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I - INTRODUCTION 

One of the earliest contributions to the theor.r of electrolytic 

conductance was made by Kohlrausch (1), who observed that the equivalent 

conductance of an electrolyte at infinite dilution is the sum of two 

independant factors characteristic of the anion and cation respectively. 

This is known as Kohlrausch's "Law of Independe:n.t Migration of Ions". 

The classical theor;y of Arrhenius (2) published in 1885 was the 

next si.gnif'icant advance. He postulated that when an electrolyte is 

dissolved in a solvent, it partiall1 dissociatea iDto charged particles 

(now called ions). Another postulate of his theor;y was that the degree 

of dissociation of the electrolyte depends on the concentration of the 

solution, increases with dilution, and becomes complete in an infinitely 

dilute solution. He considered the ions to be quite independant entities, 

and apart from the tact that the ions present in the solution are in 

equilibrium. with some undissociated aolecules, they were regarded as 

being quite free from the influence of one another. The observed decrease 

in equivalent conductance with increasing concentration was attributed to 

a diminution in the degree of dissociation of the electro1yte. 

The u.in support for this theor;y came from the work ot Ostwald 

(3). The combination of the Law ot Mass Action, applied to the dissociation 

process ot electrolytes, with the de&ree ot dissociation derived from the 

conductance ratio led to Ostwald's Dilution Law. For a uni-univalent 

electrolyte, this takea the for.a 

~ 2c 
K • (1 -.,C} , 
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where K is the dissociation constant,~ the degree or dissociation and 

c the concem.ration of the electrolyte at arrr given temperature. Aqueous 

solutions or weak electrolytes, such as acetic acid, were round to obey 

this law, but it taUed completelT at high concem.rations and with strong 

electro~es. Various modifications were proposed in an atteapt to fit 

the experimental data to the theoey. A better fit was obtained tor weak 

electrol.ytes, but the "anomal.7 ot etrong electrolytes" remained unexplained. 

'l'he aesumption b7 Arrhenius that highly charged ions could exist 

as independent. entities without 11\ltual interaction proved to be a serious 

wealmess in hie theoey. 'nlis ass'WII.ption required that ions should have 

the same 110bUities in concemrated as in dilute solutions 1 and subsequent 

measureJDent or transterence nUIIbers (4) ahowed this to be um.rue. 

In an atteapt to account tor the conductance behaviour ot strong 

electro~es 1 Deby'e and Huckel postulated the Interionic Attraction Theor:r 

(5). In this theoey, the solute is considered to be ent.irel7 d.issociated 

im.o ions. The electrical torees between the ions are responsible tor 

the observed variations in the properties of the solution upon dilution. 

'l'he ions attract or repel one another by' Coulomb torees, which tend to 

pro duce a defini te arrangement or the iona 1 whUe thermal torees, on the 

other band, tend to bring about a purel7 randoa distribution. The 

properties of an ionie solution can thus be accounted tor b7 the interpl.q 

ot these two ettects. Since electrostatic torees increaee as ions approach 

one another, ions cannot have the same mobilities and thermo~c 

properties in concentrated as in dilute solutions 1 as postulated b7 

Arrhenius. 
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The Debye-Huckel tbeory turnished a theoretical buis tor the 

concept ot "activit1" introduced eapirical.l7 b;y G.I. Lewis (6) in 1908 

to account tor the obaerved deviation ot the thermo~c behaviour ot 

solutions trom the ideal state. Further.ore, the •thematical treatllent 

ot the theo17 ude available a auccesstul aethod ot evaluating activit;y 

coetticients troa the physical propertiea ot the solution. The theo1"7 

can &lao be applied to non-the:rmodynaldc phenoJMna auch u electro~ic 

conductance and traœterence. The •theaatical treataent ot this problem 

b;y Debye and Huckel, extended by Onsaaer (7) 1 led to an equation ot the 

tora 

.L\.. • ~ - (A + BA) ./ë, 
0 0 

where.l\.is the equivalent conductance ot the electrolyte at a concentration 

c, ~0 the equivalent conductance at infinite dilution, and A. and B are 

constants which can be coaputed tl"'Ol a knowledge ot the dielectric constant 

ot the solvent, the teçerature and univeraal constants. This equation 

will be turther considered in the discu.sion ot resulta. It is easential.ly 

ot the same tora as that obtained experimentall7 'by Kohlrauach earlier (8) 1 

and predicta a decrease in h with increaaing concentration ot the electro­

lyte. For the majorit;y ot aqueoua solutions tor which data are available 1 

the l.ilrl.ting expression is ve1"7 cloael7 obe;yed tor concentrations up to 

0.002 equivalent per litre. 'l'be obaerved deviations troa theor.r at 

higher concentrations are partl.7 due to simplifications introduced in the 

•theutical treatMnt ot the theo1"'7. The conductance data tor etrons 

electrol.Jtea in water at higher concentrations can be titted to aeai-

eçirical equations, which, however, are or the torm to be expected !rom 

the approxill&tions made in d.erivina Oœager's theoretical equation. 



4 

The saae treatment. is usetul in dealinl with the ionie portion 

of weak electrol1tes. Several exemples ot an intel"'llediate type or 

electrol1te, which i.8 neither strong nor weak, are known, notabl.y the 

solutions ot aost salta in non-aqueoua media. In auch media, the assum:ptions 

in the DebTe-Huckel theor,y., particularly that of complete dissociation, 

become lesa valid as the dielectric constant.., a ver,y iaportant. propert7 in 

electrolyte theo17, d.ecreases. Recent research in non-aqueous Jledia has 

shown that ionogena vhich are strong elect:ro11tea in water otten behave as 

weak electrolytes in solvent.s ot lover dielectric constant. In media with 

law dielectric constants., and in concentrated solutions., the short r&n&e 

interactions between ions, and between ion-dipoles become significant and 

JBUSt be taken into account (9). Specifie solute-solvent int.eractioœ IIIUSt 

also be conaidered. 

Onaaaer'a equation 1s strictly applicable o~ in the lillit~ 

case ot ve17 dilute solutions. This iaplies that the theo17 can be 

properl.y tested onl.7 if' high precision experi.llental data are available tor 

solutions ot ve17 law concentratioll. Conductance data, with an accurac;r 

ot 1 to 2 parts in 10.,000 are available, JIOStly tor aqueoua solutions. For 

non-aqueous solvants, however, few data of auch high precision are avail­

able. 

Considerable attention has been paid to solvants ot very low 

dielectric constant, in vhich there is a great deal ot ion interaction, 

but tew reliable measurements have been made with solventa of intermediate 

dielectric constant. The dielectric constant or nitromethane lies between 

that ot solvents having high dielectric constants, auch as water, vhere 



5 

the behaviour ot strong electrolytes contorms closely to the limiting 

Onsager equation, and solTents ot veey law dielectric constant where the 

theoey becomes almost invalid. For this reason nitromethane was chosen 

as the solvent tor the present stuey. Hartle7 (10) bas studied the 

conductance behaviour of some quatern&rT aJIIIIOnium salta in nitro:aaethane. 

A comparison ot the conductance data in nitroDiethane with s1w11 ar data in 

solvents auch as methanol (11) and nitrobenzene (12) should be instructive. 

Nitro:methane and methanol are structurall.y diss1•11ar, but haTe about the 

sue dielectric eorustant. The alcohol molecule possesses both electron­

donor and acceptor properties 1 thus enabling it to torm coordinate links 

with both cation and anion. Nitromethane, beine an electron-donor, can 

OJÙ1' tora auch bonds vith the cation. Any solTation ot the anion probably 

depends on weak electrostatic interaction with sol vent dipoles. 

The choice ot the quaternaey a.anium halides was based on 

reasoœ of solubUit7. The conductance behaviour or tetramethyl and tetra­

etbTl ammoniUJR chlorides and bromides bas been investigated b7 Elias (13) 

in this laboratoey. In the present research the conductances or the next 

higher aellbers or the homologous series 1 tetraprowl and tetrabutyl 

ammoniUJI chlorides and bromides, were studied tor purposes ot comparison. 

For the sake or simplicit7 in subsequent discussion, these salts will be 

represented b7 the !ormul.ae Pr
4

NC11 Pr
4

NBr1 Bu
4

NC11 and Bu
4

NBr where Pr 

and Bu stand tor the n-prop7l and n-but7l radicals respectively. Conduct­

ance data were obtained tor these salta in nitromethane at 25•c tor 

coneentratiorus trom 0.01 to 0.0001 N. 
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The apparatus required tor high precision conductance :measure­

ment by the alternating current technique is very elaborate. The 

conventional method, usi~ a high trequency alternating current and 

platinum black electrodes, is tairl.T satistactory tor moderately dilute 

aqueous solutions. However, in dilute non-aqueous solutions, the use ot 

platinised electrodes vitiates conductance data because or adsorption 

ettects. Resistances of over 10,000 ohms must rrequentl.T be ~~easured, 

and bright platinua electrodes must be employed to minimise adsorption 

of solute. EJimiœtion ot polarisation errors calle tor the use ot very 

high trequencies, and the design ot the conductance cell and bridge is 

critical. The capacitance current leakages in the cell and circuit, and 

other inductive eftects inhere:nt. in the use ot high trequencies, must be 

oYerco~~e. 

It is possible to obtain conductance data ot comparable accuracy 

by' the direct-current method, and the apparatus required is very 1111ch 

siœpler. Newberry (14) and Eastman (15) iDYestigated the possibilities 

ot the direct-current method, but only tor relatiYel.T conce:nt.rated solutions. 

The problem or polarization was eliDiinated by the use of reversible elect­

rodes. They used a si.lllple DlOdi!'ication of the cOJDOn llethod tor measuring 

the resistance of a metallic conductor by determining the fall ot potential 

along it during the passage of a lmown current. Later Bronsted and 

Riels en (16) used the same method for measuring the conductance or solutions 

as dilute as 0.002 H, and obtained agreement with the alternating current 

data within 0.02%. 

The direct-current method, as developed by' Gunning and Gordon 



7 

(17) 1 bas yielded data vith an accurac7 cœparable to that obtained b7 

the beat existing a.c. techniques. In principle, the Mthod consiste ot 

pusi.Dg a lmown current through the electrolyte solution, and measuring 

the tall ot potential across two probe electrodes located between the 

main, current-ca.rl"Ting electrodes. The use ot reversible pro 'be electrodes 

eliminates polarization. ~ veey 811&1.1 currents are passed througb the 

solution in the cell so that the cbellical changes occurring are veey 

small and do not attect the accuracr ot the aeasuremeDts. The main 

electrodes mq become polarised du.rin& the passage ot current; but it 

they are sutticiently weil ieolated from the main bod;y ot the cell to 

prevent the products or electrol1sis from contaainatifw the solution 

between the probes, reproducible potential readings are obtainecl. The 

onl.7 current pa,ssed thl'ough the probes ie the very small moment&rT one 

required to obtain potentiometer balance, while measuring the potential 

drop between thea. 

RecentJ.T, Ives and Swaroopa (18) have described a method ot 

conductance 11easurement b7 the direct-current technique. They located the 

potential-measuring electrodes in aide-tubes connected b7 narrow tubing to 

points in the solution where the potential gradient was zero. By this 

arrangement. they obviated the need to locate the probes accuratel.T and 

reproducibJ.T, an essential requirement with Gordon's :method because ot the 

potential sradient near the probe electrodes. A qllinh1'drone electrode, 

stabilized b7 potassium hy'drogen phtbalate, was used by Ives and SWaroopa. 

Their resulta, using various solutioœ and electrodes, sbowed a variation 

ot about 0.1%. lt:>re recent~, the direct-current metbod bas been used b7 
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L1m (19) to measure the conductance of concentrated solutions of sodium 

and potassium chlorides in water1 using a modification of the Ives-8waroopa 

cell. 

H1gh precision conductance data have been obtained for sodium 

and potassium halides in anby'drous methanol and water by the d.c. method 

(201 21). At the outset of the work with nitromethane in this laboratory1 

it was observed by Bulani (22) 1 that the silver halid.es on the electrodes 

were soluble in nitromethane solutions of the quaternary ammonium halides. 

This ditficulty was overcome by Elias and Schiff (23) 1 who developed a 

m:>dification of the Gordon cell. This has removed the limitation inherent 

in the original Gordon method that it could be used onl.y with solutions 

for which suitable reversible electrodes are aTailable. 
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II. EXPERIMENTAL 

Preparation and Purification of' Materials 

(A) SolTents 

(i) Conductivity Water:- Conductivity water was prepared by batch 

distillation of' distilled water. About one gram of' potassium permanganate 

and f'ive grama or potassium hydroxide were added to sevan litres of' 

distilled water. The distillation apparatus coœisted of' an all copper 

atill f'itted at the top with several baffie plates. The condenser wu 

made or quartz and a thoroughly wa.shed wrex f'laak serYed &S the receiTer. 

A tiret traction of' about li- litres was disearded and the middle eut of' 

2-2~ litres collected. This sample of' water bad a specifie conductance 

-6 of' about 1 x 10 mhos. at 25•c. 

Ali glassware vas scrupulously cleaned. The sequence of' washing 

was as f'ollows: hot chromic acid, tap water, warm potassium hydrorlde 

solution, and tap water. The vessels were kept in hot hy'drochloric acid 

tor several hours to remove surface allcalinity and then f'lushed continuousl.y 

with warm tap water, rinsed eeTeral tilles with distilled water and .t'inall;y 

vith conductivity water. 

(ii) Nitromethane:- The preparation of' nitroMthane in a eutf'icient 

state or purity for use in the conductance measurements wu done in ~mch 

the sue vay devised by TiDk (24) and Bulani (22) in this laboratory. The 

method involved distillation at reduced pressure and subsequent f'ractional 
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crystallization. 

The nitromethane was obtained from Distillation Products Limited 

as an almost colourless liquid. It was washed twice with aqueous 5% 

sodium carbonate, once with aqueous 5% sulphuric acid, and three times 

witb conductance water. The distillation was carried out in an all pyrex 

glass apparatus of the usual vacuum type design shown in Fig. 1. The 

pot had a capacity or 5 litres and was heated by a "Glass-Col" heating 

mantle. The fractionating column, 3.6 clll8. in diameter and about 300 

ems. long, wae packed with glass helices. Distillation was carried out 

at 4-6 ems. pressure which was regulated by a Cartesian manostat. The 

reflux ratio was adjusted to 10:1, using a conventional llBgnetic take-ott 

at the head of the distillation apparatus. Dr,y ice-acetone cold traps 

and a vacuum oil puap were used. A. middle eut of about 2 litres was 

collected after discarding the first 1! litres. This middle fraction 

of nitromethane was fractionally cr.ystallized b.1 fitting the receiver 

flask containing it with a side flask of 500 ml. capacity and placing 

the system in a wooden box packed with dr,y ice. The box was then agitated 

b7 a mechanical shaker. When the nitromethane bad !rozen (usually about 

l hr.), the flask was removed and the contents allowed to melt. When all 

of it bad melted except for a few crystals, the assembl7 was placed in 

the box again and allowed to treeze with continuous agitation. The 

nitromethane froze slowly and when all but about 250-300 mls. of it had 

solidified, the remaining liquid was poured over into the s ide-flask. 

Since this liquid has a lower .treezing point it would presumably contain 

a high proportion o.t the impurities which may be present in the distilled 
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nitro..thane. The co1our1esa C17Stala vere then allowed to me1t at room 

taperature. The fractional C1"7Stallisat1Gn usuall.T took about 5 hours. 

