$.mårskål (26) elaåna that
r 1-

complexee of tbe i,rue LAg(i,tO3)ZJ 
exfst åa otrong solutloþs. In faet Davfes,

Rogors, anè Ïlbbetobôe (27) on tbe bas1s of the low meltfng pol¡lts and, large
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naluee of the entropåes of fi¡eion of the group I nítratee have suggested

Èhat ion-i.c assoeåation nray be sigzrífieant in the melts. Thus for sålver

nj.trate they susgest [as(No3)2] 
- end [acrf*g1 fl ^* mryles" ae

pofnted out by tire referee in a footnote, 1oø melÈíng polnte are character-

istie of ccryormds contaínång írregularJ.y shaped Íons, and hence nay bear

no relationshfp to complex fomation aside from pureþ eleetrostatlc inter-

actlons.

Fræ the foregoing lt ås obvior¡e that the whole subject of

conplex foruation i¡ solution is most confusing, An unanbiguous $eans of

discrf.mlnating between sínpJ.e electrostatic interactÍons ar¡d trtre bond

forwatione as Euggested by Redlich (2S), is the vibratíona1 spectra deter-

mined by Raman and ínfra-red studÍesu

If two fone uníte to fom a nolecuJ.e, at least one translatÍonal

mode ís tra¡sformed into a vibration; henee the vibraùion spectrun differ

Ín the two cases. This of course j-s the case regardless if the ions fhen-

selves are of a type gÍving rise to våbration speetra (sucb as SO[-, nfÇ

ete.)" The vlbratíon speetnru of an ion ls for the nost part independent

of its envLro¡rmenÈ, but ançr ùirect ir¡teractíon with other ions w'iLl nodífþ

thÍs spectrun" Bond fomatíon çsil1 give rise to neu¡ línes. GYx the other

hand the conplete absenec sf våbration spectra eannot be ta^lçen as abeolute

proof of conplete diseociatfon inÈo ions ín the case of a material such as

sod.ium chloride. Beear¿se of the great polariÈy of a sodir:nr chloride bond,

íf it eristed i¡ solutlon, the nâman spectnm couLd be completeþ masked"

It is possfble however that thc j¡fra-red speet::um nay offer less doubtfrrl"
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6s'ååsne@ ån sucb a. eas6 " &us althougb. th.e nethod ås ltsolf theoretleally

Bound., the techniquø yåelds rather erude d.ata as resulÈs.

ße deductfon of the etnrctura of n1Èråe acld (28) fs a elassie

ease illuotra$fng tbe use of REnan speetra" It depends b.owever on tb.e

ånteryretatfon of the speetrrm of sod,iun nftrate " Slaee no vlbratlon sBectrum

for eodfum nltrate ls fou.rxd lt ls taken to be compJ.etely dåseociated at al}

esacentrations. For nitrie aeld then, Ii.nes of oqual åntenø1ty to those of

tJee sod.ium n*trate s.r6 assuned to bo polnts of equal nitrate lon eoneentratlon.

&e undorlyfne asstrmptå.on regerdìng the eompi-ete d*ssoetatloa of

masertals sueh as sodfue nitratø is that lon-palrs d.o not generate v"åbratfon

e¡reetra, henee are not true molecules, and. hence ean havø onJ.y a etatåetieal

slgniflcanee. mtrs Redlieh fn the paper on nltric acåcl roferred to above

aclmite Èhat lon-Balre undoubteclly exiet. Effeetlvely then the fon-pafr ls

rodueed. to a¡ ind.fcatton of th.e faet that ln solutlon Lo¡s of opposåto

charge come fnto close csntaet for a period og ginte less Èhan thelr

våbratlosal perlod. and effectLvely ean be eonsåd,ered to act as a neutral

partl.el@ "

The assrmptlon tbat the ion-pair Ís a statisÈfea1 phenomenon

tbus leaès to ùhe struetural concept of tho concentrated. solutlon

v¡hfch ls aLso statfstieal. EwideneCI for deffnfte eÛruetures *a

coneentrated solutÍons existe" ßus Feins and. trbntayne (2$), Beck

(30), a¡d Michelsen (]t), by moans of )Þray diffraet*on d.stocted

deffatte regularltfes ln the a.rrângement of the lons. The scareity of mreh

daÈa fs an fndieatloa of th.e great exBeri.mental dåff$eultfes lnvolved. fÈ
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øåght be noted that fux more dílute aqueous eolutions the structure of watert

origlnally proposed by Benral and Fovrler (32) I @9 have signfflcant

lnfluence on the dlstribution of ions. Tn morc eoncentrated soluÈÍone,

however, such water stmctures are completely disnrpted"

RsJnan speetra aLse support a structural eoncept" A most Lnterest-

ìng paper along this lÍne is that of Mathíeu and T"ounsbrlry $g) t which ls a

study of the nanan spectra of a series of netallic nitrates over a wÍde

region of eoncentration" Their fnteryretations are based on the shifts in

vrave length and fntensity of the lines due to the nítrate Lon (no lines due

to noLecules of the type )trO, beÍng detected). At lot¡er eoneentrations they

eqlafn such effects as due to the formation of 1sn-palns, although the

sense ín which they use this te¡m is not clear, At greater eoncentratíon

howevero the nuch more profor¡nd modificatíons are best ercpl-ained on a

stn¡cturaL modeL" Tl¡e fact that chauges i¡r ¡rave-length as wel-L as lntensity

occur lndicates that sonething more profor¡nd than a ehange i¡ the conceatrat-

i,on of, some parbicutar opecies has occurredu Ttrese observations are

supported by the work of Fre¡rmarm et al (lln), and lonltsu and Nishl (35) øn

the Ranan spectra of amronír.m nitrate at various concentrations"

fhe preceding diseussion was nade pr{nar1þ with the aqueous

solution in mind" It is possible however to erctend these argranenfs to noa-

aqueous solutions" The rrdÍssociat{ngtt poürer of a çolvent Ís a fi¡neÈlon of

its dielectric consta¡rt" As poflted out above, when the dleLectrie constant

approaches a value around 45e sc,ne ty¡pe of corylex ís fomaed. More generally

the conducting propertles deerease rcith deereasing dielectríe eonstar¡t of
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èhø øeåve¡rå. ffi.is ås bøxnæ eut by the øxporå.iaeatal sork øf i¡faLdee t%l "

perã1.16Ï.ång a ðecsease â:l dåe1eøtsåe c*¡rø&aqt ås a deerøaea Ln È.he øexåei¡ø

eå&aårleþ!-e çaseesÈeat¡lon a& aey gåven teuperature.

