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TI{E TI{Ð]ìMODIINA¡IICS Otr' CoNCtrNTPuitTEÐ AQÜ80ÜS

SOLUTTONS OF H]TÐROBROI{IC AGTD

A Ëhests submitted by Roy S. Yarnasal<i, and- d-one urrd.er the d'j-rection
o.f .åssociate Frofessor t¡'¡.end-el.l J* Bierrirarur"

The accugaey and. complotoness of the thernrody:ranLe che'raeter-

1za1íon of hydnochlori,c aeicl by å,i<erlof and. Teas'e lqith tbe silver-

sllvor chlorid.e electrod.e suggested that an analogoìrs lnvostigation

of hyd.robronric acld. by an exËen.elon of the u'ork of ÏIamed- s K-eston

and, Donelson wlth the silverr-s1lver-brornid.e eleetnode v¡ou1d be

practical. Electnomotirre forces of the cell- Iþi IIBr(m)i AgBtr;l¡g

Were measìfred- ov61' a range of concentratlon and. tempe:ratu::e'

The slor,crytegs of estaþlishment of equlllbrirxte ascnibed- to

the sofubillty of AgBn in HBr¡ liniited tkre work to the region below

5"0 mola.l, In the region below 1u0 molaL agreement was exoelJent

wlth the earlior vrork of ÏIe-med., Kêston anCL Donolsion'

I{amod-p Keston and. Donolson obtained- tkre staJrd.a-rd- potenti-al's

by use of a conventionâl Hitchcock extrapolatj-ono Re*extrapolatiort

of thoir data using tho trÐobye-tsii.ckel function"gi.,/es a substa¡tially

d.ífferont sot of resuJ-tsr and- slnce the extrapo1ation 1s nuch nrore

nearly a. stnaight llnee may be consid-ered- mone reliable* Using the

lnproved values of the stancLa-rd. potentlals the actir¡1t)¡ Goefficionts

and. relative partial molal free energles of aquoous hydrobromlc aeld'

solutions were calculated- up to õoO molal'
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IIITEODUCTTqN

Stttdy of the behavior of concentrated electrol¡rtic solutions has

been somev¡hat neglected because of the Lack of a suÍüable theoretic back-

ground w'ifh ¡vhieh to f¡terpret results. hrer since the success of the

Debye-Hticke1 theozy (10), by preùi.cting the mean activity coefficíents of

the electro\Ées l¡ di.luùe solutLonE in te¡ms of l¡terionic atüraction,

fnvestigators endeavored to appþ 1t with suitable modifÍcations to more

concentrated so}¡blons. Hückel (26)o atùached a senni-eupfricaL term to

the kbye-l{ückel eqrration a¡¡d exüended íüs range to three or nore molal"

More constarrts ¡{ere added. by ikerläf and. Teare (L), to deseribe adeqrrately

the behavlor of aqueous hydrochlor{.c acid to 16 molal" ÐperinentalJy

theEe were weLcome strides, but much of the origfnal theoreticaL

effectíveness of the Debye*Hückel üheorXr lras lost.

It seems thaü the Theory is oversimplified for the concentrated

solutions¡ end requires further consideratfons vrith respect to factors such.

as, ínüeractíons between the ions and betr+een the sohrent and the ionsu

Althoueh some of these have beea fnvestigated (44¡ l+js 5L, 5Zu 5s h9, &)u

no complete ana\rsiE of these l¡tricate probl.ems has as yet been uade"

Meanwhlle to define the phenøena wtrich require etçlanatim, data

eollectÍng has been inltlated, Thermo{ynaruie properties of the electro\Ées,

partlcularþ the presunabþ nost sÍnFle 1-1 t¡rpe began to be tabr¡latEd.

I{ydrogen chloråde has been investigated i-n equeous, nonaqueous, and Ín

aqr¡eous-llon¿queous solvent r¿Í:rbures to the l:i¡it of solubifity (23), How-

ever, tqrdrogen bræide has receíved less attenüion¡ æd then onþ i¡ ar¡
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aqueor¡s ne¿tum"

The great chqical sl¡nilarity between hydrogen chloride and hydrogen

broníde suggests that the coqlarison of the thermnodyna,nic properbies of

thls pair would be ínteresting, since presunably we wor¡l-d be deali.¡ltg wifh

specf.fic rather than etructural differences. A reliable sef of data for two

chemlcally sinilar electroJ¡Èes does not yet e¡d.st" It has therefore been

felt that fi.¡rther studies of aqueous lqdrogen bromide would be valr¡¿ble.

Bates and Kirsehnan (3), measured the vapor pressure of hydrobræic

acld fron ó to 11 nol¿l aL 2508" and determined the approÉmate free en€rgr

of fomation of lqrdrogen brøide at varlor¡s concentratíong" tflth the ceIL,

pþu Hz (l atn"); ttþ (n)¡ Agtsr (s); Ae, f,ivingston (33), for¡rd the mean

activlty of hydrogen bron{de in 0.OS to L'50 nolal solutions at, 25oC"

FinaJJy, Harned, Keston, and Donelson (22), erpLo¡ni.ng the same technique,

calculated the actíri:lüy coefflcienù, the relative partÍal mol¿l heaü eontent,

a¡rd the heat capacity of hydrogen bro¡rtde Ín O.0Ol- to I noLal from 0 to

60oC'

Recentþ, the data for the concentrated regions of aqueous tqrd.ro-

ch.loric acÍd (1), frm Ínèlrect potentlonetnic work, have been found to

agree renarkabþ r'¡eLL vrith those obtaj¡¡ed from a reLLable buü }inlted

caLori¡meùric method (Iþ). Si¡ce then, the latter technique has also been

applíed to coneentrated aqueous hydrobr.mi.c acid.

