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Abstract 

]:on trflns:fer a cross the ,~" ter/ o-di chlorobenzene 

int~r:face hfls been investigated by ac cyclic voltammetry 

:from the peak o:f which the hal:f-wa~e potentials of the 

ion studied hflve been determined. The zero point on the 

;~'-P -scAle has been fixed using 10 mH PNPDOO saturated 

with TPAsTPB as a base elecitrolyte in o-DOB. A wide 

potential window has also been obtained by employing 

tetrfldodecylflmmonium dicarbolly1cobfl1tate (III) (TDADOO), 

flS supporting electrolyte in o-DOB. The values of the 

standard Galvani potential difference and the standard 

Gibbs energies of partition far individual ions in 

o-DOB have been evaluated tflking into account ion 

association in o-DOB. The association constant of the 

base electrolyte in o-DOB has been determined from 

conductivity measurements. The standard Gibbs energies 

of partition for some ions in the water/o-DOB system 

hAve also been determined from solubility experiments. 

These have been compared ,dth the values obtained from 

voltammetric experiments. 

Preliminary stuiies on the electrical double layer 

across the ,vater/o-DOB interface have been made using 

the impedance technique. The experimental interfacial 

capacitance have been compared with the theoretical 

diffuse layer capacit?onces calCUlated by the Gouy­

Chapman theory. 



1. INTRODUCTION 

In recent years the electrochemical phenomena at 

liquid/liquid interface have attracted a ereat deal of 

interest due to the wide range of application of these 

systems in chemistry and biology. Although the 

investieation of the polarization of the interface 

between two immiscible electrolyte solutions (ITIES) 

is small in scope compared to the study of meta1/ 

electrolyte solution interface, studies of such system 

may be used to extend the field of analytical 

voltammetric methods and may serve as very simple 

memb~ane models. An ITIES may supply information in 

the studies of liquid membrane ion-selective electrode, 

bilayer lipid membranes, phase transfer catalysis and 

two-phase electrolysis, because charge transfer processes 

across the ITIES ·oan be studied by standard e1ectro-

ohemical methods. 

The properties of o-dioh10robenzene (1:. =10.03, 

(200C),r= 1.306 g cm-,3'l)= 1.324 op, solubility in 

,~ater 2.7x10-3 mol 1- 1 , solubility of water in o-DOB 

-1 -1 ) 2.2x10 mol 1 make it a promising non-aqueous 

solvent for the studies of liquid/liquid interfaoe. 

The purpose of the present work is to determine the 

standard Gibbs energies of ion transfer from water 

to o-dich10robenzene, and hence the standard G3lvani 

potential differenoe and the half-wave potentials of 

some ions betlVeen water and o-DOB (about whioh very 

1i ttle is known [3Sj ) from vol tamme tric and 
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solubility experiments. The dmuble layer capacitance 

data for tho polarized water/o-DCB interface have not 

been so far reported. Hence the present work also 

inolude a preliminary study of double layer oapaoitanoe 

of tho water/o-DeB interface in the presence of different 

electrolytes in each phase by ac impedance technique and 

a comparison of the experimental results with the 

theoretical oapacitance of the interface oalculated 

by the use of the Gouy-Chapman theory is made. 
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2. LITEHATURE HEVIEH 

The first paper describing the electrical 

properties of the interface between two immiscible 

electrolyte solutions (ITIES) is the work done by 

Nernst and Riesenfeld (1) which dates back to 1902. 

Some time after the results of Nernst and Riesenfeld, 

research on ITIES was restricted to the study of 

equilibrium electrical potential differenoes between 

an aqueous and a non-aqueous phase in contact in the 

presence of various electrolytes. Art exact thermo­

dynamic treatment of the ITIES was obtained by 

Bonhoeffer et 01. (2), and in more detail by Karpfen 

and Randels (3). 