Feee a s*rue$us'aå polnü of våewu lt readü.Ly felJ.orøs &baä ae

dåeLeetrí€ e6ns&an& and çoneerråra*åos are re&eeed, Ëbe poøoå.þålÍ.ty of a

staÈÉ,øÈf.eåL sË¡nÌ.etÌare deeseaseø, w*:,øræae tbe gloesåbi.}åty of core.pler foræa&$.øa

{åon-paårø øte"} åaoreases

ãt Í.e pþvå,or¿s @at se fåmr eoneltrsloas €a$ be êsaw¡r sn tþe basåe af

Èhe feeøg,e¡l&ary 4ata erË5,øtåa€ aè preeen& o¡r åaeåe &ntøraeÈlÐe å$ søluttoa"

*s fteåLåçy¿ {3?} såeges åa fuåa ea:eel3.eaÈ revlois of åÅaü.ø Èopåe, tbe exgeüesee

*f É.on-a$gre€¿Ëes 3.n e**on6 ssåutåsas of atæong elêGtrolytee has aot þøep

&êeË&ø-Èrs6€d. î@eÈhep Èbø eo&çepË of thø åoa-paår ean be ffåetaÍ.sed or @eth,ep

Í,$ i*ålå þ'ø aþserþEd, å¡c & s!&tre gauerel êh@€ry þasød o¡e øÈ48$.sËåeaL-sÈrn¡e&aæa}

eaneegrÈø aô ftWge&¡üed, Iaøre, ¡qust e$fle'åÈ fi¡rt'ber experlnen&al åaveeååga.$åsn"

C, fne $olvaÈf.os sf Sona

&e sol,va&to:a of åø&s åe aokstü,on ås sow a generatr!.y aeeepteå faeÊ

å,n spi.te of &h,æ grea& dåffå,euå&tes met wåth ås d.et@må&Ë$# erpøn$eentalþ

åt6 &Ëteë.È, E$geti w'erk þaa beea d.sse oa pøIær aolvenÈe, $tertå6ul€r3.tr

B&Ëçru

Oe€ ôf the prlraeåp}e roaeeae J"eedteg Èo bhe hydratløn Èhøory weæ

tþ,e ansxna}et¡s oe&dÌ*ogeâ@6s sf Ëhæ åses çf tlae alka]"åno metaL sertes. &@

lope CIf tþåË #6sl@s, b&ve Èhe*,r esjÊüÌåeËaaeos åtl tþe ordar ffi+ ( ngu+ { 6+(
*/

R'or ( eø+ " ñiælålarlg the eryøtalåograpbÍ,e radlå ere ia tbø order
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îå{ < wu# < # < wv/ < g*f " or¡ the other hånd ¿n the antrydroae me}te

of Èhøir ea].tsr'thc order ie reverseA (37). Slnee the efse of the lons åe

thc onJg naJor faetor lnfluæclng the eondueÈanse jæ eueh a serlee, thø

eonelusfor¡ ie drawl that the }i.thirmr lon has the lergesÈ &nd the eesåÌe lon

the smallest effeeÈive nadius 1n soluÈtor¡. Ifdratlon 1s the onþ togi.caL

erylauatiott of eueh faets. SupporÈfng ervidence le to be found ln the

eonduetar¡ces of thE rrare earth chlorådes ar¡d bræl¿ee (39)" In this ease

agaln, the conducÈance is fourd 6o lncreese wÍth fncreasing crystallographÍe

radåí.

Other evidence fos" ionie trydratlon exlsts ineS.udfng eolor changeø

on solution and deviationE f,ræ Beers I¿w'

I{ot onþ has it proven difficr¡Lt to determtne erçeri.menta3-ly the

degree of hydratÍon or the lgrdratíon nræber, but an trna¡rbiguoÌrs defl¡itlen

of these te¡ms ltas not been establiehed" ftrÍe arisee bEeause \¡nå.ratíon

numbers are reported fn ùwo dffferent manners, dependlng on the nethod of

deternnfnation"

A fl.rst group ean be taken to r"epresent a fairþ tfghtþ held Ur¡l*

moleeular la¡rer sonewhat si$llar to the coordl¡atíon eouplexes of the åons.

It represents at en¡r rate a mlnlmm valu@" å. seeond value larger ln

magoÍtude apparenÈþ lncludes sìl ?sater moleer¿les minfluencedn b¡r Èhe lo¡r

Ín questlon" The r¡euel coneeption of a lgdrated ion ís one sruroranded by

gradualþ Less tightþ heLd t¿ater layers" ftrle Le dlsputed b$r sâtrålov, (d$0)

wbo el}ows onþ anerage hydration nr¡nbers assumLqg Èhat there &r@ no èåghtþ

held watcr moLeetrlee.
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ïn their elassåe peper on the BÈn¡etur@ of water, Bernel and

Fowler (J2) propoeed a @ratlon model based on the ñuinner ín which thø

various ions are eoordir¿ated vrith the nater noleeuleen Ttre reeultan&

þdraÈion nr:mber at least reprøeents a ni.¡risrø value" ftrey deduced thie Ès

be four for alL monovalent ions ín dllute soluÈi.on" Hore reeent\r

Mishehenko (r+1), on the eane baeis, emFLoy:ing a slightþ ðtfferent water

nødelr has arrived at a different eeries of values i úea Li I+t I{a ó; E Bg

Rb 8¡ 8s 8; Fr glr Br, 6, these valuee ere obviousþ emürary üo wtrat å.e

expeeÈed on the basÍe of the eonductanee data previousþ eited" They

realJ¡r have valr¡e only fn fnèicat5ng the e¡r8enÈ to whlch a r¡nLmoleerrlar

layer meS goø

T¡ one of fhe nost interestlng of recent papers on ðhe entlre

ffeLd of eleetroJ¡rte solutions, Hasted, Rfteon, and Co]rie (&2) attenpê to

øvaLuatE tçrdratJ.on nrabers fþom eonsiderlng the depreesion in the dlelectrie

eonstant of water produced by tbe additÍon of ions" They assrme that the

fårst layar ls tightly held and yet they do not derçr that ¡oater ¡øoleculeE

in ouÈer la¡rers may also be nigídl¡r heldu Soae of their rral-ues are as

foltows; n/ ro¡ uí 6E wa/ tnE d us n# u; W / f JJr" rhese varues are Ln

keeplng with the order of þåration as derived from eonduct¿nce data and

are beet eonsidered aE minLmue values"