Thue, with the posslble confi¡ndng data alrea{y presenf, and ¡*ith the

assuranee of the feasibllity of the more versatiLe electrmotive foree

method, this research uas r¡ndertaken to deternLne the thernodynanì.es of

trydrogen brcudde ln water beyond L nsl¿l by poÈentiøetry"
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I4" THEOBETIçAÎ, AATD EXPERIMENTAL CCüüSIDERATIoIüS

I]n order ¿s qgilJze the electromotive force teclmique effectivoþ,
cerÔain theoretlcaL and erqgerfnental procedr:ree must be folloroed.

Au Themodynanic Calcul,atione

The ceLL to be studied is gfven by

Ë, %b)¡ HBr(n)¡ Aetsr(e); Ae (t)
with a presrmed reactf.on

å E(n) I tesr(s) € Ag / rqr(n), (z)

and aü one atmosphere ls

E=Eo-af ln a_.F- frlugu: =to-#*n
:S lmln?ó0¡¿ 2F F - pt*, (/+)

e¡here m is the concentraüloar of þdrogen bræide l¡ moles per 166O Srans qf

urater, Eo the standartù nol¿l elecürode potenùfal of the silner; ellver
brontde electrode, E the gas constant, T the absolute temperat¡re, F the

Feraday constant, t¡y', .gr- the actívity of the Íons lndicated, p the

barmetrLc pressure¡ aÍrd po, the vapor pressure of hydrobrmtc acid,

The eLeetnmotfve foree at o¡re atmoephere can then be used to calcul¿te

the themodynenric fi¡¡ctions.

so that €,nofo at partí¡I pressure p ís

E-*Eo-RTl¡a 4e¡, F-'- H '+ Br-
pã'

ß)
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f." Gbee¡:r¡ed ActivÍty €oefflcLent Of Í{ydrogen Þmide T¡¡ Ï&.ter

T,ettirrg

k a 2"3026 ffi" and how:Í¡ag tbat, a* / urr- * *f ,--T* a' Br-

and a¿ *Y/^nrv

where a 7 is ühe mean fonie acÈiuity of the hyctrogen bronide, v¡e seef
from eqrration (l*) that the mea¡r ionic molal activity coettícíæú, { I
is given by

2u calcul¿ted Activity coefficient of ffJ¡drogen tsronide rn lfaüer

1o obtain the actívíüy coefflci.ents at even concentrations

the eqrratÍ.on given by Ãkerlöf and feare (1), nanely;

Los{t a -ulÃ- ftu##*ñf^4,
t" -/n

lrhere u is a ualversal constant, E, t, Ð, and E are øpirlcal constants,

can then be eryJ.oyed"

3" Eelatíve Partial Molar Free &rerry of llydrogæ Bnonide ra water

l1uis fr¡nction is gÍven by

@

re*Få sZml¡ ,!'l^

hlhere F, ts the parÈial nolal free enerry of trydrogen bræide ar¡d.

fi Ís the standard parbial nolaL free enerry of hyrdrogen bronide"

Log.,!,=-logn-låg},-rT $)

(6)

ft)



-6,-

B, SÍlver; Silver Bronide Elecürodes

So far, eleetrodes constmcted i¡r four dlfferent ways have been

enployed nith aqueous hydrobro¡uic aeid andr/or brcmide solutíonsu

1, liÊeratu¡.e

(a) " ElectroJ¡¡tic-Therrnal-Electro\rtic EleeÈrode

This electrode is uå.de b¡r successJ.veþ, electropJating silver on a

pS.atinun helix, deposlti¡rg on it porous, ¡sl¿ìlis silver by de-

composing sllver o¡rdde paste b¡r heat, and finalþ anoðizíng the

electrode Ín aqueous brmide soLution to fo¡rl a sÏLver brcmlde

coatfng"

Ilarned and James (2L), and Jor,les and Baeckstrün Qüu used ttris

kind of electrode. The l¿tter obtaj¡red electrodes that agreed

wåthi.n a few hrmdredths of a millivolÈ"

(U), ffrennaL*Electrol¡rbic Electrode

Ttrts eLeetrode is fashioned as above, ¡¿lth the silver plating beiqg

onltted,

Both Eamed and He.Ber (2o), and Ha¡ned, Keston¡ snd Donereon (zz)o

eqpJ.oyed this ü¡pe, î,'itb the fo¡mer obtaini¡g a precision of

/O"OB r¡illivold,"

(e). Electro\rtfe-ElectroJ¡rbic Electrode

Thíe eLeeÈrode is constnleted as in (a) r¡¡rlth the deposition of

porous silver being Left out.
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l"e¡ris and Storch (22), obtalned ên average der¡:iation frsn the mean

of lees thar¡ 0'1 ui1lívolt," Jahn (z|)ralso eryJ"oyeê this type of

electrode"

(¿). Themal Electrode

This electrode ís prepared by heaùing a I;$ by weight paste mi:rture

of silver br"c¡neüe and of slfver oxide, respectively on a platfntm

spiral at 65o00.