Ganstalla (4,5) observed changes in interfacial 

tension when an electric current was passed through 

the system of cetyltrimethylammonium bromide in water 

and in nitrobenzene. He thought that this effect is 

due to the electrioal field arising at the electrode 

during current flow. He termed this effect electro­

adsorption. Using the Nernst-Riesenfeld approach, 

Blank (6) analysed the interfacial data and showed 

that the effect of electroadsorption is exciliusively 

due to the accumulation or depletion of surface­

active electrolyte at the interface, These studies 

also led to the discovery of mechanical interfacial 

movement. A similar approaoh was used by D'Epenoux 
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and Gavach (7,8) "nd olso by Joos et a1. (9, 10). 

Electrochemioal phenomena at the ITIES hnve been 

reviewed qui te th~oughlY by Koryta (11, 13, 14), and 

also by Koryta and Vanysek (15), by Vanysek and 

Buck (16), by <GiLnaulr.t .. nn'jl ShlU'f'r:!Jrl; (17) and by 

Vanysek (18). 

The most extensively used experimental techniques 

in the ITIES studies ore chronopotentiometry (19-21), 

polarography with electrolyte dropping electrode 

(22, 23), cyclic voltammetry (24-27) and impedance 

measurements (28). A new method for evaluation of the 

capacitance of ITIES and the overall ohmic potential 

drop is the fast performance galvanostatic pulse 

technique (29-31). 

For electrochemical processes involving ~mter/ 

org£lnic solvent systems, lCoryta and Vanysek (15) have 

listed the following requirements for the choice of the 

non-aqueous solvent, 

1. The organic solvent must dissolve only small 

amount of water, since otherwise the base electrolytes 

cannot be confined to their respective phases and no 

suitable potential range for polarization of the 

interface would be found. 

2. The solvent should be sufficiently polar (with 

minimum relative permitivity of about 10) to safeguard 

sufficient conductivity of the non-aqueous phase. 
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3. Its density must differ oonsiderablY from water 

so that a stable interfaoe oould be formed. 

Besides the well established non-aqueou& solvents 

$mtrobenzene and l,2-diohloroethane, solvents like 

acetophenone (32), o-nitrophenyl ether (33), ohloroform 

(34,35), o-nitrotoluene (34), benzonitrile (34, 36), 

diohloromethane (37), and nitroethane (38) have been 

used. In addition to these water/pure solvent systems, 

mixtures of solvents like nitrdbenzene + ohlordbenzene 

(39), nitrobenzene + benzene (40), and nitrobenzene + 

benzonitrile (32) have been used. A large number of 

organic solvents have been dsed by Kihara et al. (35) 

for the investigation of the half-wave potentials of 

ion transfer by the polarographic method. 

The potentia 1 range '~here the transfer of indi viduA 1 

ions oan be investigated without interferenoe of the 

transfer of the ions of the base eleotrolytes depends 

on the hydrophilicity of the ions of the base eleotrolyte 

in the aqueous phase and on the lipophilicity of the 

ions of the base eleotrolyte in the organic phase (11). 

These supporting eleotrolytes in the aqueous and organic 

solvents should have an appropriate solubility in eaoh 

phase. And also they should be composed of ions that 

are stable and hardly transfer to the other phase. 

A wide potential window can be attained when the support­

ing eleotrolytes in the organic phase are oomposed of 

monovalent ions having large ionio radii. The ions 
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tetrabutylammonium (TBA"'") (11), tetraphenylborate (TPB-) 

(11,42), ),)-como-bis (undecohydro-1,2-dicarba-)-cobaltn_ 

closododecarbor) ate(nCC-) (42) And dipiorylaminote (nPA-) 

(41) hove been widely used as suitnble components of the 

base electrolyte in the organic phase. In order to 

extend the potential window towards more negative 

potentials, tetraphenylarsonium (TPAs+) (41), Crystal 

Violet (41, 45), and p-nitrido-bis (triphenylphosphorus) 

(PNP+) (42) ions have been employed. 

For thermodynamic studies of ion transfer across 

the ITIES, standard Gibbs transfer energies or standard 

potential differences for single ions are not accessible 

to direct measurements, since they are always related 

to the corresponding quantity fnt" another ion (4)). 