The puritied nitro~~ethane wu then transferred under pressure or pare 

dr7 nitrogen through a deliver;r tube attached to the tl.uk b7 Jle&DS of a 

standard taper joint. The densit7 and specifie conductance of the so1vent 

vere 1.13122.:!:. 0.00002 ga./ca.3, and (0.5- 1.0) x 10-8 oha-1 Cll.-l 

respectiveJ.T at 25•0. The water content was determ:ined by Karl Fischer 

titration (25) and found to be 0.001 veight per cent. It vas round that 

nitroMthane puritied as described and used in conductance runa could ~ 

recovered in a pure state b;y clistillation alone. The conductance alone 

was found not to be a autticient criterion ot purity of the aolvent. 'l'he 

purit7 of the nitromethane thus obtaiœd bas been detendned absoluteJ.T 

b;y Elias (13) foll~ the freeziDg curYe method ot Rossini (26). The 

samples vith a deœit7 of 1.13124 .:t. 0.00004 ga./cm..3 at 25•0 vere round 

to be 99.96 mole per cent pure. 

(B) Salta 

(i) Potuaila Chlor:l.de:- The potaasitœ chlor:l.de wsed tor dete~ 

the cell constant waa the "Analar" grade supplied b;y the Mallinkrodt 

Collp&D1'. A hot saturated solution of the salt in conductivit7 water was 

tiltered through a sintered &lasa tunnel to re110ve aD1" insoluble iapurities. 

The salt was then rec178tallized tvice from conductivit7 vater, and dried . 
in vacuua at uo•c. Immediately before use, the salt wu fœed in a 

platimml boat placed in an electric tvnace. A slow streaa of pure 

nitrogen wu passed over the salt during fusion. The tuaed salt in the 
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boat was allowed to cool in a dessieator and then weigbed. 

(11) Quatemar;r ADDoniUil Halides 

(a) Determi.nation of Salt Puritr:- The purity of al1 the quater­

n&l"T IJIIIDOnilDil halides wu determiDed b7 gravimetrie analy'sis tor the 

correepondin& halide. A quantit7 of the salt lal'!e enough to give at 

leut a gram of the silver halide precipitate was weighed to an accuraey 

of 50 llicrograJIS, and then dissolved in about 500 lÜ.. or eonduetivity 

water. The solution was acidified vith 3 ml. 1:1 nitric acid and a 

slight exeess of the calculated quantity of 0.1 N silver nitrate solution 

vas added elowl7 with etirring. The solution wu heated slow:cy just to 

bo~ and the precipitated silver halide coagulated b7 stirring tor a 

ff!ltl minutes. The beaker wu covered vith a watch-glass and the contente 

allowed to stand in the dark tor 3-4 hours. Atter ll8ld.ng sure that the 

precipitation was complete, the solution wae tiltered through a sintered 

alus crucible. The precipitate was washed several ti.JMa vith 0.01 H 

nitric acid until free or eilver nitrate and then transferred to the 

erucible. The precipitate waa vuhed thrice on the filter vith conductance 

water to z-.ove · the lut traces of ni tric ac id. The crucible and contente 

were dried in an air oven at uo•c overnight, allowed to cool in a 

dessicator and weigbed. The precision or the anal1'Bis wu round to be 

better than 0.03% from the result or anal.7sis or tuaed potassiua chloride 

puritied u d.escribed earlier. 

(b) Preparation and Purification:- Tetraprowl ammonium bromide 

vu prepared bJ' reacting equimolecular quantitiee of distilled n-prowl 

bromide and tri-n-prowJp1 ne in llethanolic solution tor about 24 hours 



at the renux temperature ot the llixture. Most ot the unreacted reagerrts 

vere then reiiO'I'ed 'b;y extract~ the mixture (atter oooliDs) vith distUled 

heptane. The Jlethanol lqer cont.aining the salt vas then evaporated to 

dryness under reduced pressure. The cru.de prod.uct thua obtained vas 

puritied b7 recr.yatallization from distilled acetone tollowed b7 

reprecipitation from acetol'1e solution by addition ot heptane. The salt 

vas then dried in vacuum. at l32°C for 24 hours. The purit7 ot the salt 

d.etel'llined b7 gravimetrie anal.yais vas 99.97%. Deœit;y • 1.19 p./cm.J 

Tetraprowlammoniua Chloride:- This salt vu prepared b7 

the ~~etathesis ot a methanol solution ot tetrapropylalmonima iodid.e with 

treshly prepared and thoroughly wuhed sU ver chloride. The iodide 

itselt was prepared 'b7 refiuxing equillllolecul.ar quantities ot n-prop;yl 

iodide and tri-n-prop;ylam:iœ in methanol medium tor about 24 hours. The 

salt vas recovered and puritied b;y recr,rstallization as described earlier. 

The treatment of the puritied Pr4RI with sUver chloride in methanol 

mediUil wu continu.ed slowl.7 until a1l the iodide wu COnYerted into 

chloride. The presence of eYen traces ot the iodide could be detected by 

the starch test followiltg o.xidation with nitric acid. The solution vaa 

then sentl.T W&l"DDed and tiltered through a sintered glass flmnel and 

evaporated to drJness in vacuum. The salt was puritied b;y three reprecip­

itations from acetone solution vith reageut srade ether. Atter d.eying at 

l32•C !or 24 hours in vacuum, the purit7 or the salt was deterained. 

Ana~is 99.96%. Denaity = Pr41Cl l.lO~rrv.jcfYl,~ 

Tet rabut y] •DDOniwa Brollide :- The procedure suggested b;y 
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li'uoss (27) was follcwed for the preparation of this salt. Tri-n-but;yl­

amine and n-butylbromide were diatilled at 132•0. Equimolecular quantities 

of the two reaetants were refiuxed in Dlethanol solution for about 30 

hours. Water was then add.ed and the unreaeted reagents extracted with 

heptane. The aqueous layer containing the salt was cooled to -15•0, and 

flltered. The wet ass wu iaed.iately transferred into a dessicator 

over P2o5 
and the dessicator evacuated. After this preli•inary vacuum 

dr,ring,the salt was puritied by repeated reprecipitation from acetone 

solution with ether. The pure salt wu dried in vacuua at 80°C for 24 

hours. Melting point ll8°C. Purit;y = 99.98%. Densit7 • 1.13 p/ea} 

Tetrabut:rlulnonium Chloride :- This salt was prepared in a 

JlaD!ler analogons to that used in the preparation of the correspon~ 

tetrapropyl salt. The procedure employed was the metathesis ot a 

methanol solution of purified tetra'butyl &JaOniu:a iodide with treshly 

prepared and thoroughl7 washed sllver chloride. Atter making aure that 

the con-,ersion ot iodide to chloride was complete b;y the starch test as 

betore, the solution vas gently warmed, tlltered through sintered glass 

and evaporated to dryness in vacuum. The salt which vas tound. to be 

ext.remely ~sroscopic, vas given a prel1m1naey dryiDg in vacUUJil at roo:m 

t•perature. It was then dissolved in acetone and reprecipitated thrice 

with reagent grade anhydrous ether. Atter drying in vacuum for 24 hours 

at 56°0, the salt was anal7zed. Purity • 99.98%. Melting point • 75•c. 

This salt was handled inside a drT box because of its extremely bygro-

scopic nature. 
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( c) E!fect of Dr.yi!B Teaperature on Salt Purity:- The salta 

were dried in vacuum in an Abderhalden type of "drying pistol" with a 

trap i.Daersed in dry ice-acetone mixture serving as the dessicant. The 

part ot the dr7'iD« tube holding the salt wu heated b7 the vapours ot a 

auitable boiliDg liquid. The deying temperature beat suited for each 

salt was detel'llined b7 trial. Each salt wu puritied as described. earlier 

and then dried in vacuum tor about 24 hours at several ditterent temper­

atures. The purity ot the samples dried tor approxiœatel7 the same length 

ot tille at different teaperatures wu determined by sravi.Mtric analyeis. 

The ~ time bad OlÜ1' a slight eftect in illproving the purity of the 

salt. The eftect or dr7inl temperature on salt purit7 tor Pr
4

HC1 1s 

represented in Table I. 

TABŒ I 

Effect et deyiDg t811lperature on salt purity - Pr
4

Ncl 

Drrlpg Temperature Per Cent Purity 

so•c 99.51 

100• 99.83 

no• 99.95 

132° 99.96 

160° 99.61 

Pr
4

HC1 vas theretore subsequentlT dried at l32•C. Different batches ot 

the salt puritied and dried at 132•c gave reproducible coDductance data. 

Salt samples puritied b,r reprecipitation froa acetone solution with ether 
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or heptane and dried at 132°C yielded reprod.ucible anal.yllis and conduct­

ance data. Furthel"'IIIre, the Bu4NBr wu prepared bT an alternative method 

(neutralization of Bu
4 

M OH in methanol medium with anhy'drous HBr); when 

dried at so•c in vacuum for 24 hours, the salt was found to be 99.98% 

pure and bad a meltin& point of 118.5•C. The conductance data obtained 

with this sam.ple of Bu
4

NBr agreed with the data using the batck of salt 

prepared earlier. 

(d) Salt Purity and Conductance:- To find out the affect ot 

pvitJ ot the salt on conductance, the equivalent conductance ot a 0.01 N 

solution or Pr4NC1 in nitromethane was d.eter.adned. This was repeated 

using the samples of salt dried at various t8lllperatures. The resulta are 

given in Table II. 

TABLE II 

I>rJi,n& Temperature Per Cent Purit;y Equi v ale :at 
Conductance ({>..) 

so•c 99.51 82.82 

100• 99.83 82.95 

no• 99.95 83.00 

132• 99.96 83.01 

160• 99.61 82.75 

It is evident from the above resulte that Pr4NC1 could be dried at U0•-

132•c. Temperatures up to 100•c are not high enough as sbown by the 

purit;y of the salt and conductance. At 160•0 some decomposition occura. 
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This is revealed by the low conductance and purity or the salt and f'roa 

the odour or amine in the salt. It was also f'ound that the longer the 

deying time at this temperature the less pure the salt became. 'l'his 

could presUDI&bly be due to the gradually increasing deco11p0sition with 

tiM. To elimiDate the error due to &DT possible "aging errect" or the 

salts, rreshly puriried and dried samples were used in the conductance 

ruœ. It was obserYed that temperatures up to 100•c are not high enough 

for dry'ing the tetraprowl ammonium halides; Bu
4 

NBr bad to be dried at 

so• or even 100•c. However, Kraus and coworkers (28) have used 

temperatures as low as 40°C. 

Description of' the Apwatus 

(i) The Gordon Conductivity Cell (17) 

Fig. 2 shows the front and side views or the conductance cell 

œed. The original Gordon cell bad a capacit7 or about 400 ml. How-

ever, a amaller cell holding about 150 ml. was used to reduce the amount 

ot solvent required per experiment. Etched liftes on the ground glass 

joints helped to ensure that the electrodes vere reproducibly located in 

the cell. 

The probe electrodes were made or thin platinnm atrips 1 lllll. 

wide and 6 DD.. long, sealed into Nonax glass in such a wa:y tbat no edgea 

were ex:posed. The7 were sUver-plated in a solution containi ng 10 gms. 

per litre or twice rec17Btallized potusium silver cyanide. A current 

d.ensit7 et 1 Jrl.lliaapere per sq.cm. was used and the electrodes were plated 

tor about 6 hours atter the li&Dl'l8r ot Brown (29). The sUver-plated 
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electrodes vere wuhed thoro~ with conductance water, and placed in 

concentrated .-onia !or a !ew hours to re.move &DT adsorbed c7anide ions. 

A!ter washing with conductance vat er, the electrodes vere anodized tor 

' hov in a 0.1 N aqueous potassium chloride or broaide solution usi.Ds 

the sama current densit7. The main, current-carryi.ng electrodes vere 
2 . 

made of platinua toil approximatel.7 1 x 2 cm. in area and joined to 

copper leads b7 platinum vire sealed through glus. The7 were heavily 

plated with sUver. The main and probe electrodes were rinsed vell and 

placed in test tubes containi..n! conductance water, when not in use. 

Be!ore replating, the electrodes vere placed in strong 81111lOnia to dissolTe 

the silver halide lqer and then anodised in concentrated nitric acid to 

remove the silver. 

Atter being treated as d.escribed earlier, the cell vas kept 

tilled with conductance water, when not in use. Thereaf'ter it was 

periodical.l7 cleaned with chromic acid solution to remove aey slight 

traces of creue. Follow:t.rw this treatment the cell vas thoroughlJ' fiuhed 

with large quantities ot tap water, and tinall7 vith conductance vater. 

Before a conductance detenaination, the cell vas rinsed contin-

llOusl.7 vith tap water, and then ten tilles vith conductance vater. It was 

next dried in an inverted position b7 fiushing vith pure dr,y nitrogen tor 

aore than an hour. The cell vas kept clu:ped in the no:ru.l. position, three 

of the electrode compartments were covered vith glass hoods 1 and the 

solution was transterred into the cell through the tourth electrode compart­

ment. For about !ive minutes prior to this, the electrodes vere allowed 

to sit in a sample ot the cell solution. The cell wa. tilled to a leTel 
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just below the ground glass joints; the electrodes were inserted and care­

fully aligned. The cell was then placed in the oil bath for one hour to 

allow it to come to temperature equilibrium. 

Modification of the Gordon Cell 

The original Gordon method suffered from the limitation that it 

could be used only with solutions for which suitable reversible electrodes 

are available. A modification of this method was deviaed by Elias and 

Schiff (23) in this laboratory. This modification has rendered the direct­

current conductance method applicable to any electrolyte. 

Each silver-silver halide probe was immersed in an appropriate 

halide solution and contact with the solution under investigation was made 

through liquid junctions. With such an arrangement, the probes functioned 

reversibly with respect to the solution in direct contact wi.th them, 

though they were not reversible with respect to the solution measured. 

Probe chambers of the type shown in Fig. 2 (23) were employed to effect 

the liquid junctions. Type (A) chambers were used in the present research 

since nitromethane solutions are denser than the aqueous potassium halide 

solutions used to fill the probe chambers. The probe chamber was closed 

with a finger 11 cot11 at the lower end and filled with the appropria te 

halide solution to a level just below the rubber bulb. The probe electrode 

was inserted in the chamber and the 12/30 ground glass joint wetted with 

the solution to ensure an air-tight seal. With the lower end of the 

chamber open, the rubber bulb was pressed to expel about 2 ml. of solution. 

An equal volume of cell solution was drawn up by carefully releasing the 
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bulb with the tip or the chaaber i.mllersed in a aam.ple of the cell 

solution. The position ot the bounclar;y' ia ahown in the diagra by a 

dotted line. 
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The probe chaiDbera were placed in the probe aide &1"118 ot the 

cell, atter be!D& wiped clean on the o\ltside with filter paper. The eell 

waa then tilled with solution and placed in the censtant temperature 'bath. 

The method deseriD&d by Gunning and Gordon (17) was eaplOTed tor the 

electrical meaaurements. 

The accurac7 and reproducibilitT ot conductance data obtained 

by the liquid junction method were thoroughl.7 iDV'estigated b7 Elias and 

Schitf (23). The7 studied 1) the effect of concentration of probe 

solutions relative to that of the cell solution, 2) the influence of the 

liquid junetion potentials, 3) the dependance of the measured resistance 

on the current through the cell circuit, and 4) the etfect ot dittwsion. 

Their resulta showed conclusiYe]J' that the accuracy and reproducibility 

ot conductance data obtained by" this method are quite eomparaDle to those 

obtained b7 the original Gordon method tor concentrations down to about 

2 x 10-4 N. 