The dete¡ninatlon of ùraneferenee nrmbers, par€leularþ by the

rnoving botmdry teehnLqrre deveJ.oped by L,evrte (l+3), eeemed to offer a means of

determining tr¡rdratlon nrmbera" fhe lrydratíon nrmber $das four¡d by uslng an

inerÈ materiEL to measure the ehange in w'ater eoncentratfon at each
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eLectrode, but,, the r¡alucs so obt,alned v¡ere only reJ.atlve eince ae

Longsworth (/4!ù poånted ouÈ, the hydratf.on nrmbers røere dependent on the

pa¡"t,leular lne¡4, naterial æployed; ín effect, the inert materlal was not

tnert," Iijceqrise the rnalues of Rerny (l+5) based on a r¡alue of one for the

hydrogen l-on ean only be taken as relative values,

The above eonstderetÍons are realþ applLcable onþ to dilute

soLut,lons" thelr appllcation to concentrated solutions, in which the n¡nber

of ions nay exceed the nr.uber of r*ater moLeeulee, is not possibl.e" &'t ühe

other ha¡rd the nature of the Íon-eolvent lnteraction Ís of i¡terest, efnce

lf r¿ater moleerrles are nÍgidty held by ions, there ¡e111 be great eonpetlfion

to hoLd these vnter mol.eeules in concentrated soLutions'

D, Effect of Temperature on Conducfancø'

Thø equinalent eonductance of an electrol¡Èic eolutfon l¡creases

with te$perature to a naxi.qr¡n r¡alue and then falle off. In the case of

equeolls solutlons t,he nalC-rum occurÊt close to the criticaL temperature of

wat,er (46). For non &queous solutíone it occure at lower tmperatures and

is 1n nany cases a fi¡nction of the coneentratlon.

For si.lver nitrate end. armonirnr nLtraÈe solutions up to g5oTo

Canpbell and Kartznark (4?) have shoÌún that the conducta^r¡ce varies al-nost

Llnear1y arith tenperature, and can be represented by the eqgatíon

-Å. r" * 
-Å- *ro - 25\f[t ør.tt" (8)

r*here 
Ê å" the tenaperature eoefflelent of conduetanee"
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Woyeø (r+E) trae aLeo obsefired suet! ![:l¡¿ear r@letfonshlps etrbendång

ln sone eases as high as L60ot'

The reasons for sueh behavåoup &r€ not' elear" As sho@ by the work

of Mu E. Bednas on sllver nitrate eolutlons a& 22Lu1,øt and the presenÈ r*ork

on ammnonåt¡m niÈrate solutione at J,SOoCu thc ll¡rear reletlonshÍp disappears

beyond gSog^

Any fncrease i¡l temçerature wåll aLter ühe nobility, errLe'nt of

aassoelatlonn, degree of @ratLon (asarmed), and dfeLectrie constent of, the

eolvenÈ all ln a nanner such es to favor an åncrease l¡¡ eonduct'ance" 1}tåt

eueh a carylex serlee of faetors should 41.'tow a li-r¡ear reLationshlp to e¡det

eonsidering the non-linear fluldlty reLatíonshlp 1s lndeed etrangøn

Fwther, the natr¡re of Èhe opposing forees aeeount"lng for the

ed.star¡ce of a naxinrm are not elear. Tt¡ey uay of course be related to the

solvenü åtse}f slnee for vcater as notedu ühe maxinr¡n ie elose to the eriÉical

&wperature"

T¡J.s aspeet of, the problena ho¡rever ræaÍ¡rs vê$¡e on the besis of

exÍstfng deta'

E" Coneh¡såons"

Fron the inconelusfve natr¡re of the df.eeusslon Lt foLlows that no

fgm eonelusl-ons on the tn¡e natr¡re of the esneen&rated electrolyLie solutiour

can be ¿rawn. I{onetheless it, is eneouraging to note the revåva} of LnteresÈ

ån thís rel.ativeþ neglected aspect of Eolutlon ehemrisôry'
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fhene are alrøad¡r øeveral plausable bheos"etlcal appreaehes to Èhåe

prob}em and í& 1s hoped that work along these dåvergenå patho wåll eventualltr

lead to a unifíed theoreåical f,or¡ndatíon to this fundasenüa} problem,



SITRVEY OF TI{E Í,ITERATUNE



rI. w__€._g{E LTTERATImE

The condr¡ctance of dÍlute soLutlone of a¡monir¡m nÍtrate has been

fnvestigated by severaL workers at a serj.es of, temperatures (49) (50) (5f¡"

RabÍ.nowi.Èsch (52) gives data on the conduetance of a.monium

nitrate solutlons at I00oC over the range .1 N to 15 Wr accurate to L7{.

!{uch more aecurate data at 95oC have been obtaLned Ín this Labor-

atorSr (t+7)" I*ikew'ise, accurate data at 25o $Ð and 35o (54) were obtained'

No data exÍEt in the ltterature for conductance of amroniua

nitrate sol.utions aÈ elevated temperaÈures and concenÈraÈfons.
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ïïI" $AAnE Or rTp PRoBL@

As even the most easual survey of the LÍterature of conduetance

*¡111 reveal, the concenÈrated solutfon has been almost eoæpleteþ neglected"

One of the few ces€s in vrhich a study over the cocrylete eoncentraÈion range

has been nade is that of sodLum taydroxide (Sf), Such en eleetrot¡rbe is not

charaeüerietie however, sånce Èhe hyilroxyl lon fnteracts Soo readiJg w"ith

the úrater stnretuse in aqueous solutlon.

In v'iew of this dearth of data, it was deeided 1n thls Laboratory

Èo underbake a eorryrehensÍve sumey of the eondueÈsnce and viscooity of

euitable eLeetroJybic eoluËione at a eerÍøe of ùerryeratures such thaÈ

eventually the coryLete concentration range eould be eovered, For åhle

purpos@ the salte armqonim nitrate (n"p" L69"6oC) and sLlver nftrate

(n.p" z12o0) ære ehoeen. Thefr nelting poånts are suffictøntJy low to

alåore a eouplete coverage of the concøRtratlon range"

Preeeding workere have dete¡sfned the eonductance and viscosit'y

of soLutlons of a¡¡unoni.tm niürate and sllver nitrate at, 25øC (53), 35oC (54¡ u

and 95oC (47)" Ttre conductanee of siLver nitrate solutlons over the

cqlete range at 2?J,"7oC hae bEen detemrtned by M, E" Bednas (ruepubJ.iahed)"

The presenè wor& on the eonductancc of a¡monLr¡m n{trate soluÈions over the

ecmplete renge at t80o0 thue represents a eompletion, for the momenÈ øt any

æate, of the eonductanee work on this par&icrrlar peir of eLeetro\rbeø. the

våscosåty data for these later tw remain undetenníned pending developnent

ef a suitêb1e teehnigrre.



