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Tffi ORF:TÏCAL IT{TBOÐUCTTON

Au The Theory of EJ.ecüroJ-ytle Sol.utlons

A very great a^nor¡nü of experlneaüa1 regeanch a¡d.

theoretlesl lnvestlgatlon b,as þeen expend.ed. on tbe

laürlgulng problen of the coniluotance of aqu.eous solutloas
of electrolytes.

The eanly theory, êue to Arrhealus, regard.ed. elecüno-

Iyües ln soLrltlon as d.lssoclateil ln part lnto nutualr¡r
lnd.epend.ent lons whlch exlsüed. la equlribrlr¡n wlth
r¡nd.lssoelaüed. norecuresn ae appLled to weak electnolytes,
thls theory renalns falnly satlsfaetory üo-d.ay. Arrhenlus
assumed. tbãt d.lssoelatlon lato lons lnereased. wlth d.l1uüloa,

and. he sought to erpress the d.egnee of d.1ssoclatlon by ühe

Kohrrausch relatlon d = Â ln", whleh eonüalne the lnherent
assunptlon ühaü lon velooltles are eon.süanü over a nange of
ooaoenüraülon. [th,st ls, ln the e4presslon

: a [ ** *o- \o \"1 *'.r. /
the ratlo of the lonle velocltleg eü a flnlte conoentratlon
to those at lnflnlte dlLutton ne¡nallrs uachanged.n rhiE
relatlonshlp could. be further subsültuted. lnto ühe Osttralit

Ã̂

n̂ (1)

,JLt-. JLO

Ðllutlon r.,aw, "ft./tl-o()= K , to yleld. an equlltbrtr¡m constant¡
r2
\C

olK= (2)
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lbe above equatlon falIed. utüerly ¡qhen applled. Ëo

sÈrong e].ectrolyteÊ. Nu¡oeroug emplrloal nod.lcaülons of

equatlon (2) $rere proposed.r buË aone of then proveil to be

appllcable over a wld.e ¡¡ngê of conoentratlonn Thls quand.ary

lnüo whlch eleoürolyüte theory had stunbled. lnd.loated. the

need. for a freeh theoretlcal approaoh.

The fanlllar Kohlrauseh nelatlonshlp

A: A. AJã (3)

¡rhere .A ls ühe slope of ühe stralght l-lae, 18 strletly
enplrieal,¡. a^tad. 1s vallcl only for the d.llute range of

coneentratlono Aay theoryr bowever, shouS,i!. supply a

maÈhematloal- erçresslon that wlll- slnpJ.lfy to thls form fsr
the regloq of hlgh d.lluülon.

Ehe theory of Debye and Håokelrl as appJ-lett by
,Onsagerr- yleld.s âra equatlon of ühls forn. llhe basls of the

theory le that strong eleetrolytes ln solutlon are conpletely

i!.1seoolated. lnto lsns. Stud.les la X-ray orystallognaphy

offered. r.mequlvocal er¡.d.orsement to tbls conce¡lt of conpleüe

lsnlzatlon. It was Broposed. that the unlts out of whlch the

crystal Lattlce of a polar compound. le formed. are lons, e¡d.

no enülty exlsts whloh eorrespond.s to the ond.lnary d.eplctlon

of a moleeuLe. Therefore, ltr the act of soluÈlon, ühe

pantleJ-es breaklng awa¡r from ühe crysüaL are !,#,, not

noleoulesn Ilntll- a Large proporü1on of salt bulId.s up ln the
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solutlon, lt ls loglca} to aEsr¡ne that the solute exlets
ag lons; 1n eonsequeaee of ühls assu.mpüloa, strong electro-
3.ytes must be oonpletely d.lssoolated. ln illlute solutlor¡..

Ifenee lf an¡r aeutral partleres of a etrong elecËroryËe are

fo be preeent La oonoentnated. solutlons, they uust be

thoughü of as resurtlag from assoclatlon of lons. rhls vlew

1s d.lanetrlcally opposlte üo ühst ooncernlng weak ereotro-
l-ytes where ühe lons resuLt from d.lesocl.atlon of moreculeso

the esseatlal" postulate of ühe Debye-Hüekel-ûnsager

theory 1s Ëhat every lon nay be eonsld.ered. as belag

surround"ed. by an 1on1o atnosphere of opposlte slgn. As long

as the lonlc atmoephere ls rsËatlonarÍrn lt has spherloaS,

synuetry. llhea the lon ls nad.e to move r¡nd.er the lnf]-uenee

of an externaL erectrlcal fleld¡ the synnetry of the lonlc
afnosphere ls illsturbed., As the lon moves la a glvea

clfu"ectlon, the oharge d.enslty of lte opposlte].y ehanged.

atuosphere becomes greater behlnd. tbe 1olr tlun tn fronüo The

raüe at whlch ühe atnosphene oa the ono sld.e forms and. that
on the other slcle d.les away ls erpnessed. in terms of a

quantLüy caL1ed. the tlme of relaxatloa of the lonlc atmosphere"

The result ls a retard.atlon of the lonle veloolty; ühls
lnfLu,eaoe ls eaLled. the reLaxatloa effect.

rü 1s furüher propoged. that eaoh ion has assoclated.

¡rlth lt certaln of the solvent noleeuJ-esn An applled.

potentlar tend.s to move ühe 1on1e atmosphere ln a d.lrectloa
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opposlte to thaü ln ¡ehlch ühe eentraL lon, wltb lte
assoclated. solvent nolecules, 1s novlngn lhle vlgcous

d.rag oa the movlng lon, a^n add.lt1ona1 reüariÉng faotor, 18

lne.own as the eleetrophoretlc effect.
Fnon a conelöeratton of the above effeoüs and. also

of ühe Brownlan moveneat of the lons, Onsager d.eveloped. the

foLLswlag equatlon:

^lt (¿l)

For tml-unlvalent eleetroLytes ln waten at z5oc. , equatlon
(4) assumes ühe slnpllfled. forn

^ 
= 

^. 
- (o. zz13^" ¡ 5e.18),rc (5)

¡rhlch ls the forn of the enplrlcal. Kohlrauseb. law.

Due to the naühenatleal slnpllflcatlons arìd the

assumptloas nad.e, whloh are really vaL1d. onþ for the d.lruËe

reglon, the onsagor equatloa lE not obeyed. at coneentratlons
nuoh greaten than 0.005 }i. Anoag the several reagotls whloh

renclen ühe thesry rrntenab]-e ln concentrated. selutloas are

the foIlowlng:

laylor expaaslon of ex ls enployecL ln the

tbe potentlaL d.lstrlbutlon funotlons; alt
second. are negleeted. slace Ëhey are qulte

Io¡u eonoenËnaËlonso

d.le]-ectrlc constant ls consld.ereil to rer¡aln

In Bhe

ileveJ.opnent of

terng after the

unlnporËant at

^:^" 
-t ?2,*,,, + g.¿o,..1_=o:

L(u¡¡'t'r" ' IDJ)%

2o The
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u[ cäe"Tröl;-ed,.

3" llhe assumpülon was naile that the slze of the lons

ls negllglbLe wlüh respeot to ühe cllsta¡aoe between then.

Thle, of oouipse, ls lnadsleslble ln eoncentnated. solutlons.

Three d.letlncü ¡aeühod.e have been used. Ëo extend. the

¡ange of the Oasager equatlon to somewhat hlgher oonoeatra-

tlons. fhe flnsü applles only to elecürolytes for whlch ühe

oond.ucterce fa1Is belo¡ç ühe 1.lnltlng law ln d.lIute solutlons,

and. ltrËenpreüs tbls noond,uctance d.eflelenoyn ln tenms of
flnlte lonlsatlon consüants. .ån rassoclaülonr term ls ad.d.ed.

to the funda¡nental equatloa, such as the followlng nod.lfloa-

tlon due üo Orsager hlmsel.f:3

^ 
--^"- [o*^" 

+ B*]f (6)

where K ls the d.lssoelatlon eonstant.

fhe second. assumes lnflnlte lonlzatlon eonsÈarats

(eonplete d.lssoclatlon), €lxcl aütenpts ts aecor¡nt for aJ-3.

d,epartures fnom the J.lnltlng equaülon by nore eLaborate

tÏ¡eoretlcaL treatnents d.eslgaed. to lnclud.e hlgher teraE ln
the mathematleal approxlmatlonsr or to eonsld.er the nmeaì

d.lstarace of eJ.osest approaehn la the physleal plcture. Ilr
one of hls earller papersr4 *d laüer ¡qlth Fuossr5 onsager

estlrnated. the effect of the naühenatlcaJ. slmpllfloatloas
lnvolveil ln the d.erlvatlon of hls 1lnltlng equatlon. ÍIhe

K

devlatlon of À from Llnearlty wlth Je fr repreeented. þy
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the ad.d.ltlon of two ternso Thus ln d.llute so]'utloae

^ 
= 

^" 
- (n*vto t ß-XZ + Ðc\"1C + Ec QI

^as orlglnalLy proposed., üh1s e4pnesslor. was semf.-emplrlcar

ln that the nr¡serlcal valueE of the eonsta¡tg A* an¿ B* u"¿

not been evaluated. f ro¡¡ üheoretloal oonslclenatlons.

The thlrd. methoit ls ühe purely emplrloal ad.d.ltlon of
üerms la hlgher Bowers of C than ühe one-ha1f. In stuqylng

the oo¡rductaace of r¡nl-r¡¡lvalent eLootrolytes, shed.lovstry6

noted. that lf the ]-lnlttng equatloa (l*) ls neanrsngêd so ühaü

Âo ^"y be oalcuraüed. d.lreotLy fnon rnd.lvlðual val-ues or Â ,

ühe d.lfferenee between tbe guecesslve varuee of -Ào rt
proportlonal to tbe d.lfferenoe ln oonoentratlon. flr
mathenatloaL f orsulatloa, Shed.l-oveky t s obsenvatlon een be

¡rrittea

(8)

fhe posLtlve enplrloar oonstant B le charaeterlstlc of each

eleetrolyte aad. le of the sane ord.er of nagnltud.e aE the
quanrlry (A*À. + B*).

I{oet of Ëhe enplrleal extenslons are suoh Ëhat they

reduoe to the KohLnausch forn. Bf L93l+, no ]-ess than thlrty
d.lfferent enplrloal and. theoretleal equatlons had. been

¡,
proposed..'