The liquid junction method d.escribed above was applied to nitro­

methane solutions ot Pr4Mcl, Pr4NBr, Bu4NC1 and Bu4NBr. The probe solution 

was an aqueous potassium chlorid.e or bromide solution depenc:lin! on the salt 

und.er stuc:V'. The conductances of the very dilute solutions in the 

concentration range 1 - 5 x 1C)4 N vere measured in the UDilOditied Gordon 

cell since the silYer halide probes were not iJipail"ed in auch dilute 
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solutions. 

{tii) The El.ectrical Circuit (Fis. 3) 

A aull steady plate current from a 6SJ7 pentode, operated on 

a negative teed-back principle, wu pused th:rough the cell am a standard 

1000 oha resistor in series. This "constant-current" deviee was aimilar 

to that or Le Ro7 ed Gordon (30). The circuit bad the characteristic 

that the plate current vas almost independant ot the load resistance. !he 

current through the cell remai.Ded coœtant within 0.01 to 0.02 per cent 

dur~ an experillent. The nol'JII&lvorking range of current was 1 te 0.1 

milliaapere, obtained b7 var,ying the grid voltage. The potential drop 

Es across the standard resistor was tirst :measured, then the voltage drop 

Ec+ across the probes. !he direction of current th:ro\'lgh the cell wu 

then reversed, the voltage drop, Ec-, across the probes measured and 

tinal..ly the voltage E was again measured. The sœall static bias potential 
8 

between the electrodes was eliminated along with anr difference in liquid 

junction potentials b7 tald.ng the mean of the two values ot Be, ~, Ec + 

and Ec-, for &1\J' particular value or E
8

• The measured resistance R • 1000 ~· 

Electl"OilOtive torce measurements were •de with a Leeds and Northrup Es 

t7}le ~ poteutiOJieter and a ballistic &alvanometer ot sensitivit7 

-10 2 x 10 ampere per millimeter scale detlection at one metre distance. 

Despite the tact that the reversiDg switches and all wiring were 

well inaulated, interference from str~ current leaks was noticed particul-

arl7 during the hot and hllllid sWBer months. The magnitude or this ettect 

was S'llch that it vas almost illpossible to obtain anr aecurate conductance 
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data in auch weather. The following tables give some of the conductance 

data obtained for nitromethane solutions in humid weather using the 

modified and unmodified Gordon cell. The data obtained with an approxim-

ately 0.01 N Bu
4

NBr solution in nitromethane are shown in Table III. 

The probe solution was aqueous 0.01 N potassium bromide. 

TABlE III 

Dependance of Measured Resistance on Current 

Es Ec E/Es 

1.11210V +0.22520V 0.20405 
-0.22865 

1.11190 
+0.22521 
-0.22855 0.20405 

l.lll85 

0.53394 +0.1076o 0.20490 
-o.lll20 

0.53392 
+0.10762 0.20495 
-0.11122 

0.53386 



TABLE IV 

5 x 10-4 N Bu
4

NBr solution in nitromethane (Gordon cell) 

Es Ec 
Ec 

Es 

o.21585V +0.82109V 3.7997 
- 0.81916 

0.21583 
+0.82085 3.7994 
-0.81930 

0.21581 

0.18125 +0.69070 3.9050 
-0.68865 

0.18126 
+0.69082 3.9051 

0.18126 -0.68862 

The change in the ratio E , the "apparent" resistance with current was 
~ 
Es 

26 

round to be much higher than 0.01%, the required limit of accuracy of the 

measurements. Thl.s deviation could be attributed to the occurrence of 

etray current leaks. 

Further evidence for the apparent erratic behaviour of the 

silver-silver halide probes was obtained from the following experiment. 

With a 0.002 N aqueous solution of KBr in the Gordon cell, the current 

through the circuit was set and a series of readings were taken of the 

potential drop, Ec+' across the probes for a few minutes. The direction 

of current was then reversed and another series of e.m.f. readings, E -, c 
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was taken. The resulta are shown in Table V. 

TABlE V 

Es E + E E-
c s c 

1.11745V O.o57255V 1.11745V 0.56911V 

0.57271 0.56941 

0.57305 0.56970 

0.57311 0.57000 

0.57327 0.57020 

0.57340 

The apparent values of both E + andE - increased steadily, even though c c 

the current remained constant. This indicated that the probes were 

apparently not acting reversibly. Even after replating the electrodes 

ver,y carefully, this kind of apparent erratic behaviour persisted. 

Further.more, the apparent static bias potential between the probes showed 

a continuous increase with time. 

However, the measured resistance of any electronic resistor was 

round to remain inde pendent of the current passed through the circuit. The 

cell was duplicated by means of wire-wound resistors of comparable magnitude 

and resistors in the range 200-15,000 ohms ( tœ range measured with the 

nitromethane solutions investigated), were measured in the usual way. The 

accuracy and reproducibility of the resulta were quite good which seemed to 
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indicate that the etray current leak was possibly associated with the 

cell, rather than with other parts of the circuit. 

In an attempt to overcome this problem of etray current leaks, 

the lead.s from the probes to the circuit were first shielded and the 

shielding earthed. This step did not bring about any :illlprovement. Next 

the space surrounding the leads !rom the probes inside the glass tubes 

was dried b.1 packing it with silica gel. The top of the glass tubes 

leading from the probes was sealed with wax to ens ure air-tightness. In 

this way the space around the leads !rom the probes was kept dry and the 

resistances of several nitromethane solutions of different concentrations 

were then measured. The data obtained are presented in Tables VI and 

VII. 

The data in Table VI refer to an approximately 0.0075 N nitro-

methane solution of Bu
4

NBr using the liquid junction method. 

TABLE VI 

Dependance of Measured Resistance on Current 

Es E c E/Es 

1.22135V +0.33090V 0.27041 
-0.32960 

1.22128 
+0.33089 0.27041 -0.32958 

1.22128 

0.53357V +0.14493V 0.27041 
-0.14365 

0.53360 
+0.14493 0.27042 0.53360 -0.14366 
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The data in Table VII were obtained for an approximate~ 0.0005 

N nitromethane solution of Bu
4 

NBr by the Gordon method. 

TABlE VII 

Dependance of Measured Resistance on Current 

Es E E/E8 c 

O.ll375V +0.40395V 3.5536 
-0.40450 

O.ll375 +0.40400 3.5537 
-0.40450 

0.32025V +1.13765V 3.5533 
-1.13820 

0.32025 
+1.13762 3.5532 
-1.13820 

0.32025 

The apparent variation of the measured resistance with current was round 

to be within 0.01%, the 1imit of accuracy of the measurement. With moist 

air in the spa ce surrounding the 1eads from the probes, the 1eads are 

presumably not efficiently insulated. Under such conditions, stray current 

leaks could occur which could explain the apparent erratic resulta obtained 

during humid weather. The leakage problem. which used to make accurate 

conductance measurements almost impossible during humid weather was thus 

pretty well overcame. 
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Temperature Control:- One of the essential requirements for 

conductance work of high precision is accurate temperature control. To 

ensure an accuracy of 1 part in 10,000, the temperature must be regulated 

to 0.005°C or better. A temperature regulation of this order was obtained 

in the bath used which contained about 12 gallons of light transformer oil, 

efficiently agitated by a large ten-bladed stirrer. The container was 

well insulated with 2" of cork and the bath was heated by two knife-type 

immersion heaters, and cooled by water passing through a copper coil, all 

placed close to the stirrer. Thermoregulation was effected b.Y a five-finger, 

mercury-toluene regulator used along with an electronic relay. The temper­

ature was regulated to better than .:t0.005°C by adjusting the current to 

the heaters and the flow of water through the cooling coil. Temperature 

was measured with a mercury-in-glass thermometer graduated in hundredths 

of a degree and having a working range of 24-26°C. It was calibrated 

against a standard platinum resistance ther.mometer at the National Research 

Council, Ottawa. 

Preparation and Handling of Solutions 

Solutions were prepared in a 500 ml. pyrex flask fitted with a 

29/42 standard taper inner joint. A delivery tube was fitted to tœ flask 

for transferring solutions. Be fore preparing nitromethane solutions of 

the salta, the flask was cleaned, dried in an air oven overnight and swept 

out with pure dry nitrogen for 15 minutes to remove any moisture condensed 

inside the flask. 
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Solvants and solutions were transferred by pressure of purified 

dry nitrogen. Nitrogen gas from the cylinder was allowed to bubble 

successively through a series of wash bottles containing Fieser solution 

to remove oxygen, lead acetate solution to absorb any H2S, concentrated 

potassium hydroxide to remove any co2 and concentrated sulphuric acid to 

remove annnonia. The purified gas was then passed through a tower packed 

with anhydrous magnesium perchlorate to dry it, and finally filtered 

through glass wool. 

All solutions were prepared gravimetrically. A semi-micro 

balance was used to weigh samples of salta and the accuracy of the weighing 

was better than 50 micrograms. Solvants and solutions were weighed on a 

general laboratory balance to within 10 milligrams. Sufficient quantities 

of solutions and salta were weighed to ensure an accuracy of at least 0.01%. 

All weights were corrected to vacuum. 

Salt samples were dried in vacuum overnight in a small clean 

weighing bottle at a suitable temperature. The salta are very hygroscopie, 

particularly the chlorides which were handled in a dry box in an atmosphere 

of pure dry nitrogen. However, no increase in weight was observed in the 

course of the weighings. After drying, the salt was weighed in a weighing 

bottle and carefully transferred into the solution flask. B,y transferring 

approximately the required amount of solvent into the solution flask, a 

stock solution of a particular desired concentration was made. The flask 

with the solution was closed and weighed. Whenever the stopper had to be 

removed from the flask, exposure of the salt or solution to air was kept to 

a minimum. The stock solution thus prepared was in turn diluted gravimetrie-
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ally to provide solutions of lower concentrationS . By repeating the 

dilution process, a part or the whole range of concentration was investig­

ated. Solutions made up by dilution from different stock solutions 

yielded conductance data which agreed within the accuracy of maasurement. 

This established the accuracy and reproducibility of the dilution technique. 

Some of the more dilute solutions were prepared from stock solutions whose 

concentrations were evaluated conductimetrically. 

Density of Solvent and Solutions 

To compute volume concentrations from the measured weight concent­

rations, densities were determined for the concentration range used. A 

Shedlovsky type pycnometer (31) of about 20 ml. capacity with the stem 

capillary graduated in thousandths of a millilitre was used. The stem 

was a section of a serological pipette. The pycnometer was cleaned, dried 

and weighed empty. It was then filled by means of a medical syringe and a 

long stainless steel hypodermic needle. The liquid was brought somewhere 

within the graduated capillary region, the pycnometer was closed with a 

ground glass cap and placed in a thermostat regulated to 25 ~ o.oo5•c and 

allowed to attain temperature equilibrium. After about 15 minutes, the 

steady level of the liquid meniscus was read with the aid of a lens. The 

pycnometer was removed from the bath, wiped clean on the outside and 

weighed and the usual vacuum correction was applied to the weight. The 

pycnometer was calibrated for volume at 25°C with conductance water, using 

the density data from the International Critical Tables (32); the precision 

of the calibration was better than 1 part in 50,000. 
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The densities of the nitromethane solutions for the concentration 

range used may be represented by the relation 

d = 1.13122 + bM, 

where b = +0.00048, -0.01744, -0.00353 and -0.00527 for Pr4NBr, 

Pr
4

NC1, Bu
4

NBr and Bu
4

NC1 respectivel.y. M is the concentration in moles of 

salt per 1000 grams of solution. 

Agueous Solutions 

To make up the solution tor calibrating the conductance cell, dry 

recr,ystallized potassium chloride was placed in a platinum boat and inserted 

into an electrically heated silica tube. A stream of pure dr,y nitrogen was 

passed through the tube. After fusion, the salt was allowed to cool in a 

dessicator. The platinum boat and fused KCl were then weighed; and trans­

ferred to the solution flask. The density data for the aqueous KCl solutions 

were taken from the literature (33). The conductance of any of the aqueous 

solutions was observed to decrease slightly with time as successive portions 

were removed from the solution flask. This was presumably due to the 

gradual removal of co2 from the solution b,- the nitrogen used for transfer­

ring. To eliminate the error thus il'IV'olved, potassium chloride solution 

was prepared in conductance water degassed for a few minutes with a water 

aspirator vacuum. The weighings were made after degassing the water. 

The Cell Constant 

The value of the cell constant was determined from the observed 

conductance of the hundredth demal aqueous KCl solution defined b.Y Jones and 



Bradshaw (34); viz. 0.745263 gm.KCl per 1000 grams of solution has a 

specifie conductance of 0.0014087
7 

mhos at 25°C when corrected for the 

conductance of the solvent. The mean of four determinations yielded a 
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cell constant of 0.16462 ± o.ooooo
4

• The cell constant was redetermined 

on completion of the experimental work and !ound to agree with the initial 

value. 

The Solvent Conductance 

In maki.ng allowance for the solvent conductance, the "normal" 

type of solvent correction was applied to the aqueous potassium chloride 

solutions and the nitromethane solutions. This type of correction 

discussed b,y Davies (35) is based on the assumption that any ions present 

in the solvent contribute to the conductance of the solution to the same 

extent as they would do in the absence of the salt. In other words 

L( 1 t• ) = L 1 t + L 1 t where L represente the respective specifie so u 10n so u e so ven 

conductances. Hence the solvent conductance was merelY subtracted from 

the total measured conductance of the solution to obtain the conductance 

due to the solute. 

The solvent conductance usuall.y ranges from 0.001% of the total 

conductance for the highest concentration studied (0.01 N) and to 0.1% for 

the lowest concentration (1 x 10-4 N); hence, to ensure an accuracy of 0.01% 

in the data, the solvent conductance must be known to within 10% of itself 

for nitromethane solutions, and to better than 1% for aqueous solutions. 

The conductance of nitromethane was obtained using a small a.-c. cell with 

shi~ platinum electrodes and a commercial conductivity bridge. The 
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specifie conductance of a dilute aqueous KCl solution was measured in the 

a.-c. cell as well as in the d.-c. cell. From these results the cell 

constant of the a.-c. cell was determined as 0.0182 and the precision of the 

a.-c. measurements was about 3%. 

The water conductance was measured with the Gordon cell using 

silver-silver bromide probes which were placed in the cell just before 

taking the measurements. 

The Water Correction 

The basic assumption involved in the "normal11 type of solvent 

correction described earlier is that there is no interaction between solute 

and solvent. However, Hughes and Hartley (36) noticed that addition of 

traces of water produced considerable changes in the conductance of methanol 

solutions. Schiff (37) has determined quantitatively the affect of water 

on the conductance of methanol solutions of NaCl and KCl. Hartle.y (10) bas 

investigated the influence of small amounts of added water on the viscosity 

of nitromethane. He noticed a rather peculiar effeot that the viscosity of 

nitromethane is lowered by the addition of water, a more viscous liquid. 

0.1% by weight of water was found to lower the viscosity of nitromethane 

b.1 about 0.3%. The influence of traces of water on the conductance of 

nitromethane solutions was determined quantitatively as described below. 