EXPEBTìpryral rEcHrfrr@



fV" ruææÐrm{TAJ, ff.Cm$f-qüE

A. fr¡r$.ty of Materåai.e "

&a a¡rooalum nltrate waa obtal¡red ln bulk froæ tbe ConsoLld.ateð

Minnng aåd. ffi€ltång Conpany, Íbaflu B"t" Tt was re-eryatalllzeô twåee from

water, riried ov€r porous platesu and stored over sulphurfe aelel ln a

doslccator,

me potasslu.Ea chlorlde used as a ætandard ån tbe cletermination sf

tbe eell csnste.Ete was a Merk reagent gracle produet. It was fused ln a

platfnun dleh E¡d etored over sulphurle aeld'

B. Csnduetane€ Meagurerû€nts"

(1) &e Brldge"

The brldge employed. wae a Cempbell-ShaekLetoa Brlttge as ôeslgned.

by the Teeds and. Northrup Comtrlany' Deteetåon was nado by neans of a

telephone h€ad-pl@ee. The accuracy elalmecl by tb.e mamfaeturerÊ was + O"Q5/o.

ÐotaÍIed epecifications are given ln th,e l,eeds end. Northnrp pânIlhl@t

ttÐfreetlons for Capacitaneo and ConducÈance Brtdge uelng No" 1553 Shåelded

RatÍo Box"€

tz'l &e Conductanee Colls.

lþ.ree typos of eonductanee eell were enployed 1s thls roseareh"

For use ln the bonb (q.v'" ) *n determLntng tb,e conductanees of ths enmonir¡¡r

nitæatø solu.tions, a eoapaet varti.eal eell as shown in l'igure I was used..

Sr¡ch eetls would. be expeeted. to shovt the ?arker effect (501, Í.@n¡ @rrors

ån neasurement duo to shunt ctrrreÞts set up ln tbe fíIllne b¡bes whieb,
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firn pereLlel- Èo the eolation beåween the eleetrodes, brrÈ for htghþ

eondueting solutåons as used here, such effeets arc negligible"

A secoad type of cell suas used Ín determining the eoreductsnee of

Èhe are}r3rdrous meLt, It le showt in Ffgure 2 along with its fil}i&g

appaz"aÈusø

Î!¡e thlrd t¡pe of ceLL sfas used for anaþses at' 25'@Oog" It

råas a horLzontal type of eell w'itb fÍlLl¡g tubee wfdeþ separat'edu

The eelLe were not pJ.atÍnfzed, After useu the eeJ-ls ¡cerE fllushed

w'åth urater and wshed vrith aleohoL and then ether ar¡d stored drgr"

(3) The CelI ConstÁfàt.

The eeLI constants were detemúned usfng potaesirm c!¡Loride as a

etends.rd. The eolutfone were nade up accoxding to the specåflcatl.one of

JonEs a¡rd Bradsfraw (57)¡ on ðhs baef.s of thel¡r deftned so}utione whieh at

25o g are as follo¡htse

7L.L352 grses of potassirm chlorlde

per 1@0 grams of solutios f¡ vaculmå

eonductivity x 106 = LIt342 nhos"

a¡ld

?,hAgL3 gr@&s of potaseits ehLoråde

per 1@ grans of soluÈion jn r&,eul&s

eonductlvLty * # = 12856'O nhog"

Ia actual praetS.ee onþ 10@ grans of eolutÍon wer@ made up" Ttre salt v¡ae

weÍghed &o O.OO5ø (for a .l I{ so}ution) and Èhø soluÈion &o 8"OO&"



Flgure I
Bomb, eond.uetanee ee}l, and. pyknometer

Flgure z
Apparatus f,or molten salts
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Såncc ao gtandard cxlsted at L80oC f,or the detemtnatåon of, ceLL

eo¡sata,g3tee lt trus nêeessary Èo appþ a eorrøetåon bo the value found aå

ZSoCo Sr¡eh eorrøeÈlons dr¡e to gecøeÈry changes of EYrc eeLL are dfsetrseed

by Washburn (1e1, and ln the preaent case reduee to a sinFle Linear wçaneion

conrectLon'

ThÍs ís readiþ seen by considerlng the effect of tenperafure

elranges on the ceIl constant ( Z) " Tfie latter ùs def,lned as the ratío of

the length (1) of solutfon between the electrodes, to the effecti-ve areas

(e) of solutlon between the eLeetrodes.

íe" Z z L/@,

Ðifferentiating røÍth nespect to tenrperatrrre glves

dZ-ldle].da
dtadta¿dt

(e)

(ro¡

(lf)

I¡lhere p e Goeffieient of linear expaneio¡r of P¡rrex gJass,

s e l@ngth of electrode Poets, Ðd

\ æ Coefficient of H¡ear expansíon of pLatfnrrm'

For cells having a long capillary eeparatÍng the e].ectnodes, (1I.)
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Also d.a

ffi
@e eF "

(13)

Heaee

&us tbe eeLL eonstant at 180" was oqual. to the proôuet of the eell

eonatant aÈ 25"0, the coefffelent sf, lfnear erpanelon of Pyrex glasø, aad.

the Èomperature l¡terval. &'e resultanÈ correetfon was of the ord.er of "51,

lbe cell eonstante ware perlodlcally reôete:mlned"

{4) Ího Bomb'

Sfnee the solutlons in th.ls reeearch were all above thelr normal

boltlne poiuts at 1806C, the eonducta:ree eeII andl ôenslty bottle stera ên-

elosed. ln a bonb" For tbi.s prrpose a stanð.ard, steeJ. bomb was obtalned. fron

the .A¡oerfcan Instrum€Þt Company" The eLeetrleal }eacis were oncl-oseci fn

lef,ton tublne for lnzulatlon, end the bomb mad.e air-tåght by orushlng soap*

stone eo&,@s together under pxessure" &e bomb is shovsn in Sigurø I ind.i.eat-

1n the plaeenont of the eelL antt ciensfty bottle"

G, &e &ermostab '

&e thermootat employed (I'i.Sure 3) was d.eofunod by M.E" Bednas.

It consfsted. of a rectangular eopper tank of approxfn¡etoly eight gallon

eaBaelty. &1s was eet 1n an outer stool tsnk lnsulated wlth an lneh of

powåered. asbestos, Tbås ontfro set uB cnas enoloeed in a wooden box wlth

l
#

dãø
ãr LßL*

q

.2F** *frÃ" (14)
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ROCK WOOL
STEELOUTER TANK
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COPPER INNER TANK
FLEXIBLE DRIVE SHAFT
ARCHIMEDIAN STIRRER
MAIN HEATER
CONTROL HEATER
CELLLEADS
BOMB
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hinged d.oors on frs¡rt and a hlnged top, Roek wool was packed. betweon tbø

boz and. steeL tank.