Keston (29), Hanred, Kesùon, and Donelson (22), tfanaed and ÐoneLson

(fg), acld &r€n a¡rd Foerjs1 ß7'), all utllÍzed thi.s type of eLecürodeo

Tkre fírsù trso obtaj¡red reproduclbllitÍes of /0"05 ar¡d /0,I n{l'livoJ.t,,

respeetiveþ" Tl¡e lasü usÍng celLs contaÍning borax and potassÍrm

bromide obtained agreement within O,L ntl}lvolt.
Keston (291*"ntioned that he used, thÍs kLr¡d of electrode because

of the speed and ease of preparation, relative l¡sensiÈiveneEs to

light (tÐ, and, much lower solubÍlity ln aqueous hydrobronic acid

(48), decreaslng possib3.e Jrmction potenüiaI. Ow€n and Foering (g?),

eoncluded that light, Íf diffuse, had no appreciabLe effect on the

thers¿]. electrode"

Itrarned, Keston, and Doaelson (22), found agreement betæen the

thennal and ühe therual-e],ecüroJyblc elecürode of from 0"L to 0o5

¡niJllvolt, whi.le i{amed and Ðo¡rolson (1f}), got concordar¡ce wtthin

0.01¡ mlllìvo1tu

Greater solubllÍty of silver bronÍde l¡ increaslng eoncentrratíon

of hydr"ogm brsnide Ín rater (13), agreement bet¡reen ühe thermaL
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and the the¡s¿l-electroJ¡rbie electrode, and the advantages found by

Keston (Zg), prqted ùhe erylo¡æent of the f,o¡mer in this work"

2" @eninmtal"

{a). Silver ffi.de Preparation

A earbonate free, dÍIute solution of reagenÈ sodir¡n trydroxide was

added to a hot solution of reagent sllver nitrate. Ttre bror¡n

precipltate roras i¡rashed by decantatÍon 21 tLnes sith fresh, è5.süilled

lrater, once ln conduc'Þivity rater, r¡ras filtered. through sl¡tered-

glass cnrcibles and dried l¡¡ a vacuum desslcator in the dark"

(U), SÍJver Bronate preparation

Sllver bronate was foraed by adòing sJ.ow1y a cold, dtlute solutùon

of potassitm bromate to that of silver nitrate, reagent grades being

usedo The v¡hite preeipftate, r'oasbed slx tf.mes by decantatíæ with

cold, fresh, distìLted water, recrystallized from hot, f,resh,

ùi.stllLed r,rrater, colleeted in a sÍntE¡s{-gl-a.ss c¡rrcible, r*ashed tnice

with cold, conductivity water, ¡¡as flnall¡r drled in a dessicator ln
the darko

Boüh oxide and bronate of sÍlver Hene prepared in two batches at a
six month i¡tergal fron chenicals of different nakers.

(e), F"Leeùrode PreparatÍon

B" & S. gauge 2l¡ platinr.m wire, wor¡nd lnto a helix J nm" l¡ outsíde

dianeter and having 3 or 4 turns, rt'as fused jnto soft-glass tubing,
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Tl¡en silver brcmate a¡rd silver oxide Ín the ratio of I to 9 btr

weight Ì{ere grou¡xd and mixed thorough\r jn an agate mortaru

moistened with distll-Led water and allov¡ed to cover the hellx

completeþ but nelativeþ ltghtJy, so that a dhite, porous coating

resr¡-Lted after treatjng for I ni¡rutes at 6|løoe,

C" Stdrogen Electrodes

f-u Slectrode Proper

(a)" LiteraÈr¡re

the prfmary ræquire¡nents of the tgrdrogen electrode is that there must

be a euitable surface on ¡¡hich molecular and, ionic h¡rdrogen dlssolved

fn a l1çrid meèfum, nay come into equÍlf.brj.rm. (1.5).

To aceonplish ùhis usualJ¡r a noble metal such as platÍnrm, gold, or
parladi.tm is prai;ed $rith inidilm, pallaèltul, or platinnm black and

iñ¡msrss¿ Ín the hydrogen saturated sorution" srale (46), ano

ffillsnore (fi), for¡nd that the choÍee of the noble metal, if i¡aert,

and the size u:ithin l¿ide Umits had no effect on íts functioa. I{iùh

respect to the coating, inidir¡n black ¡ras reconrnended by Lewis,

BrÍghton, and Sebastían (31), palJaètrm bl¿ck by Clark and Iube (9),

and platinrm bl¿ck by Andrens (2) " The last for¡nd that parlacLhm

black ¡¡as rnreliable" Harned (]-?), and prideaux (3ge A0), preferred,

the right coating of the trblackF¡ r.¡trile Eltis (u), and RLackadder

(ó), employed hearg p1atingu As mentioned by Eamrett (16)s current

densíty in electroplatÍng was of ¡uinor Íryortance. The purity of the
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coûmercíal ctrloroplatinic acid ¡¡as sufficLent, as evidenced by íts
wide use" rastþ, as dæ,onstrated by liirls ar¡d rvee (zl+), tne

concentratiøa of the dissolved bydrogen is the potential. deterninant,

rather tban the partial pr€ssure in the gas phase" Thus, partial or

totar Írmersion of the electrode is of no conSee[êrlcêo

Becentþ, ELLLs a¡rd rvee (zÐ, brought out a novel eatdyat, electrode

and verifíed the reproduelbiJ.ity of the fo1l type of electrode Èo

ldifhfn 0.01 nilll.volt"