The equivalent conductance of a 0.007 N solution of Pr4NBr in 

nitromethane was measured using the liquid junction method. The water 

content of the solution was determined b.f titration with Karl Fischer reagent 

(25) of samples taken from the cell both before and after the run. The mean 
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of the two values was taken. The reagent was standardized before each 

analysis against sodium acetate trihydrate. This salt is quite stable 

and is readily soluble in the nitromethane and in anhydrous methanol used 

in standardization. To the same sample of 0.007 N nitromethane solution 

of Pr4NBr mentioned above, a drop of water was added from a burette. The 

conductance of the solution was measured and allowance was made for the 

slight change in concentration. The water content was determined again by 

titration. This process was repeated for various additions of water up 

to 0.03% by weight and starting with stock solutions of different known 

concentration. The resultant percentage increase in equivalent conductance 

was plotted against the percentage of water added; the increase was found 

to be linear in the water content for the range used. The curve was 

extrapolated to calculate the conductance of a water-free solution of the 

same concentration. This was necessacy since the original nitromethane 

solutions contained a very small amount of water. Thus, it was found that 

the presence of one per cent by weight of water caused an increase of 7.3 

per cent in the conductance of a 0.007 N Pr
4

NBr solution. The same process 

was carried out for 0.002 N and 0.0005 N Pr4NBr solutions, and the correspond­

ing increases were 9.6% and 15.0% respectively. These resulta are plotted 

as a :function of salt concentration in Fig. 4. Accordingly 1 the A values 

for solutions in the concentration range 0.0001 to 0.003 N were corrected 

to allow for the small amount of water present. 

If the radii of the ions remain constant and the vecy small change 

in dielectric constant due to the addition of traces of water is neglected, 

one would expect that for a completely dissociated salt, the increase 



16·00~ • 
1 2·00r-

8·00r-

4·00 r­
~ . 

0 

1t This Research 

• Hartley et al • 

·~. 

1 1 1 

20 40 60 80 100 

10 4 C. 

FIGURE 4 



38 

in conductance would be proportional to the decreaae in viscosity. From 

Hartley's resulta the decrease in viacosity of nitromethane caused b,y 0.1% 

by wei.ght of water is about 0.3%. It is obvious from the resulta here 

that the mobility change is quite imperfectly compensated by the viscosity 

change in the mixtures. Fuoss (38) has found that Bu
4

NBr acts as a much 

stronger electrolyte in mixtures of nitrobenzene and methanol than it does 

in either solvent alone. He suggested that this is due to specifie inte~ 

actions between the two solvants and the two ions involved. The dissoc-

iation constants also indicated interaction between solvent and solute "of 

a nature which requires more than the continuum theory" for its interpret­

ation. The ion sizes (39) tat, as computed from the dissociation constants, 

ass~ "spherical ions and a coulomb continuum", were found to be different 

for the salt in the two solvants. Since the a-parameter measures the 

probability of approach of two ions of opposite charge, this seems reasonable. 

The a-values for Bu4NBr were calculated and found to be different in methanol, 

nitromethane and mixtures of the two sol vents (40). The hydrodynamic 

properties likewise were found to vary with solvent composition. The Walden 

product L\_
0 
~ (discusaed later) for Bu

4
NBr in methanol-nitromethane was 

found to vary indicating that "the aphere-continuum mo del" waa not applicable. 
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III. RESULTS 

Resulta are given !or the conductance at 25°C of the !our 

salts studied (Tables VIII - XI inclusive). The concentration c is in 

equivalents per litre and the equivalent conductance A in ohm-l cm. 2 

1 
Values of the Shedlovsky function A are also listed in the third 

0 
t 

column of the tables. The significance of .A will be discussed later. 
0 

TABLE VIII 

Pr
4

NBr 

104c ~ .1\...t 
-a-

100.347 83.910 103.80 

99.639 83.958 103.80 

98.884 84.034 103.78 

77.335 85.737 103.16 

69.192 86.510 102.98 

50.707 88.396 102.48 

50.697 88.427 102.50 

29.665 91.320 102.07 

28.786 91.469 102.06 

20.584 92.97 5 101.94 

20.425 9.3.026 101.92 

14.912 94.200 101.84 

9.8980 95.704 101.87 

5.2272 97.427 101.93 

5.0768 97.482 101.94 

4.7582 97.615 101.92 

2.0800 99.157 102.00 

1.8437 99.313 101.99 

0.98640 100.04 102.00 

0.95790 100.11 102.02 
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TABLE IX 

Pr4NC1 

104c ~ A' 
-cr 

99.886 83.782 103.60 
99.733 83.77 0 103.59 
98.188 83.880 103.54 
70.316 86.151 102.74 
69.271 , 86.~ 102.71 
67.113 86.435 102.64 
49.628 88.265 102.17 
49.035 BB.34ct 102.17 
48.418 88.414 102.15 
33.699 90.342 101.79 
30.136 90.923 101.75 
28.209 91.202 101.67 
19.386 92.838 101.50 
18.588 92.984 101.48 
17.681 93.221 101.49 
9.5529 95.295 101.38 
8.6436 95.585 101.38 
8.3397 95.715 101.41 
8.1971 95.785 101.41 
4.5806 97.2.45 101.45 
4.1685 97.436 101.46 
3.9929 97.535 101.43 
1.9661 98.750 101.51 
1. 7003 98.970 101.54 
1.3393 99.342 101.62 
1.2643 99.39 101.60 
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TABlE x 
Bu

4
NBr 

104c ../\_ .1\.1 
0 

99.704 79.965 99.50 
99.449 80.006 99.49 
96.889 80.151 99.40 
94.693 80.338 99.36 
74.392 81.~ 98.66 
74.044 81.891 98.67 
62.189 82.946 98.30 
50.546 84.088 97.91 
48.601 84.361 97.88 
44.353 84.778 97.72 
34.613 86.025 97.43 
30.477 86.642 97.35 
24.517 87.565 97.16 
19.826 88.442 97.07 
17.892 88.830 97.02 
16.184 89.169 96.96 
10.118 90.695 96.86 
10.044 90.725 96.87 
9.7629 90.851 96.86 
7.3623 91.565 96.83 
6.9192 91.735 96.82 
5.0077 92.475 96.80 
5.0081 92.492 96.81 
3.2636 93.338 96.84 
2.3776 93.910 96.88 
2.3814 94.010 96.87 
1.1736 94.801 96.90 
1.0574 94.932 96.89 



TABlE XI 

Bu4NC1 

1 

104c h Ao 

99.000 79.959 99.47 

95.941 80.240 99.38 

94.661 80.361 99.37 

84.605 81.0~ 99.00 

74.565 81.821 98.64 

55.162 83.538 97.98 

52.207 83.815 97.86 

47.794 84.2~ 97.71 

44.688 84.6~ 97.59 

34.171 85.878 97.21 

29.231 86.600 97.07 

23.460 87.511 96.89 

21.372 87.818 96.77 

19.411 88.230 96.76 

17.281 88.648 96.69 

14.758 89.198 96.63 

8. 9964 90.715 96.52 

7.9710 91.045 96.50 

7.8333 91.035 96.48 

5. 7760 91.805 96.45 
4.6410 92.300 96.47 
4.6255 92.3~ 9~47 

4.1850 92.531 96.49 
1.7888 93.910 96.64 

1.6876 94.100 96.61 

0.82750 94.910 96.67 
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IV. A DISCUSSION OF THE RE3ULTS 

1. Definitions 

The specifie conductance of a solution, 1, is defined as the 

reciprocal of the resistance offered by a unit centimetre cube of the 

solution. If the measured resistance of a solution using a cell and 

electrodes of any given dimensions is R, then 1 = ~, where k is the cell 
R 

factor determined by calibrating the cell with a solution of known 

conductance. 

From a theoretical point of view, a far more important basis 

for comparison for electrolytes is the conductance of one equivalent 

weight in solution when placed between two parallel conducting plates 

1 cm. a part. This quantity is known as the equivalent conductance and 

is represented by A.with a subscript showing the concentration, to which 

it refers. The equivalent conductance isA.c = 10001 where 1 is the 
c 

specifie conductance of a solution containing c ~equivalents of the 

electrolyte per litre. 

The equivalent conductance depends on the degree of dissociation 

of the solute in solution and on the mobility of the ions which is defined 

as the velocity under a potential gradient of 1 volt/cm. 

2. The Interionic Attraction Theory 

As was indicated in the introduction, the electrolytic conductance 

of a solution depends on the number of ions carrying the current and on the 



velocities with which these ions travel. The Arrhenius treatment ~ 

the first of these variables, which implicitly assumes constant ionie 

mobilities, has been invalidated by e.xperiment. The interionic 

attraction theory considera the second of these variables. 
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For many years the 11 anoma.l.y of strong electrolytes" was the 

most important problem in theoretical electrochemistry, but it has 

finally been e.xplained for dilute solutions on the basis of Coulomb 

electrical forces between the ions. The effect of the electric charges 

of the ions on the properties of strong electrolytes has been treated by 

Van Laar (41), Sutherland (42) and Milner (43). But owing to the 

approximations which these workers made in their complex mathematical 

analysis of the affects of interionic forces, their theories attracted 

little attention. J.C. Ghosh (44) calculated the changes upon dilution 

of the osmotic pressure and of the conductance. His treatment was based 

on the assumption that the ions have crystal lattice distributions, but 

neglected thermal vibration. Consequently, his results did not agree 

with the facts. Ghosh' s theory, however, considered that there wa.s a 

certain order in the ion distribution which led Debye and Huckel to work 

out a simpler and more satisfactory mathematical solution to the problem. 

Owing to Coulomb forces, any selected ion, a positively charged 

one for instance, will, on the average, have more negative ions near it 

than if the distribution were purely random. Thus, on a time average, 

every ion may be regarded as being surrounded by an • ionie atmosphere• 

of opposite sign. The net charge of the atmosphere is, of course, equal 

in magnitude but opposite in sign to that of the central ion. The charge 



density of the ionie atmosphere decreases with the distance from the 

central ion. 

Debye and Huckel assumed that the Boltzmann statistics could 
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be applied to a system of ions acted upon by opposing thermal and 

electrostatic forces. The other assumptions made by them may be summarized 

as follows: 

(1) Ail strong electrolytes are completely dissociated so that 

the number of ions is known accurately for any given salt concentration. 

(2) The solvent is considered to be a continuous medium- i.e., 

the macroscopic values of the viscosity and the dielectric constant of 

the solvent are effective for the solution. 

(3) The Coulomb law of forces is applicable to ions and forces 

other than electrostatic are ignored. 

(4) Solutions are considered to be so dilute that ions are at 

very large distances from one another and corrections for the overlapping 

of ionie atmospheres can be neglected. 

(5) The resistance to motion of an ion through a solution is 

given by Stokes• law. 

(6) Ions are regarded as point charges. 

For an undisturbed electrolyte, the ionie atmosphere can be 

regarded as spherically symmetrical around the central ion. The ion 

atmosphere treated as a reality in mathematical discussions is actually 

the result of a time average of the distribution of the ions. Each ion 

serves as a centre of an ion atmosphere and the relative position of each 

ion with respect to the other charged bodies in the solution influences 
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a:nd 
the atmospheres of all the other ions. Debye1 ~Huckel (5) and Onsager 

(7) have shown that interionic attractions and repulsions produce two 

effects both of which result in the lowering of ionie mobilities with 

increasing ion concentrations. These are the "Electrophoretic Effect11 

and the 11 Relaxation11 or 11 Asymmetry Effect11 • 

When an external potential gradient is applied to a solution, 

the ions will move in the direction of the field and the symmetry of the 

ionie atmosphere is disturbed. Each ion will constantly have to build 

up a fresh atmosphere in front of it, while the charge density behind 

decays gradually. The rate at which these processes occur, with respect 

to the velocity of the central ion, determines the extent of asymmetry 

of the atmosphere about the central ion. Since the atmosphere bears a 

charge opposite to that on the central ion, the resulting asymmetry will 

cause a retardation of velocity. This influence on the speed of an ion 

is called the 11Relaxation or Asymmetry Effect11 • The ma.thema.tical treat-

ment of this effect is highly involved, but it has been solved for ionie 

solutions of high dilution. The effect depends on the limiting mObility 

of the ions. Being a purely electrostatic effect~it is independant of 

the viscosity of the medium. 

Electrophoretic Effect. The atmosphere is comprised of ions which are 

considered to carry a certain number of solvent molecules with them. An 

applied potential gradient will tend to move the ion atmosphere, with its 

associated solvent molecules, in a direction opposite to that in which the 

central ion, with its solvent molecules, is moving. Consequently, the 
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central ion will be retarded in its motion by the electro-viscous drag of 

it s atmosphere. 

3. The Onsager Equation 

In deriving the effect of the relaxation force, Debye and Huckel 

did not take into account the natural Brownian movement of the ions. 

Onsager (7) made allowance for this later. He recalculated the time of 

relaxation term and modified the theory to account for the interaction 

of the ionie atmospheres. He also modified the electrophoretic term and 

showed that it is not necessary for Stokes• law to be strictly applicable 

in the immediate vicinity of the ions. 

Based on these considerations, Onsager obtained an equation of 

the form A = .!'>- - (A + B ~ ) .[ë, for uni-univalent electrolytes, 
0 0 

assuming complete dissociation. The significance of the var.ious symbols 

in this equation bas been given in the introduction. The first term in 

the brackets takes account of the electrophoretic and the second term 

the relaxation effect. Accord.ing to Onsager, the se constants are comprised 

of the following terms: 

A == (81re. ~\l/2 
lOOOk j 

B = [81r é ~)1/2 
~lOOOk 

( 1 )l/2 1 N .S. 
2 

DT 'f90Irv 
ll)3/2 ê 2 
\bT 3k (2 +\/ 2) 

-10 where E:: , the electrostatic charge = 4. 002
5 

x 10 e. s. v; 

-16 1 k, the Boltzmann constant == 1.3804 x 10 ergs degree 

N, the Avogadro number = 6.0230 x 1023 per mole 



v, the velocity of light = 2.99776 x 1010 cms./sec. 

T, the absolute temperature = 273.16 + °C. 

The values of the universal constants were taken from Ma.nov, 

et al. (45).Substituting these values, 

A= 82.fl 
~ (DT)2 

and 
5 B 8.20 xlO 

= (DT)3/2 

D is the dielectric constant of the medium and ") its viscosity. 

The Onsager equation is of the sa.me form as the Kohlrausch 

empirical relation h = A - k fë7 However, the Onsager equation 
0 

provides a theoretical method of calculating the parameter k. The limit-

ing Onsager expression for conductance has been found to work very well 

for dilute aqueous solutions of strong electrolytes, such as the alkali 

halides (46). 

It is of interest to apply the Onsager equation to the data of 

this research. For nitromethane at 25°C, D = 37.0 (47) and ~ = 0.627 (11). 

With these values the conductance equation becomes 

A =A 0- (125.1 + 0.70B.t~)rë 

Fig. 5 shows the plot of the equivalent conductances against.fë for the 

four quaternary ammonium halides studies. The dotted lines in the figure 

represent the theoretical slopes, (125.1 + 0.70Sh. ). The curves were 
0 

in all cases linear in the concentration range 1 - 5Xl0-4 N within 

experimental precision. At higher concentrations, however, there are small, 

but real, deviations from the limiting Onsager expression. The plot a be come 

convex to the concentration axis. The experimental curves lie above the 

theoretical slopes at high concentrations; as the concentration decreases, 
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they eut across the theoretical slope and approach it again from below. 

Such deviations are taken as evidence for association due to the 

formation of ion pairs (48). Values of A were obtained by extrapolation 
0 

of large-scale plots of Aagainst .fë and by a least-mean-squares analysis, 

of the most dilute points. Both methods gave identical resulta. The values 

of .../).. and the limiting experimental slopes are given, along with the 
0 

theoretical Onsager slopes and the per cent deviation, in Table ni. 