ße tho:rooetat fluåd was Sturbi.nol- 6l eupplled. by the Imperåal 0*t

Conpaay.

&e thermostat was beated by noans of two copper tubø høatera, on@

large heator e¿fntdtning a fallång teruperature at I80"C, aÌrd a smaller one

acting as a control through e mereury 1n steel regulator co&necteð to a

stand.ard. relay"

&e large heater evontually burneå or.rt andi was replaceô by two

Ímnerslon tylre englne block heators which proved to be satfefaetory"

Two large "Archåned.ean ßtårrera were euffleÍ"ent to achl@ve very

effleåent stírr1ng.

fÞmporature Þ¡a,s aessured wåtb a Beeffisrul theromoter u¡hieb was

frequently ealfbrated, egainst a etandard platfüum r€sistance thermoneter"

As an ad.cled precautlon to guard agaånst violent fluctuatfons in the Beckma¡n

callbra$lon, a mereury in glass thormometer readfng in testh.e wae ealibreted

and set beslde the BecMann"

It was posslbJ.e to malntal'n tbe temperature v¡lthin ç "05oC. Dre

to the tbùckness of, tbe bomb, the actuaL fluetuatlons of temrFerature ln the

solu.tlone Ëhenselv'ee would. bs even Less'

Ilu Preparatlon of Aqueous Soluttons"

&o solutfons were prepared by weågbt up to saturatlon at roæ

temBerature" I¡r eaeh ease 100 ml. of solutton was prepared. &e salt was

welgbed out to a tentb of a s¡:illigran and the solutions to a mfllÍgre&.
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ff¡e varÍous operaÈlone Ìdere earried out as rapidl¡r as possibl@

to minlmize ehå,nges ån eoncentraöion of the hoÈ solutfon durång the

proeedure" At hJ.gher eoncentratlons the bmb itself was heated to prevent

sal.t conì.ng out of soluÈlon" Ttre bo¡nb was eealed rapidþ and placed 1n

the themostat,

The sanple drawn off inÈo the rueighing bottlø was weighedu dlluted

to lOO la.Ln arid renøeighed" It,s speeifÍc conductance at 25og x¡'¿s then

dctermlned" From the data of Campbell end Kartzmark (53) on the condueùance

of amoniws nitrate at ZjøCu it was thus poseible to lnterpolate to g@t the

weight per cent of the solutíon" This proeedure íntroduced an rrneertainÈy

of ùhe order of 7 O,O5É :.nto the ealcr¡-Lated weight per cent" (ie, ùhe

r¡ncertai.nty ånvolved. in the sqork at 2508.)"

Eu Ðeneltiee"

Tn the deteminatfon of densltLes, e ì{e1d pyiarometer of 10 nrl,

capaclty røs mployed" The pyknometer ¡rae eeLíbrated srith r*ater at 25og

and ¡cith glyeerol at 180oC" &t the basl.s of the røater calibration at 25oC,

the voh.me at l8OoC lrae eelcÊlated using the fomr¡la*

Vr*o =Va¡ (L/ Yt) (15)

where ü was the tæperature lntemal and -Y was the eoefficienÈ of eublesl

expansion of $rrex glass"

The two callbratíone eheeked to O'L6 whieh was satlsfacåoryu
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Ïn øaeh eaee èhc pylmoneter was weighed to a tenth of a nltlfgram

but no density fs quoted to more than four fígures due to the fnherønt

diffieulê1es and uncertainÈåes ånvolved ln deèe¡mínÍng densíties at such

great eoneenËratLons and at sueh high temperatures,

F. Measursûents wíth the Anhydroug Salte"

fte anhydnous EaLt requlred en epproach dlffering fræ thaÈ used

for aqueous solutions" ,{ bonb vras not emF}oyed ln detennlr¡ing the conduct-

al1cese slnce at iÈs nelting point anlqrdrous salt has a vapour pressur@

sufficiently low to pernlt the work to be done 1n the open laboratory" Th@

ceLL used ís showrr ån Figure 2 along v¡:ith the fitltng apparatus,

A charge of a¡rmonir¡a nítrate was placed 1n the bottle, and the

apparatus connected through its grorrnd glass Jointa. The whol.e set up was

then {nnersed fn an ofl baùh rnaintai.ned at epproxÍnately 1?5oC" Wtren the

eharge had nelted, 1t was foreed over in€o the celI by thc alùernate

applicatlon of euction and corçreseion, Wrøn the eleetrodes were eonpleteþ

i¡mereed 1n noltsn salt, Èhe eell was removed from the sealt bath and

cla,raped (LesE èhe fillfng apparatus) lnto the large themoEtat.

Obvåousþ ùemperature eontrol- 1n thia case ís not as good as when

a steel bomb ls used'

The density of the anþdroue meLÈ was done as befor@ in e Weld

pyløometer Lr¡mersed in a gr¿a] l oll baÊh" Sevøral deteminatlons were rnadc

and a mean v"alue taken"





V. EXFEN]HMTTAÏ, RESULTS

The e4perJ-nental date of thic researeh are ehovør ln Tab1e L

ç¡hieh li-sts the weight per cent, normallty, densíty, speciffc eonduetarleee

and equfiralenÈ conductanee of amnor¡lrm nitrate solutåons at l,8OoC.

Plots of speclfÍe eonductar¡ee and equivelent conductanc€ vss

concentration are shokrn in Rlguree 4 and 6 respecÈively along sriôh other

plots w?rieh are e:çlained l¡r a leter gectlon,
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TÆT,E T

Cenductances and llenrsltfes of Aqueous
ArmonLrm l,litrate Solutions at L80"OoC

$peclfie
Conducüa^aee
in lfhoe-

O"Olt74

o,3752

o"6Lg2

o"gL72

o.8L65

o'9?18

1"058

L"100

L"l-19

L"L22

1"118

l'104t

L"063

L"050

1 Ol&

o.9338

0"8828

0,7891

o"7617

o"7003

O"l+33

Ðensity
ß4",-
0"8919

o"9276

o,g5w

o"gg35

a.gg55

1"030

1,062

1"061

L,Ogg

1.121

1.1¿+5

L"L66

1"18/+

1.218

L,2L3

r"23L

L"272

1"290

L"322

L"326

L"355

L,hlþ

Moleri!¡r

0"0890

0.9868

1,922

2"982

2.988

l+'J'36

5"r33

5,r28

6,zo7

7"O29

7 "851þ

8"53h

g.u0

L0,15

r0,13

10,95

w,w
L2"70

J3"$ln

lå.L[
l¿,98

18.0

Equåvalenü
Conductanee
in Mhos.