Aa exeellent revle¡r of the laterlonle aüüractlon



I
theory ls glven by soaËetrard,8 and. 1üs apprloatlon to
ooad.uoüanoe by Illaornnes, shed.lovskyn ancl r,ongswortb.9' 10

tr'or cleüalIed. cllsousslon, the conprehenelve work of Barned.

a¡rd. o¡rerrll l, reoom¡aerrd.ed..

Recertt specuLatlone on the oond.uctanoe of strong
oleotrolytes oonElst of selnt-que'nültaülve eorreotlone to
ühe Debye-HüekeL-Onsager theory. Faotors such as varlatlon
ln ctlel-eotnlo eoneta¡xt, BJernun-ty¡le assoolaülon, eo-volune
oorreoüloa, anil the eËrpuoüure-breaklng effeot of the lons
are d.lsoussed by Rlüeon, Haeted., ancl coIIlreoLa whose paper

nay be bntefly sumnarlzed. here.

Befenence ls mad.e by these authors Êo the wonk of
güctef3 who oonsld.ered ühe d.evratlon of sürong eleetnoþtes
aü hlgher eonoentr"attons frorn the Ðebye-Htloker-onsager

fheory to be d,ue to a va¡rlatlon of êlleleeürlo oonetant wlth
oonoeatraülon:

D= D" + 25C

where D t" the d.lerectnlo constarâ.t of the solvont a¡.d.

7E=,5"+å-T (ro)

where ó* ancL Y are the eontnlbutrons (aegatr.ve) of the
oaü1on and the anlon respecülveLy.

lhe aottvlty of the erectnoþte obeys the rel,atlon-
shf.p

(e)

1o3," {
(u¡



srnere o0 ls a conplleaüed. fr¡ncülon from the Debye-Iftlckel-

0ansager theony. HüokeL attrlbutes ühe enülre value of BC
fo a ohange lrr ühe illelectrle constant. Other faetors,
hoürever, conürlbtrüe to ühls termn The nco-voLumerr effect
ls a ooryectlon app]-led. to the actlvlty to aceor¡nt for tbe

reratlvely large nd.lsüance of nean'est approach of the lonso n

Anoüher faotor ls the effeot of the laüeractlons of the lons
wlüh ühe solvent moleculeso I'or so-caIl-ed. nstru.oüure-breaklngrt

salts, the amangenent of Ëhe soLvent mol-ecul.es 1s d.1süurbed.,

ar.Ö lt beeones lncreaslngly ra¡c.d.om wlth lncreaslng
eonoentratlon.

The flnal effect coneld.ered. by these auühors rs ühaü

d.ue to lon assoclatlon. BJernrnl& attenpted. üo aecor¡at for
anouaLles a.ù hlgh concentratlons by aesunlng that lonlc
assoolatlon ooeurg whea the lons reach a eertaln eharacterlstle
d.lstanee fron each other, rhe neutral r¡¡nlt forned. was not
I1ecessarlly an ord.lnary mol-ecuLe a¡rd was terned_ aJs nloa-palrnn

aocond.lng to Kr"os,l5 the¡re oa¡ be no lon-palrs la aqueous

soluülon d.ue to the hlgh d.lelectrlc constaraü of water.

Bc Reoenü Theoreüloal Ðevelopments

tr'or some tweaty-flve years afüer ühe appearance of
onsagerts üheony, no furthen naJon progresg was mad.e wlth
the relaxaÈlo¿ effecto Ín lg5?,, however, F,alkenÌ¡agen, Leleü,

and. Ke1bgl6 publlshed. a.n lmportant extenslon and. mod.ifleatlon
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of ühe theory, lF whlch allowance üraa mad.e for the finlte
stze of ùhe lons. These workers ad.opted. a s1lghtly
d.lfferent d.lstrlbutlon fr¡nctlon from tb.e usual Boltznann

orle.

The theory of tbe electrophoretlc effeet ln ühe

d.lffuslon aícl cond.uctance of sürong erectrol.ytes has been

examlned. crltlcally by stokes.17 rn a rater pubrleaülon,

stokes aad. BobloroolS oomblned. the theory of the electro-
phonetlc eff ect wltb Falkeahagenr s noillf icatlon of the

theony of the nelaxatlon effecü to ylelil 4n eguatlon whleh

asgtrnes the folLowlag form for a I:I electrolyte:

^=^"-

(ts,^. * B.)tc (Lz¡

¡uhere

(13)

( 1þ)

tr 82.5aJ- =-' 
1" (e T )'/'

(15 )

rhls equatlon was tested. comprehenslvely ln the d.lLute

I + tså{E

B - 5o'2q,
(é T )'/z

B,:
5

8.2o " to
(eT)=/.
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reglon wlth aecurate data of such eminent sclentlsts as

shedlovskÍ, and. the agreement beüween theory and. experlment

was astound.lng. It was found- thøE ühe value of å üras

eonstaixt fon each sorute at alr tenperaüures from soc. to
65oc' {I'hls faot Lend.s sürong support to equaüloa (r2)
slnce 1t lad.loaües t]nat å' rs a neal norecurar paraneter,
and. not merely a rcarry-al3-n for all narmer of d.evlaülons.

fhe varues of the lon-slze paraneter requlred. for the
eond.uctlvlty equatlon are of the sârne order of nagnltud.e ae

those used ln ühe Debye-IitlekeL expresslon fon the actlvlty
coefflolent. stokes as.d. Boblnson aLso present üheoretloal

Justlfloaülon for the onlssron of aClogC üerm whtch had

been lntroduced. lnto nany enplrloar nodlflcaülons of the
Onsager llnltlag fornula"

A renarkably suceeggfur conductenoe equatloa was

publlshed. recently by ïfishaw and Stokes.l9 Ia an ear]'ler
paper by süokes anct BobLnson, d.lscussed. brlef3¡ above, the
followlag equatlon for unl-r¡nlvaLeaü eJ-eotrolytee was put
f orward,:

Ia thts expresslon, the üerm ,ffi
eleetrophoretle effeoü, and. ühe term Alx/yi.ine
effect.

(16)

glves the

relaxatlon
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The latter was evaluated by Fa1kenlrag"nl6 aÊ

Ax= 
- e= . o.zqzq( elo'zqzqtto-t

x 3ekT f.q.q Ka (1?)

¡çhere

8n Ne"
\ooo é kT )"'*

wlth reference üo equatlon (16), the ooncentraülons ühere

consld.ered. rryere such thaü ühe f lra]. facl ''o.qzq 
oo 

- !
whlch wlLl now be d.enoted by F, "nnro*rr;:"-Tffi. 

'

unlty" For hlgher ooncenüratlonÉi, thls approxlnatlon ls
lnad-ulsslb1e.

Conblnaülon of equatlons (16), (1?), and (19) Leads

Èo the result

where the eoefficlents I}1 and. B, are those expressed by

equatlons (1,4) an¿ (15), end.

^:(,,t"-4X ffifr F) (1e)

ts å.lc := so.zq å{õ v n
(eT)'/.

The onJ-y ad.Justable paraneter ln eguaülon (19) le the
effectlve 1onlc d.laneter å lf one assumes that -/Lo ls
already known fron sultable neasurenents.

Bhere remalns the perplextng problen of the probabLe

neceeslfy for a vlscoslty eorrectlon. as meagr¡red. 1n an

ord.lnary vlscometer, ühe vlscosity ls a measure of the

K- ( 1r8)

(2,0\
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shearlng force requlred. to move one rayer of solutlon rølüh

respeot to lts aelgbbour. The shearlng foree encountens

reslstsnce la the forn of lnternoLecuLar attractlons of
Èwo typesr flrstry, the ehort range solvenü-solvent a¡rd. lon-
eol,vent forces, and. second.ly, the long râjnge Coulomb f'oroes

between lons. The effects are qulüe speolfle for dlfferent
lons of the seme vareace; J.lthlun sarüe, for exa^nple, can¡Be

a mucb. greaüer lncrease ln vlscoslty than that oaused by
potasslun saLts. Ehls effect ls no cLoubü d.ue to the

lnterferenoe of the lons wlth the J.oosely coord.lnated water
structure.

consloerlng now the ttvlscosltyr of an lon ln notlon
as ln eonduotanee erperlnents, the lnterlonlc contrlbutloa
to the burk vlscoslty may be aegleeted slnce the foroes
oau,slng 1t have been oonsld.ered 1n the theory thaü

oul¡rlnates ln equatlon (19), lhe speclflc short raTrge con-

trlbutlons coupletery overwhern the snall lnterlonlc
oontrlbutlon at coaeentratlons above a few tenths molar.
Ílence there Is reason üo belleve that the reratlve bulk
vlscoslty coulcl be Justlflably lntroduced. iato the

theoretloal equatlons. Equaülon (19) was modlfled. aecord.-

lng1y by lrllshaw and. Stokes:

.r:(-,rt" -ffiX, -RFr* r) 11.
t (21)

1
data wlthlnThls equaülon agreeg ¡slth e:q>erlrrental NE4C1
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one unl-t ln equlvareat cond.uetance up to a eoncentratlon of

J molaro The agreemenü wlüh daüa for LlCl ls excellent up

to L0 nolar

Stokes haE wrltüen a üJ.ne1y revlewz0 of the
phenomena eneountered. 1n coaoentrated. soJ-utlonsn For

further d.lsousslon, stokest and. Boblnsonrs recentry pubrlsh-

ed. nElectrolyte SolutLonstt2l should. be consul-ted..