TABLE XII 

A 
Limiting Theoretical % deviation 

Salt Experimental slope (ST) (ST-SE) 100 
0 slope (SE) 

ST 

Pr
4

NBr 102.10 -207 -197.4 -5 

Pr
4

NC1 101.88 -218 -197.2 -10.5 

Bu
4

NBr 97.04 -201 -193.8 -3.7 

Bu
4

NC1 96.83 -209 -193.7 -8.0 

On the basis of the per cent deviation, the tetrabutyl salts are slightly 

stronger electrolytes in nitromethane than the tetrapropyl salts. Also, 

the chlori des appear to be lesa dissociated than the corresponding 

bromides. 



4• The Shedlovsk:y Function 

A very sensitive test for conductance data was proposed by 
1 

Shedlovsky (49). The Shedlovsky function designated by 1\ is defined 
0 

by rearranging the Onsager equation into the form 

1\ 1 = 
0 

1\ + Al'ë 
1- B~ 
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If the Onsager equation were valid for finite concentrations, this quantity 

would be a constant equal to A . However, in practice this condition 
0 

1 
is not fulfilled as the value of 1\ varies with concentration. Hence,a 

0 
1 

plot of 1\ against sorne function of the concentration is essentially a 
0 

deviation plot. 
1 

and that 1\ = 
0 

1 
Shedlovsky suggested that 1\ is a linear function in c 

0 

1\ + he. The empirical constant • h' in this equation 
0 

acquires a theoretical significance when the higher terms of the Debye-

Huckel-Onsager expansion are considered. 

equal to 1\ . 
0 

If the curve approaches 

1 
At zero concentration 1\ is 

0 

1\ from above, the electrolyte 
0 

is considered to be completely dissociated and a minimum in the plot is 

assumed to be due to ion-pair formation (39). Shedlovsky plots for the 

nitromethane solutions of the salts studied are given in Figs. 6-9 
1 

inclusive. The precision of 1\ in the concentration range 0.001 to 
0 

0.01 N was about 0.01 to 0.02%, and for the more dilute points the precision 
1 

was 0.02 to 0.03%. The value of 1\ was found to be much more insensitive 
0 

to concentration changes than/\ • The Shedlovsky plots were therefore used 
1 

to compute values of 1\ at round concentrations. La.rge-scale plots of 1\ 
0 

against c were drawn; tangents were drawn at even concentrations and values 

of d.J\ 1 /dt.; calculated. Experimental concentrations differing by only sma.ll 
0 

amounts from even concentrations were chosen. The tangents were constant 
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over the sma.ll range of concentrations involved. It was thus possible to 

correct each of the experimental measurements to the nearest round 

concentration and these corrections were at the most a few hundredths of 
t 

a conductance unit in 1\ . The corresponding values of equivalent 
0 

conductance 1\ were computed using the relationship 
t 

1\. :: 
0 

and the results are given in Table XIII. 

TABLE XIII 

Equivalent Conductance at Round Concentrations 

104c Pr4:NC1 Pr
4

NBr Bu4:NC1 Bu4:NBr 

100 83.760 83.950 79.960 79.970 

75 85.720 85.973 83.750 83.802 

50 88.214 88.494 84.040 84.142 

20 92.721 93.100 88.140 88.392 

10 95.174 95.662 90.422 90.745 

5 97.260 97.530 92.180 92.480 

2 98.764 99.210 93.861 94.140 

The limiting equivalent conductances ( 1\ ) for the salts could also be 
0 

determined by extrapolation of the Shedlovsky plots. However, because 

of the relatively large curvatures in the plots of the chlorides, the 

values of 1\ 
0 

obtained in this way involve an uncertainty of about 0.1 

unit. For the bromides, on the other hand, the values of 1\ thus obtained 
0 
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agree reasonably well with the corresponding values obtained by extra-

polation of the 1\ vs [ë plots discussed earlier. 

Shedlovsky and Brown (31) proposed an empirical extension of 

Onsager1 s equation of the form 

A = A - Be - Eclogc, where B and E are empirical para-o 0 

meters. Onsager has shown that a c log c term would also be required if 

higher order terms were included in the derivation of his equation. The 

Shedlovsky and Brown equation has been found to provide a good analytical 

fit for conductance data of aqueous solutions of strong electrolytes up 

to moderate concentrations (31). An attempt was made to fit the equation 

to the data of this research. However, no suitable values could be 

found for the empirical parameters except for Pr
4
NBr. Table XIV shows 

1 
the average observed values of/'\ 

0 
for Pr

4
NBr at round concentrations 

1 
and also the corresponding values of 1\ calculated from the analytical 

0 

' expression A = 102.10 + 1007c + 402 c log c, where c is the concentration 
0 

in equivalents per litre. 
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TABLE XIV 

ShedlovSkY-Brown EQuation 
1 

1\ = 1\ + Be + Ec log c 
0 0 

B = 1007; E = 402 

104c 
1 

1\ (observed) 
0 

1 
1\

0 
( calculated) 

2 101.99 102.00 

5 101.92 101.94 

10 101.87 103.11 

20 101.91 101.94 

30 102.07 102.08 

40 102.28 102.27 

50 102.50 102.51 

70 103.00 103.09 

It is evident that there is a reasonably good. agreement except for the 

concentration 0.001 N. 

Treatment of Nitromethane Solutions as Weak Electrolytes 

Since the observed slope of the plot of 1\ versus ,fë is more 

negative than that predicted by the Onsager equation and the Shedlovsky 

expression falls to represent the experimental data, the nitroœthane 

solutions cannot be classified as typically n strong11 electrolytes. An 

attempt will now be made to treat them as weak electrolytes. A method of 

treating weak electrolytes which combines the Arrhenius theory and the 
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Debye-Huckel-Onsager theory was suggested by Fuoss and Kraus (50) and 

considerably simplified by Shedlovsky (51). 

Considering the equilibrium between the ions and undissociated 

+ 
molecules of a uni-univalent electrolyte AB in solution, AB~ A + B-, 

Ostwald1 s expression modified to include the activity coefficients of the 

constituants yields the following equation 

2 
ca. fAfB K ::::r .. 

(1-a)fAB 

2f2 ca. 
(l-a.) (4-1) 

where f is the mean activity coefficient of the electrolyte and the 

undissociated electrolyte is assumed to have unit activity coefficient. 

K is the dissociation constant, and a. the degree of dissociation of the 

electrolyte. a. must be computed from the relationship a. == 1\ where 1\ is 
/\e 

the observed equivalent conductance and 1\ e that of the completely 

dissociated salt but calculated at the concentration a.c. 

a. = 
A - (Al\ + B) Jëfi~ ,, 0 0 

(4-2) 

The Onsager equation is modified by Shedlovsky to the form 

A = 1\ - A (A/\ + B) }';:" 
o /\o o 

(4-3) 

This may be written in the form 

1 1 (A/\ + B).jëâ 
-=-+-0~---

A 1\o 1\! (4-4) 

Combining equation (4) with the equation (2) for a., one is able to get the 

following quadratic equation 



a = + 

A function z is defined by the expression 

(At\o + B) JCï' 
"3/2 

0 

Then the solution of (5) gives 

a - ~ (~ + ~ +(~ri 
which yields on expansion, 

a = 

Combining this with equation (1), there resulta 

1\ F = 1\ -
0 
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(4-5) 

(4-6) 

(4-7) 

(4-8) 

(4-9) 

According to equation (9) a plot of 1\ F against F2f 2A2c should give a 
1\ 

straight line with a slope equal to L• The conduc-eance for the salts 
K 

studied were analyzed by this method using the 1\ values obtained by 
0 

extrapolation of the Kohlrausch plots. The value of z was computed from 

the observed conductance 1\, and the Onsager constants A and B. F was 

calculated taking the first three terms in equation (8), 2 F=l+z+z, 

and consequently a was then calculated; the value of f was cbtained using 

the limiting Debye-Huckel equation (52) which is given by- log f = 1.575~ 

for the nitromethane solutions at 25°C. The results of these computations 

are shown in Tables XV-XVIII, inclusive. 
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TABLE X!V 

Pr
4

NC1 

104c 6 z F a. f2 6F F2f21\ 2c 

1\o 

99.88 83.78 0.1755 1.1909 0.9793 0.4880 99.77 4.762 
75.00 85.72 0.1538 1.1656 0.9807 0.5371 99.92 3.948 
50.00 88.21 0.1274 1.1355 0.9831 0.6014 100.16 2.961 
28.21 91.20 0.0973 1.10,20 0.9866 0.6823 100.51 1.908 
20.00 92.71 0.0826 1.0860 0.9884 o. 7245 100.69 1.442 
10.00 95.17 0.0592 1.0610 0.99ll 0.7957 100.98 0.7964 
4.581 97.24 0.0415 1.0424 0.9951 0.8567 101.38 0.3959 
1.966 98.75 0.0268 1.0272 0.9956 0.9044 101.44 0.1796 
1.339 99.34 0.0221 1.0223 0.9968 0.9197 101.56 0.1247 

TABLE XVI 

Pr4NBr 

104c 1\ z F a. f2 /\F F2f2/\2c 

1\o 

100.34 83.91 0.1755 1.1909 o. 9789 0.4873 99.93 4.787 
69.19 86.51 0.1480 1.1589 0.9821 0.5501 100.26 3. 748 
50.71 SS.40 0.1280 1.1362 o. 9839 0.5992 100.44 3.003 
28.79 91.47 0.0981 1.1029 0.9883 0.6791 100.88 1.949 
20.42 93.03 0.0834 1.0869 0.9905 0.7217 101.11 1.476 
9.898 95.70 0.0589 1.0606 0.9943 0.7966 101.50 0.7958 
5.227 97.43 0.0432 1.0441 0.9965 0.8475 101.73 0.4491 
2.080 99.16 0.0275 1.0279 0.9985 0.9006 101.93 0.1907 
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TABLE XVII 

Bu4NC1 

104c z F a r2 6F F2t21\2c 

Ao 

74.56 81.82 0.1588 1.1714 0.9897 0.5366 95.84 3.795 
52.21 83.81 0.1345 1.1435 0.9898 0.5940 95.86 2.942 
29.23 86.60 0.1023 1.1075 0.9905 0.6772 95.91 1.881 
19.41 88.23 0.0841 1.0876 0.9910 0.7278 95.96 1.343 
8.996 90.72 0.0581 1.0598 0.9929 0.8053 96.14 0.6915 
4.641 92.30 0.0421 1.0430 0.9942 0.8560 96.27 0.3802 
1.789 93.91 0.0263 1.0266 0.9956 0.9078 96.41 0.1559 
0.8280 94-91 0.0180 1.0182 0.9980 0.9374 96.64 O'o749 

TABLE XVIII 

Bu4NBr 

104c 1\ z F a r2 /\F F2f21\2C 

1\o 

74.04 81.89 0.1578 1.1703 0.9876 0.5380 95.84 3.770 
50.55 84.09 0.1322 1.1409 0.9886 0.5991 95.94 2.873 
24.52 87.56 0.0939 1.0983 0.9910 0.6994 96.17 1.634 
19.83 88.44 0.0849 1.0885 0.9920 0.7252 96.27 1.373 
10.12 90.70 0.0614 1.0633 0.9938 0.7946 96.44 0.7706 

5.010 92.48 0.0436 1.0446 0.9955 0.8508 96.60 0.4099 
2.380 93.91 0.0303 1.0308 0.9976 0.8942 96.80 0.2055 
1.174 94.80 0.0214 1.0216 0.9980 0.9247 96.85 0.1049 
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The degree of dissociation of the salt calculated in this way ranges 

from 0.98 to 0.998 for the concentrations involved. The data in the last 

two columns of the tables are plotted in Figs. 10 and 11 froLl which it 

is evident that the straight line relationship expected for weak 

electrolytes does not apply. Therefore, on the basis of the Fuoss-

Shedlovsky treatment just discussed, these salts in nitroœthane cannet 

be considered to be truly 11weak11 and this is in agreeœnt with the high 

values of the degree of dissociation listed in the tables. 

6. Ion Pair Formation 

Bjerrum (53) in 1926 suggested that due to the strong electro-

static attractions between oppositely charged ions, ion pairs might be 

for.med. When the energy of mutual electrical interaction between two 

oppositely charged ions exceeds their thermal energy, the ions for.m 

an ion pair. These ion pairs differ from the undissociated salt in so 

far as the charges are still separated. However they will not contribute 

to the conductance since their net charge is zero in the case of symmetrical 

electrolytes. Ion pair formation will be facilitated 1) if the ions are 

small, 2) if the ions possess high valency and 3) if the solvant has a 

low dielectric constant. Bjerrum1 s concept of ion pair formation was 

further elaborated by Fuoss and Kra us (39) and by Kirkwood (54). According 

to the Boltzmann distribution, the time average number of ions, dn, in a 

small eleœnt of volume, dV, at a distance r from a given ion will be 

dn = ne-z,.z_ E2/DrkT .dV (4-6-1) 

where Z+ and z_ are the valencies of the cation and anion. 



If the volume element is a spherical shell of thickness dr, then 

dV = 4vr2 .dr, so that 
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(4-6-2) 

For two spherical ions of opposite charge, the curve of dn against r has 

a minimum. The interionic distance, r, at which this minimum occurs can 

be obtained by differentiating equation 2 with respect to r and equating 

to zero; thus 

r. mn. (4-6-3) 

Bjerrum then makes an arbitrary assumption that ions inside the 

sphere with radius q are associated, and that those outside this sphere 

are free. The value of q, frequently referred to as the 11 Bjerrum critical 

distance11 evidently depends on the ratio of the electrostatic patential 

energy of an ion pair, Z+Z_t2/Dr, to the thermal kinetic energy of an ion, 

which is l kT, i.e., to the ratio of the energies tending to hold an ion 
2 

pair together and tending to knock it a part. Two further assumptions are 

involved in this treatment: a) that the effect of all ions other than the 

pair under consideration is negligible and b) the effective dielectric constant 

for the small portion of solvant lying between two ions close enough to 

forman ion pair is the macroscopic value D. These assumptions can be no 

more than approximations. However, Gurney (55) has presented arguments 

which seem to justify the use of the macroscopic dielectric constant in 

the cases of ion-ion, and ion-dipole contacts: 

Bjerrum• s critical distance 11 q11 can be related to the parameter 

11 a11 , the so-called ionie diameter, which can be interpreted as the distance 
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between centres of charge of the ions when they are in contact. If a > q, 

no ion pair formation is possible. Combining this concept with the law 

of mass action, Bjerrum obtained the following equation for the dissociation 

constant of uni-univalent electrolytes. 

where b = E: 2 

aD kT 

For a uni-univalent electrolyte in nitromethane at 25°C, the 
0 

11 Bjerrum critical distance11 q = 7 .58A. 

(4-6-4) 

( 4- b-5) 

Although no literature values exist for 11 a 11 (of the quaternary 

ammonium halides in nitromethane) they would, by analogy with other 

electrolytes, be expected to be less than this value. This would indicate 

that these salts in nitromethane solution might exist, to some extent, in 

the form of ion pairs. 

The relation proposed by Bjerrwn (4-6-4) bas been found to describe 

ion association satisfactorily in solvents of low dielectric constant (39), 

but the integral in the equation contains an arbitrary eut-off limit at 

r = ~ = ab. The Bjerrum eut-off has been criticized by Fuoss (56) as 
2DkT 

leading to an unrealistic situation: 11 beyond a precisely and sharply 

definable critical limit of dielectric constant, ion association should 

cease abruptlyn. Fuoss (56) has developed recently a new mathematical 

ana].ysis of conductance data by means of a general conductance equation 

proposed by Onsager and Fuoss. The ion size parameter, 11 a 11 , can be 

estima.ted by this method of analysis. This has been done below and the 
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"a" values thus estimated will be used later to test the validity of 

Bjerrum's theory of ion association. 