The consideraöíon of the nrmerous reports on the h¡rdrogen electrod,e

l¡dlcates clearþ that the pJ-atiatm bLack on pLatinrm foil electrode

was the most satisfactorSr, ar¡d û¡as thus adopted in Èhis ioo¡&ø

(U). Þçerimentat

Platinm foiJ 10 x 15 x 0.02 mu rras welded üo a B. & s. gþuge zt+

platinum wÍre and seared into a soft-glass tubing (Ë) " .after

thorough cleaaing w:ith chromic acid. and tben þrfth 5Ø aqrra regia, Ít
was electrolized ae a eathode ín $ cttLoroplati¡¡ic acÍd solutÍon for
eight nl-nutes at about J0 nan @-2n The resulting erectrod.e was

washed repeatedþ and stored in disùifled. ¡rate¡rs

2o Igdrogen Gas

{a). triterature

To keep Èhe lfqrrtd meùium saturated ruith bydrogen gage it is
eustomary to bubbLe the gas contlnuousþ through it. Fooever, an¡r

substance or sr¡bstaDces presenù in the gas nrhieh wiLL Lafluence the
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syste& must first be renoved, Thus MacÏ¡nes a"nd Cørçer"bhuraíte (3ilþ

fomd potentíal varfatÍons of the þdrogen electrodes from 5 to 50

nilllvolts usfug r.mpr:nified, eømercial ta¡¡k h¡rdrogen. Ttrey renedì-ed

ttr-is by passing the gas over reduced ccpper od.de, heated. aþ 65o to

?00oC" to re,move the l¿st traees of orçrgen" toonis and Acree (gtù,

ryloyed paltsdini.zed asbestos kept at lp0oCo for the salne purÏloseø

Other substances, euch as carbon dioxide, which a¡'e redueed by the

hydrogen eLectrode nust also be e'linl¡atedo

(b), Þçerfmental

Electr"oJytlc ta¡¡k þdrogen (gg"m Hr) was passed. through AsearÍte

and nagnesiun perctrlorate to renove carùon dioxlde, a¡¡d then over

pau.ad:¡'aized asbeEtos (50), heated to about 2zooc"s and fjnalþ
ùhrough a tra¡r" Most conr¡ections ¡cere of glass to gtass, but r+trere

this was not pracùical Èhiek nrbber pressure tubing, preriousþ

treated rtiÈh bo{lf¡g sodite þdroxide salutfon to remove sulfur, r*as

eryLoyedø

3" Press¡¡re

Sjnce the solubllity of ùhe trydrogen gas, and thus the potentlal of
fhe hydrogen eleetrode nary trith the pressuree it has becwp sÊandåtd

preetice to caLcr¡late electromotLve force at a tqrdrogen partial
pressure of wre ataaosphere. For this purpose, the atmospherie

itressure readfngs røere takea w:ith a nercr:¡Íal barweter at the same

Level as the ce]-[, and the h¡'drostaùic pressure effect was calculated.
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accolding to EiIIe ar¡d [ves (Zl+). The vapor preest¡.res of the

Eolutfons nere caleuLated from the preli-nninary aetivities of hydrogen

bronide by means of the Cåbbs-Duhem eqtratfonø

Ð" Eydrobmic Aeid

f., Pr¡rtficatf.oa

PossibLe signlficant iryuritLes found in comercíal. @robrorn{ c acLd

are EgL, tffe a,nd Brr" Previous workers (29, zz, 20), have reso¡"bed

to distÍll-ation to purify the acid" Houever, Owen and Cooke (101t

have forrrd that purd.ficatíon was ur¡n€cessaïT', at least to prepare

dilute solutions, and that o:rygen and light had no effect" Neverthe-

less deall¡g hrith concøtrated solutions disÈl-ILation vras used as a

precautiorar1r ¡neasune and dllutlon was aeecmplished v¡iùh conduetivity

watero Ttrus, reagenü 4ÉÉ trydrobrmie acÍd was dÍstÍ-Lled tt¡:ice in a¡¡

Árr -p¡o=* stiII, constarrt-boillng fractlons belng eolLeeted'

Conduetiviùy water with a speeifie conductance of 1.0 x 1O-6 mho

was obtained by dfsft,illing al.kalÍne permanganate soluüi@ l¡r a

Pyrex stÍ"lL"

2. Deo4rgenatier

Str¡ce boüh elecÈrodes are sensitive to olqrgen (29) o the trydrobræie

aeid solutions had to be deo:ryger¡ated" [.r*o mosÈ rrideþ used,

procedures are boiling and passing througb an l¡re¡t gas, such as

nitrogen or hydrogen" tr{armed, Keston, and Ðoneløon (ZZ)o bsÍl"ed

trydrobrcaolc aeld. rrl¡ vacuon a¡rd satu.rated it wiÈh hyarogen, añiJ.e
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¡Þ.nned and Ðonelson (1-8), nereþ boiled it rrnder vê.ctlultrs For thfe

ïdork, the requÍred eoncentration of hydrobromic acid r',as boiled

for three hor¡rs rmder reduced pressureo Then trydrogen Þras bubbled

thror:gh for one to tuo hours to satìrrate the solution and fo renove

any o¡Srgen stiJl presenf.

Anal¡rsis.

Iþdrogen brmide was analyzed gravimetrlcally as sllver bronide

{3O), with a¡r estLmated accnracy of '{A"U3lt" WeighÈs used were

calíbrated agafnst a eÍ.milar set, wttich have been ccnryared by the

nsba¡rdards DÍvisionn of the Deparbnent of Trade and Corrmerce,

Canada agaÍnst, thei¡ workÍng standard,s seü nCt ? nonühs previousl¡r.