Iflthln a fe¡ç months of the appearance of the paper by

tr{lshaw a^nd stok"s,19 an equatlon of conparabre valld.lÈy was

publlshed. by Falkenhagen and LeLst.Zz For unl-r¡nlvaLent

eLectnolytes, thelr equatlon assumes the followlng forn:

^ 
= 

^"1"
1

(\*q)(t+\{o..lE )

3.r{" C"1"\d' \+tCa

A new illstrlbutlon fr¡nctlon clue to Elgen aao. W1eke23 ls
enployed by ühese authors. whereas the Boltzmar¡n d.lsËrlbu-

tlon fr¡¡ctlon ls based. on the assrrmptLoa ühaÈ rons nay be

regard.ed. as poinü chargeS, the theory of Elgen and. l{lcke
eonsld.ers the proper voLune of tbe lons and. ühelr hydratlon

shelLs ln ühe solutlon; thls lead.s to a flnlte nunber of
loeatlons for the lons. lhls latter consequence

neeessltaües the result Èhat the new d.lstrlþutlon fr¡neüloa
be d.lfferenü fron that of Boltznanrr. Wlsh.avr and. Stok"rl9

$.
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consld.er. the theory of Elgen aad. htlcke to þe of questlonable

valldlty,
Fa1.kenhagen tesüs h1s equatlon ¡slth d.ata for LlCl at

18oC., whlch he has extraeted. fron ùhe Internatlona]- Crl-tleal
Tabl-es. Uslng a value of å:4.ð4. , the agreement wlth
experlnental data ls re¡aarkable i at a ooncentratlon of r0
molar, the experlmental and. calculaüed. equlvalent

cond.uctances d.lffer by less than one nho. Slnl].arly good.

agreemenf ls cIalmed. for ühe other alkall halldes. The

treatmenü of Falkenhagen alrd Lelst yleld.s results u¡h1ch are

sllghtly better tha¡r those obtalned. from calcu]-atlons vrlth
the equatlon of l¡Ilshaw and. Stokes.

ft shouLd. be further ennphasi.zed. here Elnat the cholee

of the value of å seemÊ to be qulüe arblüraryn In oalcula-
tlons wlth LICI, for example, Falkenhagen and. Lelst use a

varue of 4.8 a; ühe caloulatlons of ldlehavr and stokuul9 """
based. on the seLectlon of 5.2 A. as the d.lstance of closest
approach; Fuoss ar.d. onsagerzl+ use 4.31 A ln caleulatlons
wlth ühelr equatlon for ühe d.llute reglon.

Cn The Solvaülon of fons

lhe phenornenon of soJ-vatLon of lons ln solutlon ls
now geaerall.y aecepted.. llhe nechanlsn of solvatlon appearg

to be oae of lon-d.lpore attracülon; a solvent such as water

has a large d.lpole moment and" the d.lssolved. lons have ej.ther
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posltlve or negatlve ch.arges. There 1s a lueLl-d.eflaed.

force of attractlon between such physlcaL entltles.
The speed. of a¡¿ lon, and consequently lüs conducüancer

wlL1 depeniL on lts slze, and. thls ¡u111 obvlously vary vrltb

the d.egree of solvatl-on. The latter le closely assoclaËed

wlth ühe charge on the lon, for the hlgber the electrlc
fleld. surround.lng the lon, the greaüer w111 be 1ts power of
eomblnatlon wLth a solvent d.lpoJ-e. Furüher, for lons of

equal charge, solvatlon w111 be greater the snaller the

afomlo volune of the lon. These effeoüs nay comblne la such

a way that Ëhe effecülve lonlc volumes ln soluülon are qulte

out of Ilne w1üh the orystallographla d.ata on atomlo volumes,

the lons of the alkali netals have thelr eond.ucüanees

ln aqueous soluülon ln the oriter Li+< Na+< tr+< nut< ort.
Thelr crystallographlc rad.l1 a?e ln ühe sarne o*dur.Z5 ïn
the anïqydrous meJ-ts ,26 Ooo.ver, the above oriter ls reversed..

Slnee the s1ze of the lons ls ühe nost lnportant factor
lnfluenclng the conductance of such a geriesr orro ls led. to

the concluslon that the Ilthlr¡.m lon has the largesü a¡cd. the

oesLum lon the smaJ-lest effeetlve rad.lus la aqueous golutlon"

The only reasonable explanatlon of such faots ls hyd.ratlon.

There l-s some eonfuelon ln the Llterature as to ühe

aoüual neanlng of the ter¡ns 'd.egree of hyd.ratloan a.ad.

rrkryd.ratlon nu.mber. n The latter are reported. 1n a varyrng

Ill4l¡'terr d.epend.lng oa ùhe nethod. of d.etermlnatlono Some
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workers corxÊld.er ollly a tlghtry herd. unlmorecular layer
analogous to lonlc coordlnatlon comprexes. Another value

consld.erabry larger ln nagnltr¡de 1s reporüed. by those who

consld.er all the r,raüer morecules ¡vhleh are subJect to the
rrlnfLueneetr of a glven ion.

In an lnportant paper on ühe strueture of water,
BennaL and. Fowr ro2T suggest a coord.rnatlon mod.eln on thls

bebasls, they ileiluce the hyd.ratlon numben tol-four for arL
nonovalent lons 1n d.llute solutlon.

Beceatryr Hasted., Rlüsoa, and. cor11e12 und.erüook an

evaluaülon of rryd.ratlon nunbers tlrrough a oonsld.eratlon of
the depreselon la d-lerectrlc consüanü of water prod.uced. by

the ad.d.ltlon of lons. Thelr assumpülon ls th¿:t the flrst
layer ls tlghtly held., anit that other layers may be present.

Tbelr publlshed. values lnclud.e the fo1lowlng: H+(L0),

tl+ (6), ltat14¡, Kt(4), Bb+(4), ugtt(lll), L"+rr (221 . tlhese

values are ln agreemenË wlth the extent of hyd.ratlon ob-

talned. frsm conctuetance d.aüa.

Obvlously ühese ld.eas are not appllcable to
eoncenürated solutlons, rçbere, ln üany lnstar.oes, the nr¡nber

of lons may exceed. the nunber of ¡uater mol-ecu1es. A

d.lecusslon of hyd.ratlon ühroughout the ¡arrge of coneentratlon
1s glvea by stokes and Bob1nson.Z8 rn thelr oplnlon, lon-lon
forces ane d.omlna¡rü ln d.lLute soluüions, and. the slmple

Ðebye-fltlckel, üreatnent nay be used.o At more moiLeraüe
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concenüratlons, Ehe lon-lon ancl ühe lon-solvent forees

become of conparable lnportanee. ^å two paraneter equatlon

ls deveroped. for aetlvlty eoefflclents whlch reprod.uees

experlmental d.ata up üo a concentratlon oî 5 normal, These

authors assume that hydratlon rend.erE the effectlve lonlc
rad.lus ln soJ-utlon consld.erably greater than the

crystalLographlc value.

At hlgh ooncenüratlons, they conüend that ühe Íon-
solvent forces are the donlnant facüor, and. aE a flret
approxlnoatlon, a üheory ls preseated. ¡qh!.ch assumes thåt
lon-lon foroes are LltüIe affecüed. by eonceatratlon ln the

range to be d.lscussed..

These lnvestlgaüors, worklng wlth concenürated"

solutlons of ca(No3)2, for:nd. that by lsotherrnal evaporaülon

at 25oc. , the sorr¡ü1ons pass lnto senl-soLld. gels wlthouü a

d.lseonËlaulty ln vapour pressureo The posslblllty was

consld.ered. that aü hlgh eoncentratlons, the sysüen coulil be

treated. as alr ad,sorbent (calclr¡m nltrate) - ad.sorbate (¡sater)

sysüeno |[he lons are deplcted. as belng lu varylng stages of
hyd.ratlon and. la eonsüant equlllbrfu.¡¡n wlth one another.

Thls nooile]. bears a strlklng resenblance üo tbat from whlch

the aèsonptS.on lsotherm of Brunauer, EnmetË, ared TeJ-lerz9

ltas derlved, Equatlons Brere d.eve]-oped by Stokes and. Boblnson

a4è applled. to nlne electnoLytes for whlch d.ata at hlgh

concentratloas were avallabJ.e, The accuracy of thelr results
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ls asËound.lag. llhe para"neters of the oquatlons are llsted
and. thelr plryelcal slgnlflcance ls d.lseussedo Thelr

[yd.rat3-on nu.nbers are entlrely ee1-f-oonststent, Brad. ln all
eases are eonsld.erably larger 1n the more d.L1ute reglon of

coneentratlon.

Ð. Concl-uElon

No ad.equate theory cf eonoentrated. soluüloas of

strong eLectroLytes exlste at the presenb ülmen A vlgorous

attack on tbe theoretloal anil experlnental aspeots of the

pubJect 1s needeCl, It ls enoouraglng to note that several

lnponfant papers he,ve reeently been publlshed. on thls
lnportant problen.
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A survey of the llterature of cond.uctance lnvestlga-
tlons lnd.lcates at once th^at the regron of mod.erate end.

hlgh ooncenÈration has been aeglected. unül1 reoently.
In the lace of thls pauclty of d.ata, an extenslve

stu{y of ühe oond.uotance and. vlseoslty of approprJ.ate

erectrolytlo solutlong was r¡ndertaken severar years ago 1n

thls labonatory. salüs were chosen such that a wld.e range

of ooaoentratlon could. be stud.1ed.. Exlperlnental neeearoh

has been carrled. ouü on the followlng salts: a¡¡monlun nltrate
aþ 25oC.r3O 35oCrr3L g5oyor32 and. I80.0oC ,r33 sllver nlürate
at z5oc. ,3o 35ac o ,3L g joÇ. ,3' arrd, zz¡..?oc, ,33 *u llth¡¡¡a
nltrate at z1oc,r3þ, 35 and. 110oc.3¿+

It ls of further lnüerest to oompare er¡rerlmeaüal

data wlth Ëheoretlcal calouratlons based. on the reeent
equatlons of Ì¡Ilshavr and. stok""19 and. of Falker¡hagen and.

]¡ehet.?Z Ehls has been d.one wlth the ff-rst of these two

Ëheorles.36 The presenü research on rlühtun ohrorate over

ühe oonplete rqnge of ooncenüratlon provld.es itata for a

conprehenslve test of these two theoreülcaI equatlons.



ST'BI'EY OF THE LTTEBATT'BE
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fhe coniluctances of aqueous solutlons of llthlun
ehlorate over a wld.e range of conoentratlon and at several

tenperatures are repontecl ln the llterature, but fon varlous

reagonEr the work appears to be e1üher lnad.equate or erroneoug.

Kraus and" Burg"ur3? glve d.ata on oond.uota.nces at a

gerles of tenperatures, Certaln of Ëhelr experlmental nethod.s

are now eonsld.ered. obsolete. Â vrater thernostat was used. fon

the neasurenenüs at ZJoc,i such a polar thernostatlc rlquld.
Leaits to coasld.erable "o"o".38 fBhe cell corrstarit stønd.arÖs

were those of Parker and. Parkenr39 oh"""*, the accepted.

mod.eru stand.ard.s are Ëhose puÈ forward by Jones and. Brad.shaw.40

It should. be polnted. out th"at these lnvestlgators were

prlnarlly lnterested. lrr the conductanoe of ]-lühlr¡m ehlorate

on the ad.d.lülon of exnall anor¡nts of water, and. heace thelr
d.ata are somewhat lnconplete at 25oC.