532,3

38O"2

322.2

2T+"ø

273"3

2Q6"L

r77.2

L59'2

w2,9

r31"0

320"h

]toh"7

LQ3"7

92"60

76.92

69"5L

56"91+

55"1+0

t+6"75

2h'L

o"7984

8"5160

L6,A7T

A+.O?.8

24"O28

32'Il+L

38"692

38,692

h5"n5

50"190

5h"907

58"590

6L"gg5

66"7L

66"95

'll,2o

76'l+2

78.8ll

83.78

85"L5

69.50

L00"oo
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Speelflc eond.uetance

CoNCEñTRATION (MOLES,/L lrRE)

Flgune 4
vs u eoncentratlon for amrsonlum nltrate

Fågune 5
Specl"f1c eonductanee vso concentratlon for ellver nåtnate

sPECf FIC CONDUCTANCE VS. CONCENTRATTON- NH¿N03

SPECI FIC CONDUC lAN C E V S. CONCEN TRATION''q"N Or

coNcENTRATION (MOLES/LITRE)
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OONCENTRATION (MOLES / LITRE)

Flgure 6
Equlvalent eond.uctanee vso @oncentration fqv ¿mrûonåum nltrate

1,
o

:

lo lõ

CONCENTRATION IMOLES / LITRE}

Flgure 7
vsu eoneeùtratl0n for sllveirEqulvalent cond.uetance nltrat e
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consÍd€red. best to present all th.e d.ata eo Èh.at they nsy be read.fly

eonBared" lþe conduetanees of am¡aosiue nftrate solutlons havo been

d.etermiaed afi 25"Õ, 95"Ç, anå I8'C" $ilver n*trate eolutioas h.ave been

d.ete¡rnined at Zleg, 35"Q, 95@C and ãZL,T@C"

I¿ ï'igures 4 and 5 are Blotted the speeåfÍc conductÊnees vs"

csneentratlon at all fq¡r te:mferatures for amnonium nitrate and. sllver

¡itrate reøpectively. ß'e maxåmum ln each curve le seen to shlft tovrards

hÍgber coneentration rvlth lncreasfng temperature. Tbus the max{nnrm

speeiftc eoaduetance of amnoait¡.n nitrate at 180"G ls L.J22 nhoe at 7,@

molar wh,ereas at 95oC i.t fs O.T8T mhss at ?"28 molar" Slmilarly for silver

nåtrate ab 22L"7"C the mexis¡n shifts fron LI36 nhos at 12"1I motar to

0,607 mbos at 10"7 molar at 956C, (Be roethod of evaluatlag theea maxine

ie dlscussed. Iater),

tb,e sþnlflcanee of these må?i-m& is not as yeÈ clear, Sueh a

maxi¡m¡.n le a region ln, wh,lch tbose faetors tendfng to fncrease the conduet-

Fnce as tþ.e eoneentrat*on 1s lnereased sro Just balanced. by factors opposlng

a¡ fBereaee fx conductance" AB tbe eonaentrat,lon lnereases, tbe nr¡nber of

lons avaflable to eonduet åEcreases" Á.t tbe same ti.me however, the tos.s are

in closer eontact, and hence thelr moblllty or effeetívo numbers are d.e-

creased through thelr lnteraetfons, The shfft of the rtaxirira towards bigher

concentratlon is Èhus not surpråsing slnce a te¡rpereturo increaee would bo

expected to reduce the ion$.c interactlons.

liris simple påoture is complleatod by b.ydratlon effocts. -ê.s the

temporatura lncreases Xt would be expected. tbat the extent of hydratlon



e¡ðrÉ.lå dæerease . Hs;slaæú., i?å**olz* aåå toåIi.@ ti&þ, s& tke oÊ&trarys seggeøS

iilras hf€ra&åca Ssçreases eåt?:, temperãSTår€" e.þ bLgb ssneon&ra$åoa boweveru

åh.e ruml¡er ef water æsLeeuå.ee asaåLabåe ås sueh. ttsat aå3. p¡eu}ð he ÈåAhÈly

Þeåd þy the $"saø. ãçnä"e kydraååoa tfuer*fçse ssy þaø'e 3.å*ê1e meanås¿ a*

þ'l #k re&eeaËre$$.osr.

ãn Få#epes 6 RExå ? aæe 1:1*å*eå bhe eqtråvaleaË casåttstanee vs Þ

tbe ps3.e,råty eË a3"1 f,cnsr tempsseÈ$å'ee fer aswe&gtÅn s*,traåe a¡rd eåIver

;¡åçsa&e r*apøetåveåy, 5þe æaadraeä€åôê åe seçå &e årop øff raÞå8åy wåth

å*ereaæåeg es¡rsenteaûlon, approaehång }ånenråÈy aft hågh çoneestra$f.es, Bio

måeåma atre çbsesved åe the GêBvsåu

*Ë æ¿eh greaËer ånåeresÈ *s'æ the 3i&obs af equåvalenÈ açn&¡.çtæåee

vø" f"*gæråf;hs *f çs.eeeatraÈåç¡n" Þi,s quåÈe empårå*aå plot g5.e1deð øârøÉ,6bÈ

tåne r*åaååen*blps f,rçæ beLew ó :ç rsp b* 6he bS.ghert sÊ&ce&g:rå&ie& attaâ&eå.

ãn #@e çeffêË thø øitirafubt l"å,se *olalel þe e ående$ So ä 3ð" Få#lr6B I and I
shcs tlråE påe$ Sçr nssoÍåÈ.uÆ: &åtse$Ë anå eålvet n$,SreÈe reøgreetåve3"y,

ã& føå3"øvss fron Èbl,e seåaÈ*.ea*3aåp, &at tbe daËa essx þd repaeseatoå

þy an equation; våao

-4-" -r4.= * D 
'os 

e

*a***-À.* s.s È&^e vsråqe "f -4, eü Í.çg e ** d) 8r G t6 å"

åaç*ns'ea$.ë&%, &. då.f,fero¡rå f*m has bøee usedo åø.

l--l*-o 
[mø*u*åry€] {t?}

{r*¡

#åece bhåÉ ftre ås
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Figure #
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Squåvcl.Lent eor¡åuctansË v#* I*Ë;ar"å.çþ.s ccn*entratå+n far eålver nltrate