À1I the weighings !ù€re va,cutm corrected ar¡d ùhe Intenaational

Stand¿rd Electrode PoùentLal

Sir¡ce the introduction of the Debye-iIückel theory (1O), t¡uo nain

procedrrres have been adopted to carry out the e:cürapolation re-

çired Í¡ standard electrode potential deterni¡¡ation" ?hese are

the methods of tliüchcock (25) z wtrich eqghasfzes the electromoùíve

force neasurene¡¡ts taken at medir.m concentrations and of Brorør and

tr{aclnnes (?}, v¡t¡ich relies on dete¡mlr¡atlons nade in dilute regions.

The fonaer $ras led to hls chol.ce because as EandaIL and lorng (41),

polnted out, due to the solubÍl-ity of the ce1l gJass, Èhe then

oristent data 1n the dilute area uere probabþ erron€oüso To

acconpllsh this, he added an emplrical tem to the simpl.est Ðebye-

Ilückel equation and e:ctended its valÍdíty to 0.1 molal, and perfonned

the e:rbra¡lolation lrith íts aid.

E"
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!4athmaticallÍ, substitutine i¡ eqrratlon (5) 1.he appropnlate

nr¡nerieal values for the constants at, 2|.o1.

ls obtalned,

(constants employed ín this v¡ork are those reco¡nmended. by Dunond

a¡rd Cohen (1I) " Ice pof-nt r,,ras taken aE 2?3,1,6oK" and the

diereetrfc consta.nts of r+ater lrere those of Ïf¡rnan and rngarls

$5),) TakÍng the Dlitchcock modification of ühe Ðebye-HüekeJ.

linlting eqrration as

1ogü É* -A-,"/î { ø

(6)

Q)

(8)

where A is a theoretLcar constar¡t eqr:al to o,5t9z for v¡ater at
25oc"s ar¡d c is the prev:iousþ mentioned empiricar constant, and.

substltuting for toe { / Ín eqr¡ation (l) y:ields

E I o"tl83t rog * - o"o; hl,/î= Eo - o.1183t ûtr"

lhe left-lu¡rd side of this e4greEsion shouLd thus be a linear
fi:nction of n and erctrapolated to m e 0 shorrld. give Eo, the

star¡dard electrode potentialn

sinee then Harned and t¡.lers (19), lfarned, Keston, a¡¡d Ðonelson

(221t äa¡ned and Hamer (zo), and others have employed. ttrls nethod,

for f determi¡atíons because of the rel"ative unreriabiJ.fty of

èhe eilver; sÍlver chlorlde a¡rd the síIver; silver bronide

electrodes in very dilute solutionso
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&r the sthen hande the second nethod utilized the fr¡LL Ðebye-

Hüekel e:pression for the extrapolationn

Tatùrg the Deþe-Hückel eqrration as

heY# s (e)

L / aoB -;,rñ

where A ar¡d B are theoretLcaL coneta¡rts, and. ao is a constan&

usualr¡r interpreted es the nea¡r distance of the closest approach

of the ionso end Eubstituting fn equation (6) aL 2jo1" givee

E / O.IL83I log a - 0"0602I+ -rÆil ê

P * (g / o.Llg3l tog n - Eo)aoB -.ñ 
"

(ro¡

Hence, pJ.otting the Left-hand. sÍde agaiast (U / O"11g3]. Iog m

- E€) -.rÑ, should resr¡lt in a strafuht ]f¡e gj.vfng Eo at m 3 Or

noting that sueceseíve appro:d-nations must be carried out ¡mith the

prelim{nary Eo values,

Bro|¡n and MaeTnnes coryared the tr+o nethods with the co:rcentratLon

cerl fnvolving sodirm chloride al z5oc" (T)" lhey nentioned thet

rsith the llftchcoek method the line showed rr a distÍnct cr¡¡'nature

èhroughout ite whole Length, nakfng a¡r accurate extraporation

lmposslble"n Huthermore, they found that the rNf\¡lln equatíon gave

actfvlty coeffícients l¡r excellent agreemenü r,¡Íth those obserwed 1¡p

to O.O4 or Oo05 moLal.

sï.nce tben, IILLLs and ïves (zt+), ln thelr accurate work at z¿5og"

also compared the tr,¡o methods in the case of the hydrogen-calmel

ceLL, a¡¡d reached the sane conclusíon as Brorme and MacÏ¡nnes, lhey
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deËe¡mineA g%e; W1ZS\ (s) wåthin {0"øL rnilltvolt by the second

proeedure" they alss formd tt¡at the ion-exchar¡ge effect between

p¡æex a^nd 0,005 N, or even 0.ool F aqueous hydrochloric aeld was

slight. Itfíth aqueous hydrobrcnte acíd, Keston (29)t formd ühat

both P¡rrex agd q¡arùz ce1-ls at 25o t. contajning even 0.0004 noLal

of the aeid gave concord¿nt results, 1nôlcating ilappreciable

solvation of glass for aü Least 5 ot 6 hours'

l{ith respeet to the concentration range of the acid fron which

xtrapolation is to be nade, 1{l-L1,s a¡rd Ives (2ü t have pointed

out that lineariüy Í.r¡ the e:<brapolati.:rg firnctLon vras obtajned

f,ræ about 0"02 molal of the tgnùrochloríc acidn This was aLso

the eaee witb Xfamed a¡rd Ehlerst Aata (19)" therefore, for a

sLnilar eystem at least, j-t see¡ns that the data in verSr dtlute

solutions &,here eLeetrodes may behave rnreliabþ are not re-

qu.lred, If this is the case the second proeedure sboqld be

favored"