Aecurate measurements were mad.e by ScatenarA4l anO

hls oo-rrorkers ln ühe d.llute nange at 10oC.

The lnvestlgatlons of Klotsol¡ko and. Gnlgo"¡"*42 oover

a wld.e rangê of concentratlon at elx il.lfferent tenpenatures,

one of ¡rhleh ts z5oc" These auühors prefer the speelfle to
ühe equlvalent eonducüance as a basls of theoreülcal
lnterpretaülon. When the results of tbelr research are ploüte¿

agalnsü eoneenüration, lt ls lnned.iately evld.enü that there
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ofls a consld.erable soatterlng the polnts on the graph.

ïü Ls ny oontentlon that ühese resuJ.ts are too lnaceurate

to be of great value. For exanple, the speelflc cond.uotance

of thelr weakesü solutlon at ?JoC. yleLd.s a value of ühe

equlvalent cond.ueÈance gneatly la excess of the J.lnltlng
value as ealculated. fron tkre sLtm of the lnd.lvld.uaI l-lnlt-
lag lonlc cond.uctanees. Funther, when the curves of d.enslty

a¡rd. vlecoslty vs. oonoentratlon are extrapolated. to ze?o

eoncentratlon, the valueE of d.enslty and. vlscoslËy for pure

water so obfalnod. are conslÖerably d.lfferent fron the

aocepted values.
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A. Pneparatlon of Llthlun Chlorate

The nethod. used. was essentlally that of potllttzlnl$3
4+

and. Krauer3T as mod.lfled. by Grlfflthsr'whlch utlllzes the

netathetloaL reaotlon þet¡qeen þarlu.n chloraüe and. Ilthil¡n
sulphateo A good. grad.e of llthlun sulphate was obtal,ned.

fron the FLsher Selenülflc Conpany and. ¡qas used. wlthout

further purlfleatlon. The barlr¡n ohlonate ¡ras procured. from

the Brltlsh Drug Houses Llulted. a^rrd. was also used. wlthout

further purlflcatlono An aqueous solutlon of the latter gave

no evld.enoe of the presence of ohlor1d.e lon when tested. wlth

a eolutlon of sl].ver nltrate.
A one nolar so1utlon of barlum chloraËe was heated to

approxlnately 8OoC., and a solutlon of llthlr¡.n sulphaüe was

ad.d.ed d.ropwlse untll equlvalence üras reached, the resultant
preelpltate of barlt¡n sulphate was al.lowed. to d.lgest for at
least twenty-four houns, and. was subsequently removed. by

repeated. flltratlon. To be certaln that the equlvalence

polnü had. been reaohed., ühe flltnate wag tIËrated. w1üh dlIuüe

solutlone of barlum ohlorate and. Ilthlr¡n suLphaüe.

The soLutlon nas evaporated. slow1y at a. temperature

of ?OoCo to 80oCo, to ar¡ approxlnaüe eoncenüratlon of slxty
per cenü by welght of llthlun chlorate. The last traces of

dust and. barlun sulphate were removed. by flltraülon through

EXPEBIIIÍENTAT PBOCEDIIBE
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a slntered. glass fllter fr¡:rnel of ned.lun poroslüy. The

fl].tered concentrate lqas transferred. to a 1000 mIB. Clalssen
fLask, and. d.ehydratlon was effected. und.er a redueecl presgure

of less tha¡r üen mms. mercury" The d.lsùlllate urae üaken up

1n eoncentrated. su3-phuric acld.. |lhe tenperature was

nalatalaed. belovr gooco slnee d.ecomposltlon Ls Lnclplent at
ühls üeraperature whe¿ the soLutlon becomes very eonce¡rürated..

The dekqydratlon rqas ternlnated. aü a polnü such.thatr orx

ooollng, a mother rlquor would. remaln afüer orystalrlzatlon
had. taken plaee, and. 1ü ¡uas anüicrpated. that anJr remaialng

Eo1uble lnpurltles would. stay la solutlon. The ¡nother l!.quor
tra6 removed. by sr¡etlon and. d.lscard.ed..

The nolst saIË was süored. ln d.eslccators over

coneentraüed. su].phurle aclil r¡nti]- requlred. for use. To

prepare ankr¡rd.rous l-1th1un ehlorate¡ the wet materlal was

placed. und.er a vaouurn over phosphonus pentoxld.e. .&ü ühe end.

of flve or slx weeks, the water oontent had. been red.uoed. to
roughly one-half per eent. The lasü traces of ¡uater Here

removed. by a d.lfferent teehnlque. Âfter ühe lalülal- d.rylng,

the sa]-ü was erushed. to a f lne powd.er ln a nilry box, ü las]_ile

of ¡shlch was malntalned. an atmosphere of d.rled. nlürogen gas

at a pressure greater than atnospherlco I{hlre stl11 ln the
ndry box, n ühe ealt was transferred. to a speelal apparatus

oonsfrueted. for the speolflc purpose of removing ühe lagt
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rrestlges of water. It oonslsted. of two cyllnd.rica1 glass

tubes, each belng twenty-flve cms. ln length and. each

havlag a d.la.neter of four oms., Jolnteð by a stopoook. Each

couLd. be opened by meârls of a ground. glass Jolnt J.ocateil

near bhe end. of the tube, {lhe tube eontalnlng the ).lthiun
ehLonate was sealed. at one end. and. enolosed. ln a¡a

el-ectnleal.1'y heated. asbestos Jackeü, the tenperature of whloh

was nalntalned. irear 8OoC. The tube eontalnlng the phosphorus

pentoxld.e had. snaLl tubular apertures at boËh ends. llhe

entlne syeten was evacuated.. ÂfËer slx to elght weeks, the

flnal traces of water had. d.lsappeared. from the salt.

B. .ånalysls of Llbhir¡n Chlorate

No saülsfactory uethod. for Ëhe accurate analysís of

llthlun 1n large quantltles exlsüs üo-d-ay.&5 MosË method.s

of chlorate analysls glve non-reprod.r¡clble ""rlrl-ts.&6 The

analytlcal scheme enployed. ln thLs research was qulte slmple:

.A sampJ-e of solutlon to be analyzed. was wetghed. out, arl.

excess of concentrated. suJ.phunlc aold. was ad.d.ed., a¡rÕ grad.ual

evaporatlon to d.ryness was effeoËed. ln Vycor äfrn"s. The

resultaJxt l-lthlun sulphate was lgnlted. to consüant weight,

lBhe proeedure was sta.ndard.lzed" uslag sod.lum chlorate of hlgh

quallty; the nethod. 1s capable of alt accuracy of 0.01 pen

cent. A graph of welghü per cent vs. ilenslty of solutlon
was plotted. on a large scalen Interpolatlon from ühis
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graph rras the analytleal method. used. for the re¡eatnd.er of
fhe researchl ühus the necesslty for recurrent gravlmetrlc

a:eal.yses rrag obvlaüed..

C. Coad.uoÈau.ce i{easurements

1. lhe Brtdæ

[he bnlðge ernp]oyed !ías a Ca.mBbell - Shackleton

Brld.ge obËalned. from the leed.s and. NorÈhrup Conpany. The

manufacturers clalned an aeouracy of 0.05 per oent. Further
d.eta1ls are glvea 1n the leed.s and. Irïorüh¡rup pa.mphlet,

ttDlrectlons for capacltance a¡rd. cond.uctance Brldge uslng

# 1553 Shlelded Batlo Box. r

The slgnal. was anpLlf1ed. by a slnple trlode-type
anpllf1er and. deüected. by neens of a üelephone head.pleoe.

The anp1lfLer ls essentla.l ln ord.er that ühe very falnt
slgnal be heard.. rt ls neoessary that the volüage output of
ühe aud.lo-osclllator be kepü aþ a Low vaLue to avold. heatlng

the soLutloa ln ühe cond.uctano" ce11.38

2. The Cond.uetaaee Cel].s

Th¡ree ty¡les of cond.rrcÈanoe cell üÍere used. ln tbe

experlmental lnvestlgatlonso For the work at room

temperatune, a celJ' of the ttrpe recoru[ended. by Joneg and.

Bo111ng.!? was used.. Thls ty¡re of ceLl has the f l1ltng
tubes and. the electrlcar lead.s of opposlte porarlty wld.ely
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separaËed, Such a eeJ.I d,oee not exhlblü the Parker effecür48

1oe., eruors Ln measuresent d.ue to a paral-lel eapaeltlve

shr¡¡.t.

For use ln the bonb, the oompaet vertlcal. oe1-3. of

Flgure L was used.. Thls celL glvos a pronoÌ¡nced. Parker effeet,
and- consequentLy the meaÊure&ents at the hlgher tenperaüure

are less aecurate than those at TJ.OOoC.

Use rlras mad.e of a thlrd. ttrpe of eel1 at L31.8o0. ln
d.eüermlnlag the cond.uctenees of soLutlons oontalnlng less tb"an

ten per cent by welght of water anil also the antryä.rous nel.t.

Thls lnstru¡aent 1e shorun ln l'lgurê 2t page JZi lts fllllng
apparatus ls slnllar to ühat ln Flgure 5, page l+3. llb,e ütrbes

leadlng to the atmosphere ürere fltted. wlth stopoooks. A

charge of J-lühlun ohlorate was plaoed. 1n the fllllng bottle
ln the ndry boxil pnevlously d.eecrlbed., and the apparatus was

eo¡rnected. through lüs ground. glass Jolats. The entlre
apparaüus was lnmersed. Ln the o11 batb; when the eal-t had

nelted, lt was forced. lato Ëhe oeJ-l by ühe aIüerm.ate appllea-

tlon of sueülon anð compresslon unt!.J. Ëhe eleetrod.es were

eonpletely oovered..

The ce11s lrere aot plattnlzed.; the Bha,ry nLnlnr¡n ln
the d.etecton lnd.loaüed that thls procedure nrag unneeessery.