ø
f

¡5o
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where 
^Å. ^åe 

tbe equivalent eonduetanca at the ti.måtå¡e experinental

coneentratlon e*. In some eases h,oweveru partåeularly for the molten ealÈø,

*U*./X. * value has boen extrapolated so as to glvo a value whieh aetr¡ally

låes ou the lfne (effoetlvely lt becomes an wpÍrieaL eoastant) "

Tn order to test this equatfon, the slopes were evalueted. from a

large seale plot, and a comparfson of ealeulated and obeerved valuoe of the

equivalent conduetance were nade for caeh of tbe elgbt sets sf data. These

values along wtth the d.evlatione are glven i& the f'ablos TI to ffi lncluslve '

Íhe tables sbow that the ealculated. eon&retances dlffer from f,he

obsarwed values by uot more tha¡ 2 rrnfta over a eonsfd.erabLe extent of' tbe

hfgÞ eoneentratfon regÍon. ffi'e points reprosentlng tbe molten ealts are

geen to show tho greatest vaJnfaåe@" tJühether this ls due to tbe experåmental

error fnvolved tn thefr determfnatfon which adnitably le consid.erable or

løhether this Índieates a true deviatloa from li.neariÈy arstafts a thorough

S,nvestfgatlon of 80-100ø/ reglon.

It has proveß ciifflcult to find. other data wfth v¡hfcb to test tbfe

linear relationshfp, Data for eodfun bydroxndo over f,he eonplete coneentra-

tioe rânge at 18€ when plotted. showed. a poe*Èfve dovÍat$on from lfnear be-

bav,four over the entfro reng6. However fn vfæ¡ of tb.e anOnalOus cOnductanee

of tbe hyd,roxyl lon, thfs ls not aurpråsln8.
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IASLE 3Í"

t e L8o"o6o" Slope = *3t+Z -¡-. Ë tg.offiH.NO s43

Þ{oJ.arity -14- "*l*" I o¡*" (.Å- *r** -[ ous 
" )

L8"o
7A"98
L¿*'LL
L3"6tt.
w"'lo
L2"JJ+
LO"g5
10,13
L0.15

g"L7
8"531r
7.851+
7.Q29
6.?;07
5"L28
&.L36
2,ggg
2"992
r"922
0"9868
0,0890

19.0 (ert")
l+6"28
55'L5
58"92
70.81
'17 "5L
92"g&

104,4tr
10¿*.1.2
119"2
ug"g
U+2"2
L58.7
178"1,
205'5
237'l+
285"7
296"o
35L"3
l+5O.2
go7 

"5

a+'L
46"75
55"hO
56"91+
69,5L
76"92
92"60

L03'?
l0r*.7
120"4
L31"0
w,g
L59.2
L?7"2
206"L
235"O
273"3
271+.O

322"2
380"?
532,3

; A,bl
í o,25
F L"o8
# t,3o
/ Q"5g
f o"ay
ø o"?L
@ O.5B
àä L"2;ó I"L
@ On?
¿Ë Arj
f oug; 0.6
# 2"1+

/ L?.l+
É 12,0
f ?g,L
{ ?o"o
# 275,2
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AgNO. c

TABT,E TÏT

b â 22A,fg. Slope å *218 l- . z 3z,h

Molarity JL *r". JL nu*.
/\ Diff. I

(JL calc* JLoue.)

23.L9

L7,TL

16,01

Ll+.32

T1"98

9,76L

8"LZJ+

7,Og7

6"t59

5"763

4.900

l+.O76

3"130

1"868

L.119

o,ag65

32"1+ (e¡r&. )

57,g?

67.¿ß

78"o5

91v"92

il4"3

L3r,7

14t+'5

t57.9

].64,2

L79"6

197"0

222,O

270,9

3L9.3

55L"5

3r"00

57.51+

67 "7L

78"3h

th"78

113"2

r29"6

JJil+.2

J"57 "5

].63'l+

L?9"8

L97.O

227.?

283"o

325"2

591,9

í 1"&

# o"b3

O'?3

o"29

ø 0"14

/ L"l,

/ 2"L

{ o"3

/ o.l*

í 0"8

o"2

0"0

@ 5'2

- r3"0

5"9

- 3O'l*
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TABTE ÏV"

t *- g5.oøc, Slope z -252 /- . â 3o,3t{&n$93 t

L¿&'81

L3 "3L

11,r3

10"12

g,7l+

7,95

6,632

5"325

h,22r

3.600

2'576

J-.525

o"9963

0"194

30"3

l+L"99

6r,60

72"OL

88.02

98"1+

118"2

u2,3

L67 "7

I85.tr

22L,7

279"L

325"1

5Oh"8

28"TL

t&.o7

6L"gg

72'l+l+

89,0r+

97"8L

116,0

r35 "6

L5l+"7

L66"9

195,6

2]-3.6

23h"8

275.3

í L,5g

- o"o8

o,39

CI.31

{ a,5g

/ 2.2

I 6"7

í Lo"o

/ 18.2

{ 35'9

I 65"5

/ go,g

/ 229"5
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?Å,Er,E V.

g æ !JøC" Slope 2 -I3h ,û- " * ¿'l.oÅdgr:

Molarity
ÁJL eaJco -/1. ou*" ( ,/i. calc- -/L o¡". )

th"o2

11,88

9.906

g,g3

6.rgr

h,83

2"97

2"r89

L,220

O"O53l+

l+1"0 (ert'")

50"61+

6L"22

67'.9

gh"g2

103"0L

J3r"32

149"1

183"0

365.L

l+0"08

50"35

6L^28

68,L2

8¿1.88

103"1

130.9

7h7,9

L72"7

298"3

I o"92

/ o"2g

0.06

o"22

/ 0,Ol+

o,0g

/ a,52

/ 1"3

# LO"3

f 66"8

a:.;:

t
.t
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TABLE VT"

ÏüH. N0 c

-4=
& ã 3509, SJ-ope e 436 I . = 39.?

LA.75

9,hog

7,6705

7"1318

5"5065

3.97b9

2,h.50h

1"91O'+

t"6gho

l"o23h

0"0538

39.7 (e¡{t,)

l+7 "59

59,63

63,9,+

79"2e

98,h8

L27.]".¿+

1 41,8

151,4

L88,7

352,"7

39,52

lr7 "h6

59 "81+

63,96

76"1+6

89'1?

1o3"2

108"2

1lL"0

119"4"

153"1

É 1"1_g

/ 0"13

@ 0'2J-

I 0.06

/ 2,76

I g,3L

f 23"9¡+

I 33'6

/ tuO.t+

I 69"3

ltgg"6
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TAET,E ÏET.