To eheck tbe rraüdity of the argtments, ilarned and Donelsoneg

data (1S), regarrled. as the most reliable for hydrogen bronide,

was exbrapolated by both nethods at six dlfferenÈ temperatures"

Fígure I i¡-luetrates the resu1ts obtai¡aed at, 25oû" Ionic

süreneÈh7tl is eryIoyed since both hyràrogen and lithir.m brcmides

having si.miJ¿r actlvÍties in dilute solutions were involvedu

ûr¡se B $flth the absej.ssa scale on the top is a result of the

first nethod and shows a distl¡ect curvature before the exbra-

polatÍon lras atteryted, Ifamed and Donelson eryloyed ùhls
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procedrtre" &1 the obher haåd, enploping the second method, curse

A gave a strictly Ënear plot aloag Èhe l¿st three poJ-ats. Eo

obtaÍ¡ed uríth a }[ne along the four po5:rts uìas onþ 0'02 mi'llivolt,

lower, although beyond. the valldity of the fr¡IL Debye-Hückel

eqna.tiono SLntlar resr¡lts were obtained at five oùher

teryeratures with the extrapol¿tÍons reproducible to rdlthia

/O.OL nillivolt, w?rich ie considerabþ better than 10.0J nrillìvo1t

attained by l{anoed and EhLere (19)r by the first procedwe.

The corrected data are given in Teble I and were enplo¡red wfiere

required i¡ aLL subsequent calculations"

Erber (13), has shown thet silver brouide beeomes ilcreasingþ

soLubLe Ín rising eoncentrations of aqueous hydrobronic acld,

more so tha¡'r silver chlorÍde ín trydrochl-orfc acíd (14) " IB

adèition, ñkerlöf ar¡d Teare (l), bave formd that the sllver loa

was then able to plate out on the hydrogen eleeùrodeo causing it

to behave ver¡r erraticalJ¡r" lt¡erefore, a long path between the

electrodee with a stopcock beLotr ùhe silver; sÍ.lver bronide

electrode coryartment opened momentarily during the reaùi¡gs, ln,s

provided. f\rrbher, to ¡lrevent the eonplete solutíon of the

silver bronide, the ttbronlden conparbnent r+as nade small"
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It ie necessary to equflibrate the ÍneomÍng hyilrogen gas with the

EoLuiion being studied, before adniüting ft to the cel-l nain, to

preve,nt a concentr"ation change of the acj-d arormd the l¡rdrogen

electrodes, A bubbLe tube with.a coarse slntered-glads base was

eryLoyed" Since both electrodes are o)rygen sensitive, the cell had

to be f1lJ.ed with the acid in corylete ebsence of o:rygen, For thíe,

the design and the nethod of ttemer a¡rd Acree (15), r.rere followedo

FfuaJJy, to mlnlraÍze the contami¡atíon of the acid, $rrex r¿as used

i¡ the eonetructlm of the cellu Thus, the final ceLL becane a
f.t

hybrid of those of Al<er16f ar¡d Teare (1), and llamer and Acree (L5)r

r¡rith additional nodlfÍcationg" It Ís íllustrated l¡ Plate 1 !üith

the eLlver; silver brr*nide eleeôrode eompartment at the lefb, thaË

of ühe lgrdrogen in the center, a^nd the bubble tube at the ri.ghün

Rubber stoppers r,¡ere found to be visibly unaffected by innereion l¡r

48É fU¡aroUronlc acid for a ¡ceek" Therefore, they være enployed to

hold ùhe electrodeso

I:r operatLon, afber the rubber stoppers (each holdÍng either three

eÍ.lver; síIver bronide or tv¡o Srogen eLectrodee) were posited,

the nacurm line was eonnected. to the cørtraL, vertieal üubing, the

tqrdrogen supply to the tubing with the stopcock on the top, and

the acÍd source to the ground-glass stopper on the right, then the

drgr ceJI uras tested for vacuum-tightness and vüas smeared wlüh

slJ.:Leone g"ease t6r m{n{mlze possible eLectrical leakage fron the
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r¡ater*filled thernostat (21+), ![exLo o]rygen was flushed out by

euccessive evacratÍon and paasage of hydrogen l¡to the ceLL, lbie

havJrrg been carrLed out for¡r tlmes, wÍth the finaL evacuation the

acid was allowed to fr:|l the ceIL conpleteJy for washfu¡g, æd

after twenty nlnutes tras prryed out, The ceIL was agaÍn fiJ.led

with the solutlon and r¿as retumed to atrnospheric pressure by the

passage of hydrogen through the bubbler. Then the hydrogen fLow

was adJusted to about one bubble a seeond (24), leüting ft escape

through the U-shaped tfap, Fj$411y, the eeLL was Í.mersed f-rito the

bath a¡rd tgnûrogen flow lnitíated afber allowir¡g twenty ninutes for

therraL equitibratÍon. It was allor'red to attaÍn equlllbrium over-

nfght or longer, ild wae kept ín very diffuse lLght throughout the

rlr¡o PotentÍal read5ngs eonstant f,or about an hour r+ere taken as

the equillbrirm value a¡rd were thorrght to be eufficient,, since

measurements could be taken dorm to the microvolt region" Enmofosu

were measured at 20, 25, and 30oC", ffid again at 20ot. to tes:t the

eatqrator and the nagÍngü (h7), of the silver¡ sllver bro¡nide

eLectrodes.