Using the 'TPAs TPB assumption', which states that the 

anion and cation of TPAsTPB have equal stondard Gibbs 

transfer energies between an arbitrary pair of solVents, 

Rais (44) and, Czapkiewicz and Czapkiewcz-Tutaj (46) 

evaluated standard Gibbs energy of ion transfer from 

water to nitrobenzene and from water to 1,2-dichloroethane 

respectively. The vnlues of standard Gibbs energy of 

trnnsfer of ions were compared with solubility data by 

Abrnhnm et al. (47). The standard Gibbs energies of ion 

transfer between various solvents have been critically 

revie,~ed by Marcus (lf8). 

Concerning double layer studies, the first quanti-­

tative treatment of the electrical double layer at the 

ITIES wns condtJcted by Verwey and Niessen (as quoted in 
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For the double layerrstuflies of ITIES, electrochemical 

ce lis ,d th " plnnBr or spheric" 1 liquid/liquid boundnry 

hnve been in common use. Senda et Bl. (54) Bnd Buck 

et 01. (55) stressed that the flBtness of the boundary 

and the geometric configuration of the four electrodes 

Bre of critical importBnce for ensuring the homogeneous 

polarization of the interface. 'rhe ohmic potential drop 

(the solution resistance) between the tip of the Luggin 

capillary Dnd the point just outside the interfacial 

region on each side of the interface ban be compensated 

by means of positive feed back (53) and algebraic 

subtraction (29, 56) under the potentiostatic or galvano­

static conditions respectively. Brauzzi and Uhlken (57) 

hAve shown a new method of IR drop elimination by the 

applicBtion of a potentiostBt based on a periodiC current 

interuption to a four electrode system. 

'~hile the interfacial tension of the ITIES may be 

measured directly, the differential capacitance of the 

double layer at the ITIES has to be eVBluated through a 

careful BrlalYsis of experimental ~ata. Gavach et al. (58) 

used the drop-weight and Buck et 01. (59) the maximum 

Hubble pressure methods to measure the surface tension of' 

the ,mter/ni trobenzene interface in the presence of 

bromides of sodium Bnd tetraalkylammonium ions in water 

and tetraalkylammonium tetraphenylborates in nitrobenzene. 

Comparison of the experimental surface chnrge densities 

with those calculated by the help of GC theory indicated 

I; 
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thAt the potentiAl difference Elcross An ITIES is concentrElted 

in the diffuse double lElyer (58, 59). KAkiuchi And SendA 

(60, 61) mel]sured, by the drop-"eight/drop-time method, 

electrocApillAry curves for the systems nitrobenzene 

solution of tetrnbutylnmmonium tetrElphenylborAte(TBATPB) 

and aqueous solution of LiCl. Their results sho"ed that 

the zero-charge potential difference "ns prncticnlly 

independent of the concentrntion of both the electrolytes. 

GirAult nnd Shiffrin (62) conducted surface tension 

mensurements of the interface bet"een KCl in linter and 

TBATPB in 1,2-dichloroethane. The values were in good 

Agreement with the doubly integrnted cnpacitnnce obtained 

from Gnlvanostntic pulse mensurements. 

The impedAnce of an ideAlly polarizable interface 

can be measured by menns of nlternElting-current bridge 

(63) or phElse selective detection (61, 63). The results 

"ere presented in the form of complex plane impedElnce. 

~he high frequency semi-circle observed in some cases 

"ElS shown (64) to be due to a capncitive coupling between 

the reference electrodes or "ElS nscribed (50, 65) to the 

geometric bulk-phElse CElpElCitAnce. Recently Chechirlinn 

et nl. (66), tprough impedance measurements in 10" 

conductivity media, have sho'"n that the conductivity of 

the mediA, the design of the reference electrode nnd the 

f 
geometry of the cell nll hnve A role in affecting 

impedAnce meAsurements at the high frequency limit. 
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CopncitHnce do to hove so for been reported for the 