.åfter use, ühey utere flusheil severe.l ü1nes wlth water, then

washed. flve tlmes wlth acetone, and f1nally d.rled. ln a¡. oven

at 8ooC.
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BOMB, CONDUCTANCE CELL,

AND PYKNOMETER.

FIGIIRE 1
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CONDUCTANCE CELL

FOR MOLTEN SALTS.

FIGUBE 2
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3o Í[he C_oeèucte¡.gg l.Jaüer

A co¡nmerelaL water dlsülIlatlon unlt was enpJ.oyed to

prepare conductanoe water. Thls apparatus was Llned. wlth

tlnned. ooppere fhe ¡qater so col].ected. had a speclflo

oonducta:ace of less thân 5 x to-6 mhos, whlcb RÍas more tha:n

sufflelenüly pure for ühe pr¿rpoee of Ëhe measureuents at

hand..

l+. The CeI]- Consta^ntE

Potasslun ehlorLde was used. as a süandarð fon the

d.etermlnatlon of the oeI]. oonstant. The naximun lnpurltles
ln thls naterlal were 0.OZ per eetrt solld matter and. 0.3 per

eeat water. lhe salt çras fused. ln a platlnu.n d.lsh and

stored. over sulphurlc aeld. ln a d.eslocator untlJ. requlred..

[he sol.uüloaÊ were made Ërp accord.lng to the speclflca-

tlons of Jones and. Brad.shr*.þO The salt was welgheð to 0.005

per cent a¡d. the solutlon to 0.003 per sent. Tbe welghts

used T,'rere oaJ.lbrated. by d.lreet eomparlson vrlth a eet

eüand.ardlzed. by Ëhe Natlonal Beseâroh Counell at Ottawa.

Eacb celI constant was d.eüermlned. several tlmes and. a meâIl

taken; the preolslon was never less thar' CI.02 per oenü.

Due to the obvlous îact Ëhat no süand.ard. 1s aval].ab].e

for the d.etermlnatlon of ceLl oonstants at high üenperaturest

lt ¡uas neeessary to apply an appropnlate correetlon. The

d.lfference tn eelJ. eonstant ls clue to geomeüry changes la
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the ceLl; tbese changes and. thelr oorreetlons are Ölecussed'

by waehbor*.þ9 rn the lnstanee at hendr the requlred.

nod.lfleatlon reducee to a slmple llnear erpa¡rSlOn Correctlon"

Consld.ertheeffeotoftemperatureontheeel]-
constant K. By d.eflnltlon, tbe latter ls the raülo of ühe

atstance L between the e1eetrod'es üo tbe effectlve area a

oftheso].utlonbeüweenüheelectrod.es'1¡9.r

K: g 
Q3't

a

Ðlfferentlatlon w!Ëh respeot to üenperature ylelds

ü = rd! L'þ Gu)clt o dt o' dt
Howevert

wb.ere ß = coefflelent of llnear expa:rslon of Fyrex glass'
I
S = length of electrod'e Posf s,

ß' = coefflelent of llnear erI¡anslon of platl11uu¡¡'
I

For ceLle whose eleeürod.es are separated by a long caplllary,

equatlon (25]- beoomes

dg = ÊL e6)dtt
AIso¡ w€ have that

$: f(t+s\ -F'= (25')

dq 2ßa
=ldtt

(27 I
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Thenefore

dK = rp|,. - L-."po : -ÊK lea)dt o, ;.' l- - f''
Thus

AK - -ßKAt
' (rr)

ühe regulüant coryectlon was of the ord.er of 0.0J per oenü

a¡d. wae appJ.led. 1n each lnsüance.

Ð. The Ther"nostats

The thermostat enployed. at room tenperature eonslsted.

of a thlck-walled. Pyrex eyllnd.er of approxLmately four
gallons eapaclty. rt wae lnsulaùed. wlth a half lncb rayer
of fe1t, The thermostat f1uld was Marcol bleached. o11

suppl-led. by the Inperlal 011 Comparry; o11 le used_ ln
preference to water to ellnlnaüe errors d.ue üo a oapaclty

effeet.38 Tenperatune eontrol was malatalned. through ühe use

of a meroury thermoregulator. llo record. the temperature, a

Becknarn thernometer was used- whloh had. been carlbnated.

several tlnnes agalnst a staad.ard platlnun reslstance
thermoneter by meang of a l{uelIer Brldge. The temperaüure

of the thernosüaü was 25.00ÈO.0loC,

The thernostat used. for conducüarrce Ìneasurenents at
hJ.gh tenperatureÊ was d.eslg:âeð by M. E. Beènas of thls
laboratooy.33 ft lE shour¡r ln Flgur e 3. .An l-nner
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OUTER CABINET
ROCK WOOL INSULATION
OUTER STEEL TANK
ASBESTOS POWDER
INNER COPPER TANK
FLEXIBLE DRIVE SHAFT
ARCI{MEDEAI{ STIRRER
MAIN HEATER
COilTROL HEATER

HIGH TEMPERATURE THERMOSTAT

iÊ

FIGURE 3
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reoüangular oopper tank of elght gal.l.ons oapaolty luas set ln
an outer steel üank lnsul-ated. wlth one lnoh of powil.ereiL

asbegËos. I:a turn, ühls outer tank was enolosed. la a large

wood.ea box wlüh hlnged itoore and. a hlnged. topo {[ire botton

of the box was l.lned wlüh several trayers of asbestos paper,

ancl rook wool lnsulatlotr wag packed. between the box and. the

steel üank, The thernostat fruld. ruas Teresgo # 85 obüalaed.

from the rnperlal o11 conpeury. The prlnolpal. heattng source

was a paraI1,e1 ooirneoülon of two lnnerslon tlt:pe englne blook

heatens whlch malntalned. a temperaüure Just lrelow L30oC"

A EnaLler copper tube heater aoted. aB a oontrol ührough a

Stued.lsh trIeboran thernoregulator oon¡reoted. to a etaadard.

eLeoËronlo relayu Very efflolent stlnrlng r¡ras reallzeil.

ührough the use of two large Ârchlmedean stlrrers" Agal¡r tbe

fenperature was reoord.ecl. on a Beokma¡¡r thermometer, whloh

had. þeen oallbrai;ed. agalnst a stand.ard. pJ.atlnurn reslstanee

thermoneter. It was found. posslble üo natntaln the tenperature

¡vLËhln O.O5oC. S!.ace ühe steeL bomb used. ln the meaÊureuents

had walLe of consld.erable thlokness, the aoüual üempe¡ratr¡re

fluctuatlons 1a the solutlons thenEeLves would. be slgnlfloant-
Iy less tban thls.

Flna1ly, the thermosËaü r¡.sed. for vlsooslüy measure-

meats at hlgh temperatureg oonslsted. of a taII Pyrex oyllnd.er

of three garlons oapaoltyu The thernostat fluld. ln ËhlE ease
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Tras stanolax (mlnerar olL), a procluot of the rmperlar o1L

conpany, Two copper tube heaters erere used,, one Ëo nalnËaln

a tenperature JusË below I30oC., a¡¡d. the other üo Berve ag

a control heater vla a Swecil.sh nl,aboran thermregulator,

oomeoüecl, ae before, to a stand.arit eleotronlo relayn Tbe

glass eyllnd.er was lneurated wlüh several layere of asbesüoE

paper a¡d. an lnoh thlclm.ese of feIü. Stlrr'tng ürs,B

acooupltshed. by means of an Arohtneilean sü1rrer.

llenperaËure was malnüalned. ooneüant wlthln 0nLocu, whlsh ¡ras

sufflclent for the purpose of the vlsooslty measuremeats.

Eo the Bonb

I¡re to the faoË that ühe so].utlons used. were absve

thelr normal bolLlng polnts aü 1J1.8oc,, the oond.uctanoe cell-
anil the d.enslty botüre ¡vere enoLosed. ln a bombo For thls
pl¡l4pose a sta¡:d.ard. steel bonb was obtalned from the Anerloanr

rnstruneaü conpaay. The eleetnlcal Iead.e were enclosed. ln
teflon üublng to prevent ehorb clroulüs, a:rd. the bonb was

rend.ered alrtlght by orushlng soapsËone oor.es togetber r¡nd.er

consld.erable prossure. The poslülon of the cond.uotenoe oerr

aacl the cLenslty botüIe 1n Ëhe bonb ls showil ln FLgure r, page

3L. The d.enslty bottle was plaoed. ln a pool of the solutlon
at ühe bottom of the bonb üo eltmlnate d.lstllleülon effects
ln Ëhe denalty bottle ar.d. ln the conduetance ceJ.l.
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I'o The Vlscomeüerg

Two oapl11any vlEcometers of the d.eslgrû of Ca¡non and.

Fenske5o were used. for Èhe vi.sooslüy measurements at 2J.00oco

The d.ralnage aritL ktnetle energy oorrectlotrs üÍere assuned. to

be negllglble by vlrtue of the rather narrorv oaplllary
d.la.meter. The surface tenglon correctlot¡. was not al,].owed. for
ln such a viEcoueter because the change ln surface tenslon

between the callbratlng 11qu1d., water, a:ad. an aqueous EaJ.ù

solutlon, d.oes not cause a large error. lhe nethod. of f111-

lng the lnstru.EenË rend.ered. the wo¡rklag volrrme eorreoülon

negJ-lglble. fhe vlscometer wae lnvertecl and. the oaplllary
arm plaoed. 1n ühe so}¡tlon. Suctlon was subsequently applled.

to the wld.e-bore arn and. the 11quLd. was d.rarmr üo a sulüable

referenoe mark. Ehls nethoil is very convenlent aniL

reprod.uclble results are posSlble w1th1n a preclslon of 0.1

per cent. The efflux tlnes of ùhe vlseoneters were of the

ord.er of two and. flve mlnuËes respectlveJ-y. The lnstrument

wlth the shorter efflux tlne was used. for the very vlscol¡E

soLutlons. l{easuremeats rrrere repeated. r¡ntll consecutlve

read.lngs d.lffered by l-ess th^an. 0"1 per oenü.