G. Theruosùaü

Sf¡ce both Ha.ner and Acree (15)r and HiLLs and Ïves (e4), frave

found that v¡ater-filled bath r'ras unobjectionable for thÍ.s type of

rarcrk, dístilLed ¡¡ater was euployed as a ühe:moetating neditm. It

was kept at ùhe requi.red temperatrrre, with a tena¡rerature varl-atlon

rrithin /O,OO5oC" r,rtth a varlable, copper-plated steeL, mercurT¡ thermo-
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regulator as shovrn in Fígure 2o aetual size except for the bore

of the capillaly" The design wä.s sjmilar to those of Haner and

Acree (15)r r',rith one exception, steel being employed instead of

g1ass" The advantages Ï¡ere j-ts relatively ouick response and

ruggedness" In the diagram, A denotes fibre, B the Teflon gaskets,

C a glass capilla.ry 0.0! cm" i¡¡ diameter, and fi-nally D a ground-

steel Joint. The rtbodytr ís 27 cmo long. In use, when the re-

guired temperature Ïiras reached t,he floating joinÈ was locked and

the steel need.l-e adjusted accordingly"

The temperature of the bath r¡,¡as set with type 8160 rrcalori¡neüricrt

platinum resistance thermometer constructed and calibrated by the

Leeds and Northrup Company, and checked to w'ithin O"O1oC. by

comparison with M5A platinum resistanee thermometer, calibrated by

the Physics Divisj-on of the National Research Council of Canada"

A Mueller bridge nade by the Rubicon Company, wa,s ühermostated at

28oC" and'was calibrated in terrns of a standard resistor certified

by the Rubicon Company,

Electromotive Force

A Rubicon flpe B High Precision Potentiometer ca.librated internally

was employed" In conJuncti-on with this, a Leeds and Northrup Ïfpe

E galvanomeüer r¡rith a 0.5 ralcrovolt per scale division sensitivity

was used. An Eppley standard celI of the unsaturated type,

calibrated by the Epp1ey Laboratory Inc", and checked against

another was employed. All eouipment where necessaly, 'hlas morrnted
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on an rreqrripotential srlrfacer! of elunfu¡rm foat (5¿+) u Conneetions

beÈsreen the eleeürodes and the potentfometer were made by mea^ns

of sllielded, weLL Ínsulated, hígh volËage cables and mercur¡r

sryitches "

The entÍre setup 1s lAlustrated l¡r Plate 2"



GENERAL SETUP PLATE 2

I

lr
N)r



IÏÏ9 Ð(PERIMMIIAT AS$'Í'TS AIüD THEIR TREAßImIS



_27_

TT1. EXPNRT}MüTAT, RESITTTS AND TI{ETR ?NEAM,E8ür

It r,tas generally fou¡rd that the hydrogen eleetrodes gave more con-

eordant readÍngs r.rhen corryleteþu rather than partially isrersed in the 
.

solutlon" Possible seepage of orygen through a short lengÈh of pressure-

rnrbber tubing could not be detected by the hydrogen electrodes" Usr¡aL

reproducíbilÍty of the þdrogen eleetrodes was rrithin O.0l+ mlll.ivolÉ.

The silver; siLver bronide electrodes generalþ agreed r^rithiJl 0"06

to 0.07 ¡nilltvolt and never turned dark, although as a test, used electrodes

were elqlosed to tlght for over a monthu No s¡rstenatic potential dffferences

of the silver¡ siJ.ver bromlde eleetrodes prepared from the two batches of

chentcals were found,

Thus, the overal-l agtreement of the electrodes was abouù 0"1 ¡niIlivolt.

As mentioned by Livingston (33), at and above one molal, equÍIibrirm

rn¡as noü usualþ establtshed overnight, the potenù1al drifted, the rate being

greaüer at hfgher concentrations but fal-ling off i¡: approachÍng the eqr.lilÍ-

briun value. The direction of the drifts n¡as such that the readi¡rgs alrra¡rs

Íncreased although ühe poJ.aríty changed at about three molal. Mearrwhf.le,

¿¡e ]ìke electrodes shoÌ{ed good to fair agreennenü, the difference either

renaining constant or showjng a slJ-ghü drift. In one rr¡n at four mola1 the

potential kept rising for, at least, three days" In attenpts to renedy this

sÍtuati.on the erperi.mental technlque ¡uas varíed and Í.nproved where possible

but to no avail" Ir aLL probability the sílver; silver bronide electrode is
unusable i¡l solutions of this Íonic sürength" Pearce a¡¡d l{arb ße1, working

on þdrÍodic acid w:lth silver; silver io*lde electrode also eqperienced a

si¡ni]¿¡' Bhenomenono
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Therefore equilibrltm potenùial readings above three nolal corrld not

be obtai¡red, Thus, it was thoughÈ that the corçaríson of the thersrod¡marnle

properties of hydrogen chloride and lqnilrogen bronaide with the neager data

rvas ouü of pJ.ace and was not made"

A" torrected Potential

The average values of ùhe electromotive forces of four possible

silver; silver bromide ar¡d the lgrdrogen electrode conrbÍnatíons,

(ftro of the three sÍIver; sjLver bronide electrodes whích gave

better agreement were empl.oyed") corrected to one at¡nosphere by

means of equatÍon (4) a¡rd of FI1l1s and fvess ttsupersaturation

factortt, are given l¡r Table II.