7. The Fuoss-Onsager Conductance Equation 

Experimental resulta for a wide variety of electrolytic systems 

show that the A versus .{ë plots approach the Onsager tangent ( 7) 

1\ = A - (a 1\ + (3)J'ë in the limi.t of zero concentration. 
0 0 

In the case of aqueous solutions of the alkali halides the 1\ vs .{ë plots 

diverge upwards from the limi.ting tangent as concentration increases from 

zero. In most non-aqueous systems, the plots approach the limi.t from 

below the limi.ting tangent and this is explained by ion-association or 

incomplete dissociation. Attempts have been made in recent years to explain 

the theoretical origin of these deviations and to predict the shape of 

the curves on the basis of the finite size of the ions. 

The limi.ting Onsager equation bas for its basis a model in which 

ions are considered as point charges. A calculation of the electrophoresis 

term by Onsager (57), based on charged spheres of average diameter a, has 

shown that the (3cl/2 term in the equation should be replaced by Bcl/2 

(1 +ka) 
for symmetrical electrolytes. The effect of the diviser is to dimi.nish the 

magnitude of the term as concentration increases, and produce a curve which 

is concave-upwards. The relaxation term a 1\ cl/2 was also reinvestigated, 
0 

using the spherical model. Falkenhagen (58) in 1952 showed that terms of 

first and higher orders in concentration appear in the limiting equation 

wh en account is taken of the fini te size of theiions. Fuoss and Onsager 

(59, 60) have derived a general conductance equation with inclusion of 
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higher order terms and the ion size paraneter. This equation accurately 

reproduced experimental data for aqueous solutions of the alkali halides 

up to moderate concentrations (less than 0.1 N), and has the limi.ting 

form 

1\ == A 
0 

- (a /\
0 

+ f3)cl/2 + D c log c + (J
1 

c - J2c3/ 2)(1 - acl/2 ) (4-7-1) 

in which the constants J
1 

and J
2 

are explicit functions of ion size, 1\ 
0 

and properties of the solvent. Fuoss and Onsager have described a method. 

lill 1\ . of obtaining the parameters 1\ and a from , c-data for unassoc1ated 
0 

uni-univalent electrolytes, for which the 1\. vs Jë plots are concave-dawn 

at low concentrations. 

By combining the above equation with the law of mass action, 

Fuoss ( 61) has derived a generalized conductance equation which includes 

the case of association of free ions into ion pairs. He has shawn that 

" " limiting equivalent conductance, ion size and dissociation constant may be 

obtained by graphical treatment of conductance data at low concentrations. 

A viscosity correction is also applied when one ionie species is bulky 

compared to the solvent molecules. Large ions, auch as the quaternary 

ammonium ions interfere with the motion of the oppositely charged ions 

by causing them to move in a medium of viscosity "') somewhat greater than that, 

'? 
0

, of the pure solvent. The equivalent conductance is proportional to 

the mobility of the ions which in turn is inversely proportional to the 

viscosity of the solvent medium to a first approximation. To estima.te 

this correction, Fuoss assumes that the viscosity ~ at non-zero concentrat­

ions is given by the Einstein equation (62), "] == NJ
0 

(1 + ~JP}where tf is 

the volume fraction of the solute. This is connected with the concentration, 
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c, by the relation cp= 47TRJ ~=fe where R is the hydrodynamic radius 
3 1000 

of the bulky ion. The effect of the increase in viscosity is represented 

to a first approximation by a small linear term in c in the conductance 

equation. 

At low concentrations the Fuoss-Onsager conductance equation for 

unassociated electrolytes can be modified to include the viscosity term 

to give 

(J.y.7-2) 

The significance of these terms and the method of calculation might best 

be illustrated by a sample calculation. Let us consider a nitroœthane 

solution of Pr
4

NBr having a concentration c = 5.r!707 x 10-3 N and an equi­

valent conductance of 1\ = 88.40. A = 102.08 (from 1\ vs .[ë plot). 
0 

For this solvent at 25°C, (T = 298.16°K) 

D = 37.00; ~ 
0 

= 0.00627 poise; DT= 1.1032 x 104 

DT = 105.03; (DT)3/ 2 = 1.158 x 106 

s = (a. 1\0 + f3) (J.y.7-3) 

a= 8.204 x 105 = 0.708 
(DT)3/2 

f3=~ 
f'IJ o ..[DT 

= 125.1 

§ = (0.708 x 102.08) + 125.1 = 197.38 



(4-7-4) 

= 2.3026 x tnrNc ~ 2 • ~ 4 

~ 2 
b = aDkT 

2 tnrNc ~ 2 

= -=-lo~oo~D=-:-kT= 

1000 DkT (D2k2T2) 24c 

= 5.04§4; E1 1\
0 

= 515.44 

E2 = 2.3026 1'\ ~ 
- 16 c 

= 2.3026 tnrNc e 2 

lOOODkT 

= 130.59 

E = (515.44 - 130.59) = 384.85 
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Although ~ and E2 contain both a and c, these quantities only occur in 

such combinations as ab or ~ 2 which are independant of cor a. 
c 

If the ions are partially associated, c in equation (4-7-2) must 

be replaced by ({ c where Y is the degree of dissociation. The value of Y 

is defined by the equation Y= 1\ (4-7-5). Combining this with the law 

of mass action, the associationl\i constant A = [A+ • B3 == (1-Y) (4-?-6) 
(A+] ( B-] cf2y2 

(where f is the mean activity coefficient of the ions), we get 
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.6. = 1- A cf2Y 2 (4-7-7) 
1\i 

1\ 2 or i = 1\ +A cf V 1\ (4-7-8) 

Equating this to equation (4-7-2) for /\ . with c replaced by Y c gives 
~ 

1\ + A cf2
Y 1\ = 1\ - S.[ëY + E c Y log c Y- -2

5 1\ [ c Y 
0 0 

J2,r.;-: 
+ J1 Yc(l - a.[Yc) (1 - TJI Y c 

1 

Rearranging, 

1\ + s{;:Y - E c Y log c y- 1\ 
0 

cy(l-a{cv) 

Let the deviation from the Onsager equation, 

and let 

1\ - ( A - S/c V + E c Y log c y ) = A 1\ 
0 

(1 -. a.Jêv) = x 

A/\ 
cv(l- a.Jêy) =Y 

Then y= J1 - J2.fëV- Ax- 5/2 1\
0

[ 

To evaluate y, we require a value for V 

Y was calculated to a. first approxination by the equation 

y = 1\ 0 ___ ....,.., 

1\ - sj9..Ll 
o 1\o 

(4-7-9) 

(4-7-10) 

(4-7-11) 

(4-7-12) 

(4-7-13) 

(4-7-14) 

(4-7-15) 

derived from equations (4-7-5) and (4-7-9), neglecting the E and J1 terms 

in the latter. These terms have opposite signs and to a large extent the 
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errors made in neglecting them compensa te each other. In our example 

Yo 
0.9930 

y = 88. 0 
0 102.08- 197.38 0.0050707 x 88.40 

102.10 

= 0.9932 

Je y 
0 

log cY 
0 

E c y log cY 
0 0 

s{ëY 
0 

0.070960 - 2.2980 - 4.4531 14.0054 

(l- o.jcYo) 

0.94976 

From these data, A 1\was calculated using equation (4-7-11). 

To get x 

= (88.40 + 14.0054 + 4.4531 - 102.08) 

= 4.7780 

ô/\ 
Y = -c-

0

""'(_l ___ o._c_
0 

..... ) 

= 4.7780 = 
0.0050707 x 0.9932 x 0.94976 999.l 

(4-7-13) 

Knowing Y , f can be calculated using the Debye-Huckel relation: 
0 

-log f = (4-7-16) 

However, to use this equation it is necessary to know the ion size para:œter 

11 a 11 • Fuoss estima.ted this from a series of conductance :œasurements in 

mixed sol vents in the following way. If ion association depends on the 

parameter, b = ~ in the Bjerrum treat:œnt discussed earlier, the extent 
aD kT 

of association of a given electrolyte can be varied by using solvent 

mixtures to change the dielectric constant D. Fuoss (56) found tbat the 

logarithm of the association constant is a simple linear function of 1 
i5 
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for sorne quaterna.ry ammonium salta in water-dioxane mixtures. From the 
0 

slope of the log A versus !. plot, he obtained a value of 5.55 A for 11a11 

D 
for Bu

4
NI. Since this method of getting 11a11 could not be used in the 

present work, it was necessary to guess a starting value for the Pr4 NBr 
0 

in nitromethane. From Fuoss' va1uefor Bu
4

NI a value of 4.5 A for 11 a 11 in 

the case of Pr
4 

NBr seemed reasona.b1e. Substituting this value for 11 a 11 

into equation (4-7-16) along with the value of Y = 0.9932 obtained above 
0 

gives f ::::: 0.8000. 

Hence 

-
x= 1\ r2 

_ 88.40 x 0.6400 
(1 - a/c "o) - O. 94976 == 59•57 

The values of y and x were computed for other concentrations in a simi.lar 

manner and the resulta are presented in Table XIX. 

TABlE XIX 

Pr
4

NBr 

104c 1\ Yo f2 y x 

50.7070 88.40 0.9932 0.6400 999.1 59.57 
28.7860 91.47 o. 9936 0.7061 996.8 67.12 
20.4245 93.03 0.9943 0.7422 990.6 71.32 

9.8980 95.70 o. 9960 0.8078 993.1 79.06 
5.2272 97.43 0.9974 0.8538 1004.5 84.55 
2.0800 99.16 0.9989 0.9036 1066.7 90. 52 
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At low concentrations, the J 2 term in equation (4-7-14) is sma.ll and may 

be neglected in the first approximation so that 

(4-7-14) 

Therefore a plot of y against x should be linear; the slope gives the assoc­

iation constant A; the ordinate at c = 0 (x= " ) is now y(O) = 
0 

J1 - A " - 5/2 1\ r (4-7-17) 
0 0 

Fig. 12 shows the plot of y versus x. The plot being nearl.y horizontal, 

no reliable value of the slope (and hence of A) could be obtained. A is 

approximately 0.27 and the ordinate y(O) at c = 0 is 996 • 

. . . 
= 996 + (0.27 x 102.08) = 996 + 27.6 

= 1023.6 

However, it is not possible to evalua.te J
1 

and f) separately by this treat­

ment. The expression for J
1 

is 

(4-7-18) 

(4-7-19) 

8 =afi+88Ka lJ 
4 9.{ë - 2 (4-7-20) 

S = B~ab fO 8504 +ln .b.!l 
2 8Jë [" Vë_J (4-7-21) 

J1 was calculated using these equations assuming for "a" the saJœ value, 
0 

na.mely 4. 5A, as that employed in computing the activity coefficient f 
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Th us 

e 1 == 1o.337 

e 4 == 144. 63 

••• J1::: (10.337 x 102.08) + 144.63 

::: 1200 

y(O) == J - A 1\ - 5/2 1\ 0 (4-7-17) 
1 0 0 

J1 - y(O) - A 1\ == 5/2 1\ Ô 
0 0 

1200- 996- 27.6 ~ 5/2 x 102.o8 K 

Recalling that the hydrodyna.mic radius R of the large ion is re1ated to [ by 

the expression 

R ::: 7.32 0 1/3 A, 
0 

R = 6.47 A. 

Second approximation 

J 2 in equation (4-7-14) can also be eva1uated from the expression 

where 

2 2 
J::: e A +8(3Ka 

2 3 o 9c 

e ::: (ab J%.12 {.1 + 2b 
3 24c b \ b

2 

(4-7-22) 

(4-7-23) 
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Note: 

The 8 terms involved in J1 and J 2 are functions of a, both explicitly 

and also implicitly through b, but are, however, independant of c, which 

only appears in the ratio K 
2 = 1T e.~ • 

c 125DkT 
0 

For a = 4.5 A, 

e 
3 

= 2.6383 
2 2 

88 "" a = 464 3 9c • 

Hence J2 = (-2.6383 x 102.08) + 464.3 

= 12.2. 

Y was then calculated to a second approximation with E, J1, J 2 

and o terms retained, 

1\ 
y= J 

lA- s[cY' + E cY log c Y + J
1

c y (1- aJcY )(1- ~[cY) 
0 0 0 0 0 0 J 0 

1 

- 5/2 1\ 0 c y} (4-7-24) 
0 0 

Thus in the present example, 

y= 0.9867 

This gives a new value of y ( called yt), where 

y' = y+ J2[c y 

~ = 999.1 + 13.8 = 1012.9 

(2-7-26) 

Similarly a new value of x ( called x' ) , can be calculated using equation 

(4-7-24) in (4-7-15) and (4-7-12). The restùts are presented in Tabl e XX. 

From the plot of yt versus x 1 (Fig. 12), y'(O) was found to be 

986 and the slope A = 0.21. J1 was re-evaluated to a second approximation 

usi ng the relati on 
1 

J
1 

= y•(o) + A/\
0 

+ 5/21\ 
0

f 
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TABLE XX 

Pr
4

NBr 

J = 1200 . J = 195 
1 ' 2 

104c A <fo ((" f2 y yi x x' 

50.7070 88.40 0.9932 0.9867 0.6400 999.1 1013.0 59.57 60.88 

28.7860 91.47 0.9936 0.9926 0.7061 996.8 1007 .o 67.12 68.23 

20.4250 93.03 0.9943 0.9946 0.7422 990.6 999.4 71.32 72.31 

9.8980 95.70 0.9960 0.9974 0.8078 993.1 999.2 79.06 79.81 

5.2272 97.43 0.9974 0.9987 0.8538 1004.5 1009.0 84.55 85.13 

2.0800 99.16 0.9989 0.9995 0.9036 1066.7 1069.5 90.52 90.81 

using the same value for the f term as obtained earlier. 

Thus Ji = 986 + (0.21 x 102.08) + 176.4 

= 1183.4 

1 
When J1 is calculated from equation (4-7-18) for different values 

of 11 a11 , it is found to be nearly linear in 11 a11 as is evident from Fig. 13. 

0 • 
From the plot of J1 versus 11a 11 , this value of 1183.4 was seen to 

0 

correspond to an 11 a11 ::: 4.42A. This is reasona.bly close to the value of 

0 0 0 

4.5A assumed in the calculation. The use of 4.42A rather than 4.5A would 

not have affected the values obtained for the terms in the general conduct--ance equation. When the ex:tent of association is sma.11, the term AJ:,would 

be negligible relative to J1 (a), and would produce an almost identical 
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value of ion aize. 

Alternate Calculation 

When the association constant, A, approaches unity, Fuoss suggests 

an alternate method of calculation in which ~ is approximated by unity in 

calculating x 1 and y 1 • If we represent 1\. ' ' ' by the equation: 

1 1 • = 1\. + ~ Jë - E c log c J + J 3/2 + 5;,., 1\ t' c 
1\ 1-arc) -le 2c ~ o0 

.1\ - Az 
0 

The resulta of the computations are given in Table XXI where 

1 1 == 
1\ 

Ao + B Jë - E c log c 
(1 - ajë) 

(4-7-26) 

(4-7-27) 

(4-7-28) 

Fig. 14 shows the plot of A'' 1 versus z. The slope of the latter permits 

evaluation of A, and the intercept at c = 0 gives the final value of A • 
0 

TABLE XXI 

104c 1\ "" 1\1 1 1 z 

50.7070 88.40 107.190 102.070 0.3127 
28.786 91.47 104.983 102.067 0.1932 
20.425 93.03 104.125 102.054 0.1457 
9.8980 95.70 103.07 6 102.070 0.0783 
5.2272 97.43 102.610 102.078 0.0442 
2.0800 99.16 102.303 102.090 0.0188 
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Calculation of/\'' 

1\ 
88.40 

. . 