At the hlgher tenperature, ühe vlseometen of Flgure 4

eras eroployed-" Thls apparaüus was seaLed. after lt had. been

fl1led. to prevent bolllng and. evaporatlon of the llquid;
lt was oallbrated. wlÈh water. Obvl.ously ühe üoüal volume
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of solutlon ln the vlscometer t s not crltlcal. as 3.ong as

thene Lß sufflclent üo f111 the callbrated. buLþ and. aoË an

excess so that a back pressure ls lnltlaüed whea dralnage

nearg eonpletloa. The efflux tlme of the vlseometer was

approxlnately flfty geoonde; 1ü was d.eternlned. Ea^ny ülnes

a¡d. an average taken. thus, the tlne was d.eternlned. üo

wlthln one-tentb of a seeoad.. Thls permltÈed. a preclelon

of 0.2 per cent tn the measurenent of efflux Ëlne. The

vlscomeüer eoulcl be rotated. ührough I80 d.egrees whlle stlil,
ln the thernostat by taeans of a raelr anil pJ.nlon, and. l't was

th.ereby autonatleally set ln ühe san@ vertloal posltlon.

G. Preparatlon of So1uüloas

Ï,lthlun ch]-oraüe ls a salt of sueh notorlous

hygrosooplolüy tbat preparatlon of solutlons by d.lrect

welghlng ls exoeed.lngly d.lfflcult. fhe fresh eoneeatrate,

whlch was stored. ln d.eslccators, was d.lIuüed. wlüh water to
ühe approxlmaüe eonoeatratlon requlred.o Ia eacb. ease,

rougltJ-y one hr¿nd.red. ml.s. of soJ-utloa were prepared.. The

aeeurate oonceatratlon was obtalned. by lnËerpolatlon from

the d.enstty graph as prevlously d.escrlbeil.

ll, Denslty Deternlra,tlons

A WeId. pyknoneüer of twenty-flve mls. capaoL;þy*qeg
f I l-i..'\.*

used. to measure d.ensltlee aE 25"00oc,; the tnetruþe"S*;àYù\"
'*n . "-..',,'']'''...ì't"ì.r "-r. ':: : 

... 
, 

'7: ì

r'/_ \, !'.- )-
\ \1:\ "ìtì.r'..-, '\r, lÌ^:

\- i'- i,*i\ *
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callbraËed. v¡lth ¡oaüer. Beprod.uclblllty üo 0.005 per cent

was aütalaed."

At the blgher üeuperaüurer two pyhaometers were

enp].oyeÖ, one for use 1n the steel bonb wlth ühe aqueous

soluüioas, and. a¡other (Flgure 5) for ühe anlrydrons me1t.

{[he apparatue used. ln the bomb lcas a]so a Ifel-tl type of ten

mlsn oapaelüy; lt was cal-lbrated. sevena]. tlmes wlth water at

r3r.8oc.

fhe technlque of flI].lng ühe lnstrursent of Figure 5

1s ld.entleal to that d.esorlbed. for the eonducüance cell of

Flgure 2, page 32. After ühe nelt had. þeen forced. lnto the

pyknometer, the apparatus was partlally removed. fron the hot

o11, the lnstrument was rapld.J.y d.lscon¡recüed. from the f111Lng

üubes, the exeess o11 was qulekly wlped. off r anit the

apparatus was a}lo-wed. to eool ln a d.eslcoa.tor over phosphorus

pentoxld.e prlor to welghl*g. Thls partloular lnstrunent rsas

callbrated. vrlth mercury at ls.OOoCo and. lts volu.ne at ühe

hlgher tenporature was ca1.cuJ.aËed. through the use of fhe

formula

\d: V=(r+x(t-2s)) (30)

where t ls the temperature ln questlon, a:ed I the coefflcleat

of cublcal expanslon of Pyrex glass.
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E]GEBTI'IENTAL BESULSS

The d.eslgfr of the brld.ge elrcult was suoh that K ,

speoif lc coad.ucËanoe, was ca3-culated. frou the f ornula

where K ls the cell oonstant and. B the read.lng of the

reslstance box ln ohns at the balance polnü.

The relatlve vlscoslty of each soJ.utlon was calculaüed

fron the relatlonshlp

lÇ= K (to,ooo.o -R)
R * \o+ (lr)

whene the subscrlpts nJ-n refer to ühe stand.ard.lzlng Ilquld.,
a¡rd. the subscrlpts tt?tt to the solutlon.

lhe erq>erlmental vaJ.uee of welght per oent, moJ.arlty,

d.enslty, relatlve vlgcoslty, speclflc eond.ucüance, and.

equlva.lent oond.uctence are record.ed. ln fables I anil II. Ehe

d.ata are tabulaüed. on the basls that the eonöucüanoe ¡neasure-

ments are llurlted. to aå aecuracy of 0.1 per cent a¡ril tha"t

the d.enslty flgures err ln the fourth d.eclmal p1ace.

PJ.ots of speclflc cond"uotance and. equlvalent

eonducta:lce vs. concenüratlon at 2J.00oC. and. at 131.8oC,

are presentecl ln Flguree 6 to 11 lncJ-uslve, pages J0 to 55

lnol-uglve.

t = P,t,
ta P. t. ß2)
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ÐISCUSSION OF TI{E BESUTIS

Ao Dlscusslon of the Measured, Quantltlee

The plots of speclflc conductanee vso coneentratlon

aE 2J.00oC. a¡d. at 13I.8oC. a¡r.e to be found. ln Ftgures 6 a¡d-

7, pages J0 and Jl, The exlster¡ce of naxlna ln these curves

ls of great theoretlcal lnterest, slnce lts physlcal.

slg¡rlfleanoe ls that a glven volume of soluülon contalnlng

a greater nt¡.mber of lons has a lou¡er cond.uctance at

concentratlons beyond. the maxllnula. For lnstalßcer the

cond.uctance at 131.8oC. of a ten molar so]-utlon ls tbe sane

aE that of a two nolar soluËlon d.esplte a flve fold. inorease

ln eleotrolyte concentratlon" Such maxlma are record.eil

lnfrequently la the llterature owlng to the lack of

ooaductaJace lnvestLgatlons ln the reglon of hlgh concentratlon.

ThIs r¡nfortr¡nate state of affalrs has amellorated. eonslder-

ably ln the last flve years d.ue to the revlval of lnteresf ln
thls toplc.

It ls seen at a" glance fron the graphs that the

maxlmum d.oes not Ehlft notleeably ¡slÈh a change ln tenperafure.

fhls ls also the result of üÏre stud.les of Kloüschko a¡.d.

GrlgorJ .*.&2 These authors polnt out that the posltlon of ühe

naxlmu¡a ls found. ln the nelghbourhood- of the euüectlc polnf

of the system. In fact, they seek to use the equlllbrlum

d.lagran for ühe eystem 11thLun eh1orate - water to lnterpret



58

thelr results.
There ls no rrecessary eonnectlon betÍqeen the euüecËlc

polnt a¡rd. tbe speclflc eond.ucüa¡rce maxlmun. Bather one

should. regard. the naxlmum as evld.eiree that factor.s tend.lr¡g

to Lncrease tbe cond.uctance wlth rlslng concentratlon are

offseü by factors opposlng thls lncnease. As the concenüra-

tlon lncreases, more lons are avaL1ab1e; however, these lons

are ln muoh closer proxlnlty to one another a¡rd. hence thelr
freed.on of movement ls greatly l-mpalred. through thelr lnter-
actlons. Thls crud.e plcture ls rend.ered. more oonplex by

hyd.ratlon phenomerla. At hlgh coneenËraülons, alJ- solvenü

moJ.eeul.es must be tlghtly held. by the lons. Consequently,

one wourl.il e:çect a large lnerease 1n vlscoslty, and henee

a slmllar d.ecrease ln oond.uctance; suoh ls the ease ln thLs

research. Becent theoreülea] speculatlorru5l end.ow llquld.s

wlth a transltory structure; fhe maxlmum thus has a posslble

explanatlon as the lnelpleace of the fornatlon of a more

ord.ered. lattiee-type strueture of ühe solutlon.

Graphs of equlvalent conöucta:rce vs. oorrcentraülon at

}5"OOoC" a:0.d. at L1L.8oC, oonstltuüe Flgunes I to IL
lncJ.uslve, pages 52 to 55 lnoJ-uslve. [hls property ls the

ueua.l funoËlon of conoentraülon, 1.€., lt d.ecreases eon-

tlnuous]-y ¡rlth concentration. At the hlgher temperature, the

entlre ran"ge of concentratlon could. be eovered. slnce aJ-l ühe

measuremenüs were mad.e above the neltlng polnt of l-lÈhlun
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ohloraüe. There are no nlnlma 1n the equlval.ent

eoncluctanoe eurveso llhe theory of the exlstence of such

nlnlma le d"lscussed. by Fuoss and. Krau riSz 1t ls baseCl on the

assoelatlon of lons lnto non-eond.uetlng flon-palrsn and.

conilucttng ürlp1e lonso Such entltles ca¡n¡rot exlst la

Ilühlu.n ohloraËe solutlons d.ue to the heavlly hyd.raüed catlon"

Tlre very low value to r¡vbloh the equtvalent coad.ucüance d.rops

at 2Jo00oC. IE most unusual. The lasü bhree flgures of the
S'Jpel'

d.ata f or 25.00oC. representf,saturated. solutlons, whlch ltÍere

easl}y obtalned..

In Flgunes 12 and. 13, the equlvalenü conductance 1s

plotteil agalnst the logarlthm of the eoncentratlon. It ¡sas

observed. by H"t*oo33 ühat such a grapît yle}d"ed. stralght llae

relaülonshlps from below slx molar up to the hlghesË

eoncenüratlon he atüalned., Such ls not the case ln thls

reSearch; tn bOth eageg, the curveg are seen Èo be of âfl

elongated. S-sbape. ?fhether or not thls shoulcl prove to have

theorettcal Jusülfleatlon, lt mlght be polnted. out that the

logarlthnlc plot of any such süead.lly d.ecreaslng functlon

w111 tend. to llnearlty.
Curves of fluld.lty vs. conoenËratlon nay be seen ln

Flgures 1¿¡. a¡d. 15, pages 6J and 66; lt ls apparent thaü

Blnghantu53 rule ls obeyed. to qulte a hlgh coneentratlon'

The values are record.ed. ln [ables IfI and. IVr pages 62 Eo 6l+

lnoluslve. The extnemel3r Low vaLue Ëo whlch the fIuld.lty
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TABTE IIÏ
vALIIES oF FLnrDrTy .êJID Â1, er 45.00oc,

t

Belatlve Equlvalent
MoLarlty Vlscoslty Fluld.lty Cond.ucüa¡roe

mhos
Â1

I,,Jater=1-000 rhos

0.02188

0.1002

o.5t2l
0,8532

l"2lI7

r"640

2,L13

?.928

3.LL5

3.7tt'z

t+ 
"549

&"908

5.t57
6.rgg

7 ,L85

7,76?