,."ter/nitrobenzene (51, 6h) nnd wBter/1 ,2-dichloroethnne 

(63T 68) systems in the presence of different electroly1res 

by meBsuring the surfnce tension (50, 59, 61) Bnd 

impedances (63, 64, 68). 
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3. THEORY 

3.1. Equilibrium CDnditions 

For 0 system contoining an ion i of charge Z parti-

tionec\ bet,~een two immiscible liquids, soy 0( ond p 

i(O() ~ i (13) 

the equilibrium condition is thAt the electrochemical 

poirentiAl Pi of the ion in the t,~o phases must be eqUAL. 

or 

,Fi(oc) +RTlnAi(oc) + ziF'f'i(OC) '" ,ll~(1l) + RTlna i (13) + ziF<,'i(P) 

(3.1.2) 

where pi(~) and p~(») ore the stAndArd chemical potentials, 

ai(oc) and a i (j3) are activities and 'P i (1X) and 'fi(D) are 

inner potentiAls of the ion in the phAses ~ and p. 

The inner potential difference between the two phases 

can be obtained from a rearrangement of equation (3.1.2) 

(3.1.3) 

or 

.Jj LD = I,rJ ~l) + RTlnA i ell) 
4Jb Ii r> i ziF 

[I i (Ex) 
(3.1.4) 

where t~,It= \~~()J)-f!(Oc)~\ /ziF = 

o . 
~~. 1S the stAndArd GAlvani potential dif.erence between -1'1 

the phases 11K and p. It is defined as the equilibrium 

value .of the Ga 1 Va ni potentih'l difference 6. Vi, at uni t 

. 0 (l{~n 

ratio of ion activities Ai (j3) and ai(Q().~Gt:i-rP is the 
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standard Gibbs energy of transfer of ion i from solvent 

IX to solvent 13. 

Provided that the st~ndard Galvani potential 

difference can be obtained experimentally (from volta-

mmetry or chronopotentipmetry), the standard Gibbs 

'energies of transfer of ions can be calculated from 

eqn. (3.1.5). 

The transfer of ions across ITIES studied by dc 

cyclic voltammetry follow formally the same laws as 

those governing electVon transfer at the metal/electrolyte 

solution interface. At low sweep rates, ion transfer is 

diffusion controlled, and hence the current response of 

the system to a triangular potential signal can be treated 

in the same way as a reversible electron trandfer reaction 

(69), Hence the current potential relationship is given by 

(3.1,6) 

where A is the area b of the interface, c i is the bulk 

concentration, v is the sweep rate, Di is the diffusion 

coefficient and x(at) is a current function (69). 

The peak potential of ion tr'1Osfer /f;"f'f i obtained 
p, 

from the cyclic dc voltammogrmm is related to the polaro-

graphic half-wave potential 6~~ at 25°C by the relation 
2,i 

f,d) . =Llf~ i + 0.02 8 5/ z (3. 1 ,7) 
'p,~ 2,-

The (+) sign stands for the positive current ani the (-) 

sign stands for the negative current potentials.The 

6~~ i in turn is related to the standard Galvani potential 
2 • 

difference by the equ,ition I 



+ RT 
2zF 

13 -

RT In 
zF 

Yi(P) 
~ i (IX) 

(3.1.8) 

Taking ion association into account in the orgnnic phase 

(for low dielectric permitivity organic solvents) equation 
, 

where C and cr are the analytical concentration and degree 
o 

of dissociation of the supporting electrolyte in the 

organic phase respectiVely. KA is the association constant 

of the ion investigated with the respective counter ion 

of the supporting electrolyte, Di and DA are the diffusion 

coefficients of the ion transfered and the associated ion 

in the organic phase respectiVely. ,!(w) and l!(o) are the 

mean activity coefficients of the ion in the respective 

phases. 

The half-wave potentia 1 difference 1!otf..1 i' can a Iso 
2' 

be obtained from ac oyolic voltammetric experiments using 

the theory of aC cyclio voltammetry (70). According to 

this theory, for completely reversible ion transfer 

processes the forward and reverse HC SCans should yield 

overlapping peal<s in the plot i(wt)vvs ~~o' passing 

through a maximum at ~~. Furthermore, the half-peal< 

width shoul'j be 90 mV regardless of the sweep rate if 

the system behaves reVersibly. 