AgHO^:

-'

b * 35oa" Slope 8 *65 ll a = gg,z

tr{oLarfty JL *r" 
" -i\- ou". ( -/\- .*r"- ,4,obs")

7 "663

6"Ll'4..

5"L78h

5,LA6h

l+'2306

3"8230

3.0322

r,7757

L"ho23

0,0996

39 "2 (eú")

45 "l+3

50.26

50.66

55.97

58,83

65"38

80.r+7

8?"15

L62"7

38"55

l+5,28

50"32

50"7L

56"06

58"9L

65"hL

79 "55

85.37

132"5

/ 0"65

í o"L5

0,09

f o"g2

/ r.78

f 29"6
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nln*¡{%:

TÅBÍ,E VTTI"

t * 25et" Slope e - 129 -[. u = ,r.,

1A"?.82

L0.00r+

9"W3

8"OLL

7,AL'

6"036

5 'AlJ+

l+"O20

2"992

L,gg3

1.004

0,100

3L"3 G*.)
38"0L

h3"61+

50"l+2

57''85

66,3

76"'l

89,06

105,8

L28"31+

166.9

295"9

3L.3

38,19

h3"93

50.36

56"73

63'L2

70,@

76,78

8¿l"'28

gL,g5

10L,32

]'?,2.-7

0

@ 0.08

@ a"zg

ø 0,06

# 1.12

I 3.18

I 6,?

f L2.28

,/ ?J"92

Å 36.39

f 65"t$

fi"73"2
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TÂBT,E Ï.X"

t s 25sc, Slope = *59 l- r = e¿,rAsN93s

MolaritY I .*r"" l- ouu "
(-/\- 

"*r"- rl\,-obs")

9"7Q9

9,010

8"o:LL

7.9L2

6"006

5"O29

4.OoO

3.028

L.998

L.00¿r,

0"1@

26.1 (errt. )

28"O2

3r"o3

3h.lr,l+

38.1&1

l'2.96

l+8"83

55"97

66"60

th"Aþ

U+3"1þ

26.L

27,99

3L,2O

3l+,7o

38"55

h3'1"1*

¿+8"50

5l+"W

6h,20

77 '82
109"L

o

# 0"03

@ O"17

0"26

@ 0"16

# 0"33

/ L"oo

/ 2"1+o

ø 6"1,2

# 3h'3
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pLste were êIso nade of the data of Råee er¡d Kseue (fg) æ

potassårm and. eesårm fonnatc at 5O.5oC. fhese seemned. to sho?r li¡¡ear

relaÈionships at hlgh eoncentratíons, alÈlrough the data are not exteneive

eeough to be una,nbfuuoue'

Thus for amonfre nitrate and sÍ-Lver nltrate solutions, at arryr

mteu a most interestfng relationshíp conneetlng the equåvalent' eonducter¡ee

and concentratíon has been denonstrated i.n the hlgh coneentratlon regJ.on.

trrltrether thís logarifimlc ¡elationehfp has a general valid:ity musÈ atrait the

availabilÍty of fr¡rbher e:peri-nental dåfa"

C" Ðíseussion of the Derived Quantities.

It renal¡s to díecuss the tennperature dependence of conductance'

As v¿as prevåoueþ noüed, the conductance of a¡rmonåtm and si-Iver nítrate

Eolutlons up to 95oC was an aLnost linear function of teqperature. Hos¡ever

as cên readily be seen fron Figures 10 and 11 for amqxirm nitrate and

ellver nitrate respectivelyu Èhíe relatf.onshåp beeomeg lnvaLid sonewhere

beyond 95oC. The Ffgures ar@ drav¡r¡ shovring linear relatÍonships bettreen

the vaLues aù 95oC and those at 221 "fC on l8OoC, but this ls nere\r for

convqrience, since the j¡Èemediate range has noÈ bee¡r invesüigated and

hence the shape of the eltme is unlmowx"

tikew-ise for eonvenience the tmperature eoefficiemts of conduet-

ance p , at each norsality, have been calculated as defined by the equatíotr

I*" *Ir¡* þø (18)
13 (t - e5)] ø

Theee averag@ ælues are gíven i¡¡ 1b.ble X"
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TEMPERATURE OC

Flgure 10
Equlvalent eond.uctanee vs" temperatuire

210

sJ.lver nltrate

F'Lgure
Equlvalent eonduetanoe vs"

11
temperature

al,
o¡
=

5N

6N

7N

8N
9N

o 30 60 90 t20 t50

for ammonLuno nitrate
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TABI.E N"

lenperature toeffleients of Condueta.nee,
Between 95o and 22I"7o (¿eNo.) aaa
Betwen 95o and 18O"Oo- (NHroI{ÓUl'

Te¡noerature Coeffieient

AsNO.e) lifHeldO,
Concentration
in Holes/Iiúre

I
2

3

î+

5

6

7

I
9

10

a.@626

0.004È2

0"00627

o.005gg

0"00606

0.00ó19

0"00620

0,00631+

O"006I+5

a"æ743

Q,0O6?2

0"006?6

0"00640

o"0056r+

o.Qo556

0"00531

o"0o5l7

o"ao526

0"00509
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colüciltsI0N
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stroag eleetrol¡rbes hås been indi.eated ln Èhe lnÈrodr¡etåan, The prøsenÈ

work fs thus offered 1$ the hope t,hat w:iËh a euffielent body of data

exÍstång, greater effo¡te wiLL be made to suppLy a eonsÍsÈant theoretieal

treatsenÈ"
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råBr,E 0F ssúBor-S

Symbols ldenÈifled and used ln apecåflc eases ara not included

here"
Â

ll ^ = equlvaJ-ent conduetaåee at concontratfon e equfvalente pert-e

låüre (nhoe),

Â 
" 

æ I¿mi.t1Àg equÍval-ent conduetanee at lnfLntte dllutlon (mb.os)"

d* a degree of d.Lssoefatlon.

K æ dissocfatton eonetant (molesflf.tre).

1å * lirnftÍ-ng equfvalent eoaduetance of catlon at lsffnlte

ditutåon (mhos ) ,

Ij * limåtång equåwaLent conductaneo of anion at lnflnÍte

dilutåon (mhos).

Z-n Z* * valenee of cation, anlo&.

f s absolute tenperature ( %.)"

t @ temperature ("C).

Ðo - dlelectrlc constant of solvent"

D a clfeleetrlc eonstant, of solution"

1" = vlseoslty of golvent (poise) .

1 * vlseoslty of solutlon (poiee) '
6 = eharge on tbe electron ln electrostatlc unlts"

k a Boltænnn consta.nt (ergsldegroe).

ß 6 temBerature eoefflcient of conduetanee {nhos/degree C) 
"
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