8.047
^ ^l--ó "g+'/

10.19

IL.49

1" 002

rr015

L.067

1.l_10

1.169

I,229

t.3L5

l.t+72

1.508

L.6l+z

t.gg5

2.OLg

2.L15

2 -59tt

3 "LþO

3.585

3.838

5.470

6,894

1-0.29

ILl"7
110.3

L0t!.9

100.8

95.71

9l-,03

85 .10

76.02

7l+.?L

68.1l}

59.05

55.t+3

52.91

t+3"t5

35.63

3l..2L

29 ,L6
a l-zl"6+

l.6,23

10.8?

93 "3L
84.78

7L "85
66,36

6L.58

57.L9

52.t+5

45.67

44.11

39.94

33 "90

3r,69

30"u
zt+,38

L9.76

J.7.35

L6.30

L3.29

10.1I

7.52L

93.1þ7

86.0¿+

76.65

?3.66

72 "00

70.3L

68.97

67 .zz

66.53

65.58

64.2t+

63.98

63.80

63,22

62.06

62.L9

62.56

69.?3

69.70

77.40
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TÁBLE III (contlnued.)

vALlrES OF FLUrDrry AND Â 1. er }|.OO9C.

Be1atlve
Molarlty Vlecoslty

Equlvalent
FIu1d.lty Conductanoe À1..Weter=L-O00 rhos nhos

12.80

L3 "93
Ll+.27

]..6,L5

L7.95

J.g.o3

L9.33

t6,37

zt+.53

28.38

66,26

L66 ,5

334._0

6.83

l+.56

3"911'

t"6g

o "6?
0.3¿+

5,6L8
l+,il-3

3 "955
z.l+jz

1.341

o.B6i9

0.7695

91.98

105.8

L]',? *3

161.1

223,2

288 "6
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TABT,E IV

vALtrES oF Fr,urDrry ANÐ -À.¡, et r3l"Boco

Belatlve
Molarlty Vlscoslty

Water=l.000

Equlvalent
Flu1d.lty Cond.ucüa¡rce

rhos mhos
Â\,

0.1131

0 ,53?L

1. 169

L.729

2.37t+

3"066

3.794
t+.589

5.51þ8

6 "572
8,L65

9 3L+5

11.40

LZ 
"61+

tt+.6 j
L? 

"l+2

zo.Lu6

23 "LL

1.013

1.0¿+7

1,110

L"t65

L"257

1.323

1.1+oB

L" 5L9

1.686

r.903

2.36t+

2.838

t+.263

5 "477
8.836

L7 "48
Lr3 

"38
113,0

t+69.3

l+St+ 
"o

4,z8 "3
408.2

378.2

359 "3

33? "5
3L2.9

28L"9

zl+9,7

201,1

L67.5

11I,5

86 "g

53.8

27 .2

11, o

4.zo

3ot+"02

z$t+.Zg

203.76

l7g,2B

l.55.3L

L36.50

L]..6.t+2

100.89

83, 04

67.72

Lt9 .50

39.62

27.73

23.09

L7.59

IZ 
'l+9

8.06¿t

5" 108

307,9

256.3

2?,6.L

208.8

L95.2

180.6

164" o

153 "2
1ll0.0

L28.9

11,?.0

],,]-2 "5
118.2

126.s

L55.tþ

218.2

3t+9.8

577 "2
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fatls at z5.OOoCo ls nost remarkable.

The absoLute vlscosltles of alJ- Ilquld.s d.ecrease

with rlslag üenperature. 0n ühe other harrd-, ühe relatlve
viscosltles of electroJ.ytle solutlons lnerease wlüh

temperature ln ühe vast naJorlty of cases. For llthlun sa,lts,

however, the reverse ls ürue. Thle Ls eon.slsüent wlth the

concept of extenslve b.yd.ratlon of the llühlum 1on. One

would. anülclpaþe a d.ecrease ln hyiLratlon at hlgher

temperatures, whlch necessltates a greater nol¡iJ.lty for the

llthlun lon.

Bo Dlscusslon of the Ca1culated. Quantltles

lhe er¡lerlmental results of thls researcb have been

compared. wlth cond.uetances calcuJ.ated. by means of Ëhe T{lshar¡-

Stokes and. the Falkei¡hagen-Lelsü equatlons. These

calculatlons are summarized ln TabJ-es V and. VI; thelr plots

agalnst ooncentraülon are shotç-n ln Flgures I to 11, pages JZ

to 55 lncluslve. On Èhe whole, ühe Falkenhagen-I,elst

equr,atlon appears üo be the ncre successfu].. In ord.er to

cal.culate Â from these equatlon", Âo must b;e knoum, and. a

reasonable value for å , ühe Õlsbance of closest approach of

the lons, must be assuned.. Also, the d.le1ectrlo constant and.

the vlscosLty of water are need.ed. ln ord.er to obüaln the

theoretlcal. censtarts B, 81, and. 82" Aceurate d.ata exlst for
the d.lelectrlc oonst rttlþ of waten and. f or the vlse ostty.55
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closesü approach. Two sets of calculatlolrs were mad.e wlth
the Wlshaw-Stokes equatlon uslng sllghtJ-y d.lfferent values

of thls parameter. fhe results lnd.icate ËhaÈ å ls a

parameter of whleh consld.erable aÖjustnent ls perxnlssible.

To obtaln a good. f1t wlüh experlmental öata using the

Falkenhagen-LelsË equaüion, a slgnlflcantly olfferent value
0of O musü be used.. It wil]. be remembered. that d.lfferent

values of å (r,3, ll.B, and. 5.2 A) were requtred. to obtaln

suocessful theoretlca]- calcu].atlons for llthlrln oh]-orld.e,L9'22'21+

Aü the hlgher üemperature, the usual d.if f leulty of not

knowlng 
^o 

is a¡r ad.d-ltlonal hand.lgâpo For each value of å,
I have used a sllghtJ-y d.lff erent value of -À o . The agree-

ment at IJI.BoC, ls much less spectaeular than that at 2J.00oC.,

buü ln vleru of ühe uncertalnty ln -/L o , beüter results can

hard.ly be expeoted..

Although Stokes nalntalns that å 1s temperaüure

lnd.epend.enË, a snalJ.er value of å has been used. f or the

hlgher temperature ln each lnstaace. This proced.ure ls
probably JustlflabJ-e. I have elsewhere allud.ed. üo ühe fact
that the extent of lon hydratlon d.eoreases wtth a rlse ln
tenperatutre. It ls üherefore reasonable üo assr.me that the

effectlve radlus of the þd.rated. llühlum lon 1s smaller at
the hlgher tenpenature, and- hence the d.lsta¡rce of closest

approach of the lons must be smaller. Even lf thls were not
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so¡ E1ne attached. water nolecu1es must be more noblle at the

hlgher temperature; they would. then be more easlly pushed.

aeld.e, and. the proxlnlty of the elecÈrlcal oenters would.

lncrease. Furüher, at both temperatures, a concentraÈlon

1s soon reached. where fhe number of lons and. of solvenü

¡qolecules becomes comparable. Aü thls polnt, there ls no

longer sufflclenü water to nalntaln extenslve hyd.ratlon,

and. consequenÈly å must become smaller.

The values of Â 1, have been calculated. and. are

presented. ln Tables III and. IV, pages 6Z to 64 lncluslve.
As usual, the prod.uct drops rapld.ly, passes through a nlnlmum,

and. then rlses to a hlgh value. Slnllar behavlour 1s

experlenced at boÈh temperatures. ïf the two theoreÈical

equatlons were obeyed. over the entlre range of conoentraülon,

lt ls apparent fron the form of the equatlons that

should. decrease contlnuously. The concentratlons at whlch

the product beglns to lncrease correspond. roughly to ti:at
reglon 1n whlch the fwo equatlons encounter serlous

d.1f f 1cu1t1es .

Tt ls noü ühe posltlon of a person of ny ll¡nlted.

capabllltles and lnexperlence to iLecld.e whlch of the equatlons

1s theoretlcally preferable. When expand.ed, the '[,Ilshaw-Stokes

equatlon has four terms; the Falkenhagen-Le1st equatlon has

three terms. The values of the terns whlch d.lffer are not

comparable. the dlfference ln ¡nathenatlcal forn ls d.ue
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to the use by Wlshaw and. Stokes of a BoLbzmann ol-sËrlbuülon

functlon, and. by Falkenhagen anil telst of an Elgen-]Jlcke

d.Lstrlbutlon functlon 1n the treaünent of the relaxatlon
effect.
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ST'i{i\rABr ANÐ CONCI,USIOI{S

Exper*aental daÈa on the conductance¡ densiùy, and.
vr'scoslty of aqueous soluür.ons of 

'lühlun 
chl0rate have been

obüaiaed over the complete range of concentrailon at zJoo'oco
and at 131.goc.

The naxlmum of the eurve of speclflc eonducta'ce v'c
concentratl0n d.oes not shlfü notlceably wlth change 1n
tenperaüure. There are r,o mlnlma ln the equlvaleat
cond-ucta¡'oe curvesû The exponentlal relatl0nshlp betweea
concentraËlon and' equlvalent cond.uctance dlscovered. by l{e*on
ls not appllcable to the results of thls research.

Theoretlcal calculatl0ns have been made wlth the
recenfly pubr-lshed equatJ.ons of lilshaw and sùokesr a'd. of
Falkenhagen a'd' r'elst. of these two treatnents, the r_atËer
appears to be sllghüly &ore saülsfacËony.

Blnghamrs fluld.lüy rule 1s obeyed to a conoentratlon
of slx nolan aü Z5,OooC. and to nlne molar at l3l.goc. Therelatlve vlseoslty or the soluü10ns decreases wlth a rlse
ln tenperaüure; thls ls the reverse of the usual effect.
Evl*ence of a st'ongly hydrated llthlun 10n ls thereby
furnlshed..