Eu T.ogarithm Of The Obsen¡ed Activíüy Coefficient

With the aid of equation (5) tt¡e logarithms of the actÍviùy

coefficients were calculated and are given in Tab1e IIL

C. 0alculated Actlvity CoeffÍ.cienÈ

To obtai¡ the aetivity coefficÍents at even concerntraùions equatÍon

(6) ruas emFloyed, since the famiäar FÍückel equation was i¡rad.equate"

Practicall.y, aù each temperature, for¡r si.nultaneous equations were

set up at O"I€?lL, 0,9703, 2.OO9, ætd 2.977 mol¿I to obtal¡ the

il.@erical values of the constants glven i¡ Table rV, Then, to check

the eonsisteney of the data and the faithful¡ess of the eqr:ation,

the observed ar¡d the calculated logarithms of the activiÈy coefficients
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were coryared as shown in Tab1e III FfuaJJy, the acülvíty

coefficients Ìùere ealcuLated at even concentrations and were

coryared agaÍnst the reealculated values of Harned, Keston, and

Ðonelson (22J o as g"iven in Table V.

Ð" RelatÍve ParÈÍal Molal Free Brerry

Fext, usÍng equation (71 tlne reLatíve parbial mol¿l free energies

of hydrogen bronide at varlous eoncentratíons were calcì¡Lated a¡rd

are gíven 1n Table lJ.
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TÁEI,E I

Standård Molal &Leetrode PotentleLe Ilû Abs, Volt
(Oata from Harned and Donelson (lS))

Te4peratqre l¡ oC.
1 20

o.o?óLL o"o73go o,oz]';5o 0,06g9l. a"o6323 o,o5&,

TAST,E II

Average PotentiaLs I¡r Abs. Volt Of The CeIl

pt, E2 (1 atua" ) ; HBr(n) ;AeBr(s ) ; Ae

tration ture i¡
ln nola1 2

o"h87a

o.9703

2"W

2.Or7

2.932

2.977

0,12150

o.os176

o"o2g3g

o.o2gg4

-0"00ó58

-0.00929

o"t20L6

o"o7g83

o,02676

o.o262J

-o.oag5g

-0,0L123

0"11869

o.ov778

o"o23gg

o"o23t8

-4"oJ272

_o,oL43o



-31-

IABT,E IÏT

tmparíson Of The Observed. Ánd The GaLcrrlated logarithns

Of The Actiuity toefficients Of ffirogen Brrsaide I¡ lfater

Coneentration
Ín

o"l$71

o"9703

2,OAg

2"OL7

2"932

2,977

-o.og6g

-O"O5l+5

Q"0796

0.e826

o"2247

o"2327

-o.0ggg

-o"a5n

a-0752

o.o7gr-

o.2L82

o"2255

Obg "

:0,1013

-o,0606

o"0705

o,a735

o"2114

0"2191

0"0808

4"2258

o,a763

0.2187

o"a7L7

o,2lL5

teryerature i¡ oC"

TABX,E ÏT

tonstantE Of Equatíons (5) Ánd (6)

20 O,Lt632

25 0.11831

3O O.72O2g

o,5046

o"5092

0.5140

o"r7gT3

0"178t8

0.L7730

-o.03g0gg

-o,03928L

*o,039238

o,o20a].2

0,020:LL0

o"020395

-o"to2g36

-o"oo2g7g

-0.003084
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TAEI,E V

toqmríson Of fhe AcÈivity Coefflcients

0f Lþdrogen Þcsnlde ïn Water

leryerature in oC.
ConcentratLon 20 25 30

fn nolal
work & D. work & Ðo srortr & D"

4"5 O"ûOA 0u8æ O"1W 0"796 O.?W O,WL

1.0 0.888 0,995 0"993 0.9?g 0.976 o"ga

2"A r,lg$

3oO L,72h

l"uì5

L"695

L,L73

L"666

TAF$,B W

ReJ.ativg Partial Mol¿I Free

f$ndrogen Bron¡:lde Ï¡r.'nlater I¡r

Ðrergles Gf

Def, Calories

*1065

*lJg

10rÉ

L91J+

-1089 -1114

-r48 -160

LO23 L0?,7

L927 L938

toncentration Teuqrerature in oC"

i¡ nolal 2O 25 3O

CI"5

L.0

2uO

3"O
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Iç" SulPtAtg

A" The data of l{arned and Ðonelson (1Ê), nere reeareulated and

e:rbra¡rolated by ùhe nethod of Þown and I{¿cÏ¡nes (?), to obtain

the i$Froved sta¡rdard noLal eLectrode potentÍa3.s of the silver; i :

silver brontde electrode at, LJ, ZOs 2js 3,}u hO, and 50ogn

B" ?he potential measurenents of the ceLL

rt; Er(e) ;HBr(n) ;AgÞ"(s ) ;Ae

at,20, 2j, arrd 30sC" from 0u5 to 3 nolal, have been ædeu l

C' The correeüed eleeùromotive force data were eryloyed to calcrrlate

fhe J.ogaritlms of the activity coefficÍeats of @rogen bronÍ.de

in ¡¡ateru Then, with the aid of the equaticr

:.:uell s -u16- #tu{#*w3twb
L {'tÆ

acüitrity coefficÍerrts of hydrogen brontde at rorrnd concentrations

were conputed and were compared agafnst the recalculated valueE

of Harned, Kesüm, ar¡d Donelson (ee)"

Ð" Fron the J.oganithms of the aetivity eoefflci.ents the rel¿tive
prüÍar nol¿L free energÍes of hydrogen bromid,e in r{rater .hrere

cal-culated"
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