3.2. Non-PolRrizable InterfRce 

A non-polRrizable interfoce is formed between two 

immiscible solvents ~ Rnd p when R single binary electro-

lyte HA, is dissolved in both phRses. The system can be 

represented RS (15): 

~(:r II ~(;r (3.2.1 ) 

where the perpendiculRr strokes represent the interfRce. 

The qRlvRni potentiRl difference between phases fX 

and p is given by (71)1 

t.tf>= f.}l~r+(P)-PM+(v<)J IF +RT/F ln CaN+(p) I aH+(IX)] (3. 2 .2) 

=[}'~-(P)-)-l~=(G<)J IF - RT/F ln l a A-(13) laA-(oc)] (3.2.3) 

After adding the two equations and dividing by 2 we get 

+ h'P"- + !IT ln , A 
2 2F 

substitution of (cr) for the activity resultsl 

+ RT 

2F 

ln 4~r+ «(.3) \-(0;:) 

YM+('X) (A-(13) 

(3.2.4) 

where lis are the activity coefficients of the species 

in the respective phases. 

3.3. Ideally Polarizable Interface 

As shown by Koryta et '11. (11), a system can behave 

as an ideally polarizable interface when two different 

electrolytes M1A1 and M2A2 are dissolved in two immiscible 

liquids V< and 13 respectively. It can be represented as 

H1A111 ~f2A2 (3.).1) 
(0<) (J3) 
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This is possible when the electrolytes h8ve the property 

th8t the st8ndArd Gibbs energies of trnnsfer for the ions 

M; 8nd A~ from phase. to 'phase , Are 18rge and positive 

(OGOt'~,+D and 6GOt'~~~»O) and the opposite is tru~ for 
"'r ,AI 

, '1+ d A- ( .. ~ a ,IX-Jjl ~ll' ,,. /"Go ,'18:-7)3 '(0) The Gn lvani 10ns .2 an 2 ~t,M~ a U t,A~ ~. u 

potential difference L~tp, bot\veen the t\Vo phases is 

determined by the charge at the interface \Vhich is 

supplied from an external source, but not by the activity 

of the ions. 

3.4. Ionic Standard Gibbs Energies of Transfer 

For a salt MA distributed bet\Veen t\Vo phAses IX and ft 

(3.4.1 ) 

The stand~rd Gibbs energy of transfer of the salt M+A-

from IX to p is given by (17): 

LlG~:~~.i3 = \P;I+(P) + ?l-(ft)] -[P~I+(!X) + }'~-f~)] (3.4.2) 

The standard Gibbs energy of transfer of the salt, 

6Go ,IX-I)3 is a thermodynamica lly measurable quantity that 
t ,~IA ' 

can be obtained from the difference in energies of 

salvations of the salt HA bet\Veen solvent <X and solvent )3. 

It is also equal to the sum of the standArd Gibbs energies 

of tr~nsfer of the cntion and anion of the salt, i.e. 

6Go ,0<"'J3 _ 6 GO ,oc..,;B AGO ,oc ... p (3.4.3) t,NA - t ~I+ + t 'Ie , , 
\Vhere the standard Gibbs energies of transfer of the ions 

Are given bYI 

(3.4.4) 

Ho\Vever,6 GtO,~~p of individual ions are not accessible 
,1 

to a direct measurement. To make their quantitative 

r:', 
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measurement possible nn extra thermodYnamic assumption 

must be mode. Of the mnny different assumptions (73), 

the "tetraphenylarsonium tetraphenylborate (TPAsTPB) 

assumption" is widely used. This states that standard 

Gibbs energies of transfer of TPAe+ cation and TPB- anion 

are equal for any pair of solvents. These ions are 

symmetrical species of much of the same size and shape so 

that the chai-ge is buried under the phenyl groups. From 

this assumption we havet 

J.Go,oc~13 =AGo,oc-;