In our example 

0.07121 
a.Jë 

0.050417 
E c log c 
-4.477 

)\'' = 107.19- 6.085 + 0.070 + 0.894 

= 102.07 

A Il 

107.19 
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The plot of /\ t ' • vs z being nearly horizontal within experimental 

errer, the slope could not be evaluated accurately. However, the intercept 

at c = 0 gave the value 102.08 for ~ • 
0 

Tetrabutylammonium Bromide 

The conductance data for Bu
4 

NBr was analyzed by the same procedure 

assuming a value of 97. 04 for 1\ ( obtained from the 1\ versus JC plot) • 
0 

From a series of conductance data for Bu
4 

NI in water-diaxane mixtures, Fuoss 
0 

estima.ted 11 a" for this salt as 5.55A. This value was used in the present 

work in calculating the activity coefficient, f, from equation (4-7-16). 

y and x were computed for a series of concentrations to a first approximation 

using approximate values of Y, ( 't), calculated according to equation 
0 

(4-7-15). The plot of y versus x gave A= 3.12 and y(O) = 882. 

. . . J1 - 5/2 A 6 = y(O) + A 1\ 
0 0 

= 882 + 302.8 

= 1184.8 
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In order to separate J
1 

and t', J
1 

was calculated using equation 
0 

(4-7-18), taking the value 5.55A for 11 a 11 • This yielded a value 1348 for J1 • 

y(O) = J1 - A /\ - 5/2 /\ J (4-7-17) 
0 0 

= 1348 - 1184.8 

= 163.2 

ê = 163 •
2 = 0.6724 242.7 

Recalling that R = 7.32 t/3 Â, 
0 

R = 6.41A (4-7-22) 

J2 was then evaluated from equation (4-7-22), and ?f calculated to a second 

approximation using equation (4-7-24). yt and x 1 were computed and the 

results are given in Table XXII. Fig. 15 shows the plot of y 1 versus x 1 • 

TABLE XXII 

Bu
4

NBr 

104c /\ a f2 yi x• 

50.546 84.09 0.9948 0.6496 1024.2 57.50 

34.613 86.02 0.9959 0.6922 1016.6 62.11 

24.517 87.56 0.9964 0.7288 1005.3 66.12 

19.826 88.44 0.9980 0.7500 990.8 68.48 

10.117 90.695 0.9985 0.8086 978.0 75.02 

5.0078 92.475 0.9990 0.8582 
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From the y1 versus x 1 plot, the slope A was found to be 3.00 

and the intercept y(O) = 910. Re-evaluation of J
1 

using the relation 

J~ = y' (0) + A 1\ + 5/2 /\
0 
g gave J~ = 910 + 291.2 + 163.2 

= 1364.4 

By the same procedure as that described for Pr
4

NBr, this value 
0 

of J
1 

= 1364.4 was found to correspond to a value of 5.64A for 11 a 11 • 

The association constant being small, the alternate method of 

calculation described for Pr
4

NBr was applied to the data for Bu
4

NBr as weil. 

The results are listed in Table XXIII. 

TABLE XXIII 

Bu
4

NBr J, = 13 h4; .rl. ;. 5 20. 

104c 1\ 1\11 A'" z 

50. 546 84.09 102.30 96.'200 0.2681 

34.613 86.02 100.63 96.581 0.2034 

24.517 ff7. 56 99.54 96.662 0.1556 

19.826 88.44 99.06 96.726 0.1313 

lO.ll7 90.695 97.97 96.77 0.0746 

5.0078 92.475 97.41 96.815 0.0400 

2.3776 93.91 97.21 96.926 0.0202 

From the plot of 1\ ''' versus z, (Fig. 16) which was linear, the slope and 

intercept at c = 0 gave the values 2.02 for A and 96.97 for 1\ • 
0 
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Tetrabutylammonium Chloride 

The conductance data for Bu
4

NC1 were treated by the procedure 

described for Bu
4

NBr. Assuming that 1\ = 96.83 (from the 1\ vs.Jë plot), 
0 

and 11 a 11 = 5.55A, 't and hence f were computed for various concentrations. 
0 

The corresponding values of y were calculated to a first approximation and a 

plot of y versus x was made from which A was found to be 6.22 and the 

intercept y(O) = 743. 

J
1 

- 5/2 /\ g = y(O) + A 1\ 
0 0 

:::z 743 + 603.7 

= 1346.7 

In order to separate J1 and 8, J
1 

was calculated using equation (4-7-18), 
0 

taking the value 5.55A for 11a 11 • This yielded a value J345 for Jl" 

5/2 1\ ~ = 1345 - 1346.7 
0 

=- 1.7 

This treatment leads to a negative value for R, the hydrodynamic 

radius of the Bu
4 

N + ion. 

Alterna.tively, assuming that R and hence g have the same values 

for Bu
4

N+ in the chloride and bromide, 8 was taken as 0.672 (the value 

estimated in the case of Bu
4 

NBr). J
1 

was then evaluated from the relation 

J1 = y(O) + A A + 5/2 A J 
0 0 

= 1346.7 + 162.8 

= 1509.5. 



J1 was calculated for various values of 11 a 11 and a plot of y vs 11a 11 was ma.de. 

From the plot this value of J1 = 1509.5 was found to correspond to an 11 a 11 

0 

value of 6.44A 

J 2 was then computed using equation (4-7-22) and o was estima.ted 
0 

to a second approximation, the new value of 6.44A being used for 11 a11 in 

calculating the activity coefficients. y' and x' were then computed as 

bef ore and the results are given in Table XXIV. Fig. 17 shows the plot 

of yt vs x' • This plot gave the value of A (the slope) as 6. 8 and yt ( 0) 
1 

""' 795. Re-evaluation of J1 using the relation J1 = y1 (0) + A /\
0 

+ 5/2 1\g 

yielded 

' Jl = 795 + 658.4 + 162.8 

= 1616.2 

From the nearly linear relation between J1 and 11 a 11 , this value of 
0 

J1 (1616.2) was found to correspond to a value of 7 .03A for 11 a11 • 

TABLE XXIV 

Bu
4

NC1 

104c A (f f2 ....z!..... x• 

50.2070 83.81 0.9823 0.6464 1088 57.08 

29.231 86.60 0.9893 0.7106 1061 63.98 

19.411 88.23 0.9918 0.7520 1005 68.47 

8. 9960 90.715 0.9947 0.8176 932 75.86 

4.6410 92.30 0.9960 0.8630 
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Tetrapropylammonium Chloride 

Taking the value 101.88 for 1\ from the Kohlrausch extrapolation, 
0 

0 

and assuming the same 11 a11 , namely 4.5A, as for Pr
4 

NBr, o 
0 

was computed, 

and hence x and y. The plot of y vs x was linear with a slope (A) equa.l 

to 10.3 and the intercept y(O) equal to 530. 

J
1 

- 5/2 1\ J = y(O) + A 1\ 
0 0 

= 530 + 1049.4 

= 1579.4 
0 

J
1 

calculated using euqation (4-7-18), with 11 a 11 = 4.5A was found to be 1198. 

As in the case of Bu
4

NC1, this value leads to a negative value for J and 

hence R. Using the value of d' obtained for Pr
4 

NBr, J
1 

was evaluated. Thus 

s = 0.6912 

= 1579.4 + 176.1 

= 1755.5 

As before J1 was calculated for various values of 11 a 11 and from 

the plot of J1 versus 11a 11 the value of 11 a 11 corresponding to 1755.5 was 
0 

found to be 7 . 78A. 

J 2 was computed using equation (4-7-22), andO'was estimated to a 

0 

second approximation taking this value of 7.78A in calculating the activity 

coefficients. y' and x• were then calculated for vari ous concentrations 

and the results are given in Table XXV. From the plot of y' versus x•, 
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(Fig. 18), the slope gave the value of A as 11.5; the intercept y(O) = 505. 

The new value of J1 is now 

= 505 + 1172 + 176 

From the linear relation between J1 and "a", this value of J1 was 
0 

found to correspond to 11a11 = 8. 79A. 

TABLE~ 

Pr
4

NC1 

104c A (f f2 yi x• 

50.000 88.21 0.9858 0.6418 976.9 59.58 

28.209 91.20 0.9910 0.7090 926.1 67.18 

20.000 92.71 0.9922 0.7448 870.4 71.30 

10.000 95.17 0.9929 0.8071 668.5 78.56 

4.5806 97.245 0.9948 0.8623 354.3 85.14 

The utility of the Fuoss-Onsager equation as an analytical 

expression to represent conductance data will now be considered. When the 

ions are associated, their general conductance equation for electrolytes 

containing large ions takes the form: 

1\ = A - S~+ E ca'log ~ - 5/2 /\ 8c?[ 
0 0 

+ J1 c 2f (1 - aJëi')(l -~ 
Jl 

(4-7-9) 
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The f ollowing table shows the exper:i.Iœntal values of the equivalent 

conductances ( 1\ observed), and the values of 1\ calculated from the ab.ove 

equation for Pr
4 

NBr. The values of the parameters used in the equation 
0 

were derived as indicated earlier. Thus a ~ 4.5A; J = 1200· 
1 ' 

TABLE XXVI 

Pr
4

NBr 

1\ = 102.08 
0 

104c /\ { observed2 A { calculated2 

69.100 86.51 86.46 

50.707 88.40 88.40 

20.424 93.03 93.05 

9.898 95.70 95.72 

5.2272 97.43 97.43 

It is evident that the agreement between /\(calculated) and /\(observed) 

in the above table is reasonably good. Thus the equation representa the 

conductance data for Pr
4 

NBr in nitromethane within the experimental error 

up to about 0.005 N. When the parameters derived earlier for Bu
4 

NBr were 

used i n the equation, no fit was obtained. However, if 11 a 11 is treated as 

an adjustable parameter chosen to get the best fit of data, it is possible 
0 

to make it represent experimental values. For example, if a = 4. 95A rather 
0 

than 5.64A derived earlier, the resulta presented in the following table 

are obtained. 
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TABLE XXVII 

Bu
4

NBr 

0 

a = 4.95A ; J
1 

= 1240 

J2 = 392 ; 1\ = 96.97 
0 

104c 1\(observed) 1\ ( calculated) 

74.040 81.89 81.85 

50.546 84.09 84.10 

34.613 86.02 86.02 

24.517 87.56 87.58 

19.826 88.44 88.46 

2.3776 93.91 93.92 

The observed values of 1\ agree with the corresponding calculated 

values within the experimental error up to a concentration of about O. 005 N. 

For the two chlorides Fuoss• nethod of analysis of the conductance data 
0 0 

yielded values of 11 a 11 equal to 7 .03A and 8. 79A. When these values of 11a 11 

are used, the agreement between the observed and calculated values of /\ 
0 

for Pr
4

NC1 and Bu
4

NC1 is not satisfactory. However, if a == 4.4A is used 
0 

for Pr
4

NC1 and a = 4. 9A is chosen for Bu
4

NC1, the equation reproduces the 

observed conductance data within about o.l%, for concentrations up to about 

0.005 N. 

The mathematical and physical approximations made in the derivation 

limi.t the validity of the Fuoss-Onsager equation (4-7-2) to values of k a 

less than about 0.2 •. For the nitromethane solutions this corresponds to a 
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concentration of about 0.005 N. The following table gives the values of 

1\ of the salts studied, as obtained by extrapolations by the various 
0 

methods previously discussed. 

TABlE XXVIII 

Fuoss-Onsager 1\ vs [ë 
1 

1\ 0 vs c 
Salt Equation plot plot 

Pr
4

NBr 102.08 102.10 102.04 

Pr
4

NC1 101.86 101.88 102.00 

Bu
4

NBr 96.97 97.04 97.00 

Bu
4

NC1 96.83 96.83 96.90 

Thus as an analytical expression the Fuoss-Onsager equation is found to be 

useful. 

However, as a theoretical treatment for electrolytes the equation 

produces sorne anomalies. For example, the theory indicates that the 

chlorides have large values of 11 a 11 • On the basis of Bjerrum.1 s theory of 

ion pair formation, higher values of 11 a 11 would indicate that the chlorides 

should be less associated than the corresponding bromides. However, the 

values of association constant obtained from the Fuoss-Onsager equation 

indicate that the chlorides are more associated than the bromides. Thus, 

the association constants for Pr4NCl and BU4NCl are 6.8 and 11.5 whereas 

those for the corresponding bromides are 0.2 and 2.0 respectively. Fuoss 

(56) suggests that a thermodynamic approach to the problem of ion associat­

ion made by Denison and Ramsey (63) is preferable to the statistical one of 
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Bjerrum• s as the fonœr has the following advantages over the Bjerrum 

model: 1) only ions in actual contact are counted as pairss 2) association 

is not automatically excluded beyond a critical value of the para.œter 11 blt. 

However, to test the Fuoss-Onsager equation rigorously, it would 

be necessary to obtain 11a 11 values by measuring conductance of the salts for 

varying values of the dielectric constants of the solvent medium. The 

range must be wide enough to include solvent mixtures in which the 

association constant has a value of at least 10. Because of the lack of 

such data for these salts, it was necessary to guess starting values of 

11 a 11 , or in the case of the chlorides, the value of!;, (the viscosity 

factor) which depends on the hydrodyna.mic radius of the large ion. 

The values of 11a 11 obtained above can be used to calcula.te the 

association constant (A) from the Bjerrum theory of ion pairs. Thus the 

association constant 

A = K-1 = 4'JrN 
1000 

where Q(b) = S by-4 eY dy 
2 

and 
e2 

b=­
aDk.T 

(4-6-4) 

(4-6-5) 

For Bu
4
NBr, "ait = 5.55 (as derived from the Fuoss-Onsager equation earlier) 

2 -8 
b = ~ = 15.15 x 10 = 2.730 

aDk.T 5.55 x lo-8 

The values of log Q(b) computed by Fuoss (39) for various 11b11 

values were plotted against each other and from the plot the above value 

of b (2. 730) was found to correspond to log Q (b) = - 0.6ooo. Hence 



Q(b) = 0.2512., and from equation (4-6-4) 

! = K-l = 0.263 x 102 x 0.2512 

= 6.61 
0 

For Bu
4

NC1., 11 a 11 = 7.03A 

By a similar calculation 

A= 1.57 

8. Robinson and Stokes• Equation 

98 

An alternative modification of Onsager1 s limiting law has been 

proposed by Robinson and Stokes ( 64) and this explains the conductance 

behaviour of sorne strong uni-univalent electrolytes in water. Their 

equation for moderate concentrations takes the form 

/\= 1\ -Ca l'o + s)Jë 
0 1 + B~Jë 

where (a /\
0 

+ (3) is the Onsager coefficient., B = (~)îJ2, and ~ is a 

disposable paraœter., the œan distance of closest approach of the ions in 

angstroms. Using this equation to represent the conductance of the ionie 

portion of the salt., the degree of dissociation 7:f is given by 

0 = --""7"""""'"--~---= 
1\ - (a./\o + (3) m 

0 (1 + B; Jië) 

This equation can then be used with the law of mass action and the activity 

coefficient. By successive approximations, consistent values of 7f can be 

obtained satis:fying the three equations and bence the dissociation constant 
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can be computed. 