The d'lstance of cl-osest approaeh of two lons has not
been for.¡:rd to be independent of üempenatureo TtreoretlcaL
JustlflcaÈlon ts glven for ühis vLelrrpolnt.
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The present research ls offered. ln the hope thaü

wlll heip to stlmulate the reoent].y revlved. lirterest

the phenomena encou¡.tered. in concentrated- solufioas

strong electrolyËes.
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TABT,E OF SYTIBOI,S

A, A*, B Enplrlca1 or theoretlcal consËants.
B.)D) É
A å Ðlstanee of closest approach of üwo lons ln-r) b! cns, and. Angstrom unlüs respecülveIy.

Effectlve area of orogE-sectlon ln a¡r\'t eleoËrolytlo cell,
B, 8,, B" Constânts ln Stokes-Boblnson equatlon.

C Concentratlon ln moles per llter.

D. D^ Ðlelectrlc constant of solutlon and. solvent
' v respectlvelyo

Ð Debye-it{lckel functlon.

e Charge on ¡rroton; base of natural logarLth.us.

F Fr¡nctlon 1n Stokes-Boblnson equaüion equal to

ao.2e29Éa _ I

. q"""q Kq
+ ActlvlËy.
K Cel1 oonstanü; equlllbrlum oonstant.

k Boltznarrn constant.

¿, Length between eleotrod.es of eleoËrolytlc cel1.

n Nunber of lons of a glvea type per cubic c&,

N Avogad.rot s numbero

g Falkenhagenrs term equal to å for 1:1 el-ectro-r 1ytes.

R Beslstanoe ln ohms.

s Length of electrode posts ln eleotro]-ytLo celI.
t Cenblgrad.e temperatvrei tlne ln second.s,
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T Absolute tenperaüure.

[rs Ionlc velocltles.
V Volume ln cublc cms.

AX/X Fallrenhagenr s relaxaülon effect.
o( Ðegree of d.lssoclatlon.

ot* Enplrlca1 
"o11sf,ant.

ß CoefflcLent of llrrear ex¡pansloa of Pyrex glass.
I

Ê/ Coefflclent of llnear expanslon of plaËlnum.
I

X Coefflclent of eublcaL expanslon of Pyrex
gla8s.

å*r6- Ionle contrlbublons üo 01e1ecür1o constanü.

€, Dle].ectrlc consta^nü of solvent.

1"rfì, Vlscoslty of solvent and. soJ.utlon respecblvely.

C Speclflc cond.ucüanoe, lonic otmoephece terrn.

^ 
Equlvalent eond.uctance.

-Ào Equlvalent cond.uctance at lnfl-ntËe d.lIutlon.

P Ðenslty 1n gns. per em.



BTBLIæBAPHT



BIBLICIGBAPITY

1. Debye, P,, and Htlckel, E. r Physlk. 2. r 4, LB5, 305
(L923).

2? 0nsager t Lq t Pkryslk. Z. | ü_, 388 (J.)26r.

3t Onasagerr Lçr Plryslk. Z.t 4¿ 288 (Lg26r"

4. onsager ¡ Lçt Physlk. Zr, 28, ??? (l92?).

5. Onsager, L., ¡nd. Fuossr B. i{.¡ J. Phys. Chem., fi,,
2689 (L932',).

6" Shed.lovsky, r.¡ J. Am. chem. Soc. , 5!., rl+05 (L932).

7. Jonesr Gor and. Blckford., C. F.r J. AIn. Chem. Soc., &,,
6az G%t+).

8. Scatohard., 9. , Chen. Bev. , Ð., 7 (J-.9331 .

f . i{acInnes, D. A.r and. Sbed.lovsky, f ., Jn Aüo Chemo Soc.,
fu-, Lt+zg (Lg32, .

10. Maolnnesr D. Arr Shed.lovsky, T.¡ and. Longgü¡orth, L. G.¡
Chem. Bevo , Ð., 29 (L933) .

11, llarned., H. S. , and. Owen, B. B. ¡ trThe Physica]. Chemlstry
of Electrolytlc So1utlons,n Eeln-Lro1d. Pub. Corpn,
N. Y. | 1950,

l?" ifasted., Jo Brr Rltson, Ð" I{., a^rrd. Col1le, C. H., J. Chem.
PL¡rs., ß, I (1948).

!3. Htleke]-, Eo , physlk. Z, t &, 93 (L925) ,

14. BJerntln, N. r Kgl. Danske Vtd.ensk. SeLskab., Z, No. 9
( tg26) .

L5. Kraus, Cn An ¡ J. Phys, Chem. 60, ].,29 G956).

l-6. Falker:lragen, H.r Lelst, I{., and. Kelbg,, G.r Anrr, Physlk,
É., ( 11) , 5L (L952) .

!?. Stokes, B. 8., J. Aüxo chem. Soen, ?J., l+563 G953)"

18. Stokes, R. H¡r and. Robinson, R, A.¡ J. An. Chem. Soco,
re., L99L (L951þ) .



83

Lg. lllshaw, B. F¡r and. Stokes, B. Iifo¡ Jo A¡It. Chen. Soco, ?É
2065 (t95t+).

20, Stokes, B. H.r Bev. Pure Appl. Chem,, 51 60 (L955).

ZLn Stokes, R. H.r and. Robtnson-, B. A.r rrElecürolyte
Solutlonsrrr Butterworths Scl. Pub., lond.on' L955.

22. Falkenhagen, Hrr and- Lelsü, M.r Naturwlssor g, 57o (L951þ).

23ç Elgen, llçr and- Wicke, E.r Naturwlss., L9, l+53 (1951).

24. Fuosg, R. II.r and. Onsa}e¡Tt L.r Proc. Natl. Acad.. Sci.,
U.,S. r ¿+1, ?7/.1' (1955).

25" WeIIs, A. F.r nstructural Inorgqrelc Chenlstryrrl
Clarend.on Press, Oxford-, L9l*5.

26 Red.lloh, o.r chem. Bev., 22, 333 (r9¿t6).

2?. Bernaln J. Ð.¡ and. Fowler, Bo Hrr J. Chem. PtrJIS.r I
5L5 (l-933) .

28. Süokes, B. H.r a¡ad. Eoblnson, E. A.¡ J. Amn Chem. Soc.,
7g-, 18?o (r.9¿l8)

29. Brunauer, S., Emmetür P. I{.¡ and. Tellerr E,¡ Jo Am. Chem.
soc. , 69, 3og ( 1938 ) "

30. Campbe1l, A. N., and. Karüzwan"lr-, E. Mo r Cart. J. Research,
828' t*3 (1950)'

3!. Ca:npbeJ-l, A. N. r Gray, A. Pr r and. KartzÍsarlr-t E. F1., Ca'rt.
J. Chem. , E, 6l.7 (].9531 .

32. Canpbell, Ao Nr¡ and- Kartzm.a?k, E. M.r Cârr. J. Chem.,
39, ].,28 (Lgszl .

33. Canpbell, A. N.¡ Karbzøark, E. Mor Bed¡.as, i{. E.r and.
FIerron, J. Tcr Can. J. Chem., E, 1051 (Lgslll. .

3l+. Campbel], A. N.r Ðebus, G. Hn¡ and. Kartzwark, Ê. Mor
Can.. J. Chem" , 32, 1508 (L955).

35. Ca"nnpbell, A. N.r and. Debusr G. H,r Ca,n. J. Chen., 34,,
L232 (L956r.

36. Campbell, A. Nr¡ and Kartzmæk., Ê, I{¡r Can. Jo Chemo,
22., 887 (L955).



l+3 
ç

]+l+.

84

37 , Knaus , C: _4.-, . 
and. Furgess, iif . M¡ r J. Am. Chen. Soo. ,!2, Lzz6 (tgz?) 

"

38, Jonesr. G. t _ an{. Josephs, E. C. t J. Am. Chem. Soc, , fi.,Lo49 (}928).

39. Parkelr Hr cy aad. Parker, E. !ü.r J. Am" chen. soco,46, 3r2 (tgzt+). -

40, Jonesr^9", and. Bradshaw, B. Ç., J. .ån. Chem. Soc", 5J,17Bo (t933).

&1. Scatohard., G.r prentlss, S. S.r a.r:.d. Jones, p. To, J.
Am. Chem. Sgc. , fr, 905 (J.g34.l

I*2. KloËechko, M..4., and. GrlgorJew, r. G.¡ Akad.. w1ss.(9rSrÞ.8. ), Nachr. Abt. pþsik.-chem. Aaalyse , 4,288 ( 1950 ) , A German translation may be oblatneil'fron the Llbrary of the Natlonal Beêearch cotmell,
Ottawa, Canada.

Potllltzin, 4., J. Buss. Pl\ys. Chem. Soo. , 16, 8¿10(1883).

Carapbe]-l, -4. {., a¡rd. GrlffLths, J, Eor Cën. J. Chem",
*., L64? (L956).

l+5. sooüt, lf. lf., rsüandard. Method.s of Ghemlcal AnalyslsrrtÐ. Va¡e Nosürand. Conpa:ry, Inc., New york , L?SO.

l+6. Grlfflths, J. 8., -Masterrs Thesls, Unlversity of
Manitoba, lgj6,

l+7. Joaes, G::_?{rd. Bol1lnger, G. }I.r J. Arno chem. soc., 53,&rr (1931). -

&8. Parker, H. C., J. Amn Chem. Soco, M., L366, zo:.:? (LgzÐ.
49 Ïrlashburn, E, -H. ¡ J. Amo Chem. Sooo, åg,, Ztlj.L ( I9L6) .

50, Cafinon, FI. Jot and. Fenske, M. R.r Ind.. Eng. Chem. A¡ra].Ed., &, zgg (1938).

51. Frankr Hn.s.¡ and. Evarasr 1\i. wn, J. chem" prrys., Ð., 50?
( tgt+s) .

52, Fuossr^B".M., and. Kraus, C..å., J. An. Chem, Soc., i5,2387 (t933).



B5

53. B1ngharn, E. C.r nFluldlty and Plastlclüy,tt I'leGraw-
H111 Book Conpany, New York, l-r9?,z^,

5L+. Akerlof , G.. C., a¡rd. oshry, Hn lor Jo AlIr" Chem. Soc.,
IZ) zgt+t+ (r9j0).

55. Ëlardy, B. Ço¡ and. Coütlngton¡ Eo i{.¡ Nat}. Bureau
Stand.ard.e (U.S.), Besearch Paper BPI.].?gl+" J. Bes.
Natl. Brtrn Étand.ard.s, &, 573 (19l+9).