This method was applied to nitromethane solutions of Bu
4 
NCl. 

Using the value 96.80 for 1\ , the dissociation constant K was computed 
0 

for various values of a and the resulta are shown in Table XXIX. B for 

nitromethane at 25°C = 0.479. 

TABLE XXIX 

Dissociation constant (K) of Bu
4

NC1 

104c 
0 0 0 0 

/\ a= 4.5A a = 5.0A a = 5.5A a= 6.5A 

52.207 83.81 0.300 0.264 0.226 0.186 

29.231 86.60 0.215 0.191 0.172 0.144 

19.411 88.23 0.162 0.150 0.137 0.120 

8.996 90.72 0.105 0.100 0.094 0.085 

0 

No reasonable value of a could be found for which the dissociation constant 

was invariant. Similar results were obtained when the method was applied 

to the other salts, and hence the data of this research do not conform to 

the Robinson and Stokes' equation. 

9. Walden 1 s Rule 

Several attempts have been made to estimate individual ionie 

conductivities from those of salts on a hydrodynamic basis. The relation 

proposed empirically by Walden (65) and familiarly known as Walden' s Rule 

has been developed theoretically by combining Coulomb' s law and Stokes' law. 



According to Stokes' law, v = F 
&rr '? r 

lOO. 

(4-9-1) 

where v is the steady velocity with which a particle of radius r moves 

through a medium of viscosity / when a force F is applied. If a potential 

gradient E is applied, 

v = Ào + E 
F (4-9-2) 

where À
0 

! is the limiting ionie conductance and F is the Faraday constant 

equ.al to E r= where c:: is the electronic charge. Elimina ting v from the 

above two relationships gives 

so that '?'6 :::z 

c:F 
&rrr!, 

"? ( ). : + ~ ~) 

where r representa the radius of the ionie species. 

(4-9-3) 

(4-9-4) 

From equation (4-8-3) it follows that the product of the (limiting) 

ionie conductance and the viscosity of the medium will be constant irrespect-

ive of the solvent if any given ion retains the same radius and behaves as 

a sphere in a continuous medium. Ions are believed to be solvated in 

solution and the degree of solvation to be determined by the dielectric 

constant of the solvent, and the size of the ions. The rule should then be 

expected to hold best for large ions, such as the quaterna.ry ammonium ions. 

Such ions conform more closely to Stokes' law and tend to be less solvated 

tha.n small ions. 

The limiting conductance-viscosity product of the quaternary 

ammonium salts studied are presented in Table XXX:, along with the corresponding 
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data for nitrobenzene (12) and d.i.Iœthylforma.m:i.de ( 63). 

TABLE XXX 

Conductance-Viscosity Products (l\
0
ï7) at 25°C. 

Diiœthy1-
Nitromethane Nitrobenzene forma.mide 

Viscosity?(poise) 0.00627 0.01811 0.00796 

1\
0

, Me
4

NBr a 
ll7 .83 92.60 

1\oÎ' Me4NBr O.V8 O.V8 

f\
0

, Et
4

NC1 a 
110.37 38.55 

1\o{, Et4NC1 0.694 0.700 

1\
0

, Et
4

NBr a 110.60 89.30 

1\ o/ ' Et4 NBr 0.693 0.710 

1\
0

, Pr
4

NBr 
b 102.08 82.80 

1\ o{, Pr4 NBr 0.640 0.659 

1\
0

, Bu
4

NBr 
b 

97.04 33.48 

A 07 , Bu
4

NBr 0.608 0.607 

a Previous work (13) 

b This work. 

Walden• s rule seems to be reasonab1y weil obeyed for these e1ectro-

lytes. F'or '?lb to be constant both r~ must not alter with change of so1vent. 

+ 
A better test would be the constancy or otherwise of the product /À 

0 
or 

Î À~· 
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10. Ionie Conductances 

No measurement s of the transport number of any ion in 

nitro:rœthane are available. However, a method of evaluating individual 

ionie conductances from those of salta has been developed by Fowler and 

Kra us ( 64) • They assumed that with a salt of a large cation and anion, 

of comparable size the individual ionie conductances are equal to one 

ha.lf that of the salt. Aceordingly, Kraus (12) has reported the limiting 

conductance of Bu
4

N+ in nitrobenzene as 11.9, deriving this result by 

halving the limiting conductance of tetrabutyl ammonium triphenyl borofluoride. 

On the basis of the walden relation, the ionie conductance of Bu4N+ in 

nitromethane is 34.3. The limiting conductances of the other ions in 

nitromethane can then be found assuming the additivity rule of ionie 

conductances (1). The values thus obtained are listed in Table XXXI. 

TABLE XXXI 

Limiting Ionie Conductances in Nitromethane at 25°C. 

Ion 

,\o 62.6 62.8 

11. Comparison of Nitromethane Conductance Data 

Table XXXII lists the limiting equivalent conductances (A ), 
0 

percentage deviation from the limiting Onsager equation and the degrees 

of dissociation (if) in nitromethane of the salts studied in this work and 

of those by Elias (13). 
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TABLE XXXII 

Comparison of Nitromethane Conductance data at 25°C. 

Ao 
ÂoBr- ÀoCl 

(ST - SE)lOO 

Salt 
01\-M' 2 _, 

~ lat O.QQ2 N ~ 

Previous Work ( 13) 

Me
4

NBr 117.83 -55 0.9443 

0.21 

Me
4

NC1 117.62 -72 0.9238 

Et
4

NBr 110.60 -10 0.9840 

0.23 
~ ,. 

Et
4

NC1 110.37 -13 0.9832 

This Work 

Pr
4
NBr 102.10 -5.0 0.9948 

0.22 

Pr
4

NC1 101.88 -9.5 0.9922 

Bu
4

NBr 97.04 -3.6 0.9980 

0.21 

Bu4NC1 96.83 -7.4 0.9918 
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(5r - SE)lOO in column 4 of the above table is the percentage 
ST 

deviation of the experimental slopes (~) of the 1\ versus rcplots from 

the theoretical (limiting) Onsager slope (ST). The degree of dissociation, y, 

in the last column was calculated for 0.002 N solutions using the Shedlovsky-

Fuoss treatment discussed earlier. On the ba sis of the per cent deviation 

shown in column 4, the tetramethyl salts in nitrozœthane are weaker 

electrolytes than the corresponding tetraethyl salts. The tetrapropyl 

and butyl salts are relatively strong electrolytes. The bromides are 

dissociated in all cases to a greater extent than the corresponding 

chlorides. The regular gradation in properties in passing from the tetra-

œthyl to the tetrabutyl salts is clearly brought out. The degree of 

dissociation of each salt in 0.002 N solution is rather high, although 

for a common anion, it tends gradually to increase slightly with increasing 

size of the quaternary ammonium cation. The data in column 3 show that 

the difference between the limiting equivalent conductance of bromide and 

chloride salts with a common cation is 0.22 _: 0.01. This result 

substantiates the Kohlrausch law of independant migration of ions (1). A 

further test of the Kohlrausch law can be made by reference to the data 

in the f ollowing taba. 

TABLE XXXIII 

,\o.' N+ - ~li\1. N+ i\..t N+ -/\ 0P N+ À 0 p N+ - À N+ 
Me4 ~~4 ~ 4 r4 r4 -~u4 

(From the Bromides) 7.23 8.50 5.06 

(From the Chlorides) 7.25 8.49 5.05 
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Since literature data for the conductivities of Pr4NBr, Pr4NCl 

and Bu
4

NC1 in nitromethane are la.cking, no true comparison of the resulta 

of this resea.rch with those of other workers ca.n be made. However, 

nitromethane conductance data at 25°C for Bu4NBr have been obtained by 

.Elias (13) in this laboratory. Fuoss (40) has investigated the conductance 

of Bu
4

NBr in methanol-nitromathane mixtures, and in the pure solvents at 

25°C. The results of this resea.rch (a) are compa.red in the table below 

with those obtained by Elias (b) and by Fuoss (c) for Bu
4

NBr in nitro­

methane at 25°C. 

TABLE XXXIV 

Limiting equivalent conductance ( 1\ ) of 
0 

A (a.) 
0 

97.04 

Bu4 NBr in Nitromethane 

97.10 

llo(c) 

86.80 

It can be seen that there is rea.sonably good agreement between the values 

obtained for /\ by this research and that by Elias. There is, however, 
0 

a wide discrepancy between the value determined by Fuoss for 1\ 
0 
Bu4 NBr and 

those of this research and of Elias. The values were in ail the three cases 

determined by extrapolation of the 1\ versus .[ë plots to zero concentration. 

Fuoss purified nitromethane by two distillations from phosphorus 

pentoxide and the middle fraction was used. He observed that the specifie 
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conductance of the sample was of the order of lo-7 mhos, which increased 

on standing. One of the difficulties connected with using drying agents 

is their subsequent removal. For example, Walden (67) found that even 

after five distillations traces of phosphorus pentoxi.de after its use as 

a drying agent rema.ined in the distillate. Hartley et al. (10) have 

reported that this drying agent was unsuitable as it formed a sol in 

nitromethane and a white solid was deposited in the condenser on 

distillation. They avoided the difficulties by refluxing the nitromethane 

for several ho~s while bubbling dry air through it followed by distillation. 

The conductance of the sol vent was taken as a m9asure of purity. The 

method of purification of nitromethane used in this research has been 

described earlier. The purity of the solvent as determined absolutely by 

the freezing curve method of Rossini (26), showed that density values 

could be used as a check on purity whereas conductance alone is not a 

sufficient criterion. No data are given by Fuoss or Hartley for the 

purity of the solvant. Fuoss reports the density as 1.1251 gm./ml. while 

the solvant used in this research has a density of 1.1.3122 gm./ml. and 

Hartley reports an average value of 1.1.3120 gm./ml. The specifie conduct­

ance of the solvent used in the present study was (0.5 - 1) x 10-S mhos 

at 25°C and the purity 99.96 mole per cent. 

The salt was prepared by the same method in this research as that 

used by Fuoss who, however, dried the salt at a lower temperature. From the 

affect of dr.ying temperatune on salt purity and conductance of solutions 

determined quantitatively for Pr4NC1 earlier, it is indicated that if the 

temperature is not high enough, salt dried at a lower temperature yièld.s a 

l~er conductance. However, the magnitude of this affect is not sufficient 
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to e.xplain the wide discrepancy in the /\
0 

values for Bu
4

NBr obtained by 

Fuoss and in this research. It could probably be explained on the basis 

of the purity of the solvent. 

Hartley (10) observed that addition of small quantities of water 

increased the conductivity of electrolytes in nitrometbane, this increase 

being greater for salts with large divergences from ideal behaviour. 

However, in the case of the tetraethyl ammonium salts which, he found, 

obeyed the limiting Onsager equation very closely, the increase in 

conductivity was very close to tbat e.xpected from the decrease in viscosity 

of the solutions due to the addition of water. In this research, on the 

other hand, it was observed that the magnitude of this increase in 

conductivity is greater than can be explained by the diminution in viscosity. 

This has been discussed earlier in Part II. 

12. Comparison with other solvants 

A close comparison of the conductance behaviour of the quaternary 

ammonium salts in nitromethane and dimethylforma.mide (68) may be made from 

the following table. Both these solvants possess about the same dielectric 

constant, and both are electron-donors. 

Salt 

TABLE XXXV 

Nitrorethane 
~ Dimethylformamide 

A 0 (Nitromethane) 
A 0 (Dimethylformamide) 

1.27 

1.24 

1.24 

= 1.27 



The observed conductance ratio agrees with the calculated 

viscosity ratio of 1.27, and this close correspondance of conductance 

pheno:rœna probably results from similar solvation effects occurring 
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in these media. The conductance behaviour of these salts in di:rœthyl­

formamide as weil as in nitrobenzene (12) was found to confclrm to the 

Fuoss-Shedlovsky treatment of weak electrolytes by which the dissociation 

constants and limiting conductances were therefore determined. However) 

the present data did not comply with the same analysis. 

The discrepancy between theory and experiment might arise from 

some type of ion-solvent interaction which the theory does not take into 

account. These effects might be ma.sked in the equivalent conductance 

data since they result from the sum of the anion and cation conductances. 

It would therefore appear advisable to combine the present data with 

transference numbers to obtain ionie conductances. Such :rœasurements 

are now under way in this la bora tory. 
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SUMMARY AND CONTRIBl1l'ION TO KNOWI.EJ)}E 

1. The electrical conductivities of nitromethane solutions of Pr
4

NC1, 

Pr
4

NBr, Bu
4

NC1 and Bu
4

NBr have been determined at 25°C with a precision 

of 0.02%. The concentration range extended from 0.01 N to 0.0001 N. 

2. The limiting equivalent conductances .1\ , of these salts have been 
0 

determined. The values were 101.88 ! 0.05, 102.08 ! 0.02, 96.83 ! 0.05 

-1 2 f and 97.04! 0.03 ohm cm. , or Pr
4

NC1, Pr
4

NBr, Bu
4

NC1 and Bu
4

NBr 

respectively. 

3. The affect of drying temperature on salt purity and conductance has been 

estimated quantitatively for nitromethane solutions of Pr
4

NC1. The drying 

temperature suitable for each salt has been deter.mined individually. 

4. The addition of small quantities of water increases the conductivity of 

electrolytes in nitromethane. This affect was determined quantitatively for 

Pr
4 

NBr. The increase in conductance is greater than can be explained by the 

diminution in the viscosity of the solution caused by the addition of water. 

5. The data have been considered from the point of view of the Debye-Huckel-Onsager 

theory of strong electrolytes. In each case the observed slope of the plot 

of equivalent conductance' 1\, versus square root of concentration, rc' 
was more negative than that predicted by the limiting Onsager equation. 

The curves for the bromides were linear for concentrations less than 

1 x 10-3 N, while for the chlorides the linearity e.xisted for concentrat­

ions up to about 5 x 104 N within experimental precision. Limiting equi-

valent conductances have been determined by extrapolation of the 1\ versus 



llO 

1 
{ë plots and of the Shedlovsky plots, ( /\ versus c). The fact that 

0 

the 1\ versus rc plots lie below the theoretical slopes and the failure 
1 

of the Shedlovsky expression, (/\ = 1\ + he), to represent the 
0 0 

experimental data both indicate that these solutions are not strictly 

11 strong11 electrolytes. The bromides appear to be stronger than the 

chlorides. 

6. The conductance data for the salts were analysed by the Shedlovsky-

Fuoss extrapolation method for incompletely dissociated electrolytes. 

The results indicated that these salts in nitromethane cannot be 

considered to be truly 11weak11 • 

7. The data have been analysed by a modified general conductance equation 

recently proposed by Fuoss and Onsager. Limiting equivalent conductances, 

association constants and the ion size pa.rameter, 11 a 11 , were estima.ted. 

The equation fits the data well for Pr
4

NBr only. The results obtained for 

the other salts produce sorne anomalies from a theoretical point of view. 

Thus, on the basis of Bjerrum1 s theory of ion pair formation the above 

results indicate that the chlorides should be less associated than the 

bromides. If 11 a 11 is treated as an adjustable pa.rameter, suitable values 

can be found to make the Fuoss-Onsager equation fit the data for the 

8. Ana1ysis of the conductance data by the equation of Robinson and Stokes, 

which takes into account the finite size of ions, showed that the equation 

does not fit the data. 



9. The Walden rule appears to be reasonably well obeyed by these 

electrolytes. 

10. Approximate ionie mobilities have been calculated on the basis of 

Walden1 s rule, assuming for the Bu
4

N+ ion Ir) A
0 

= 0.216. 

lll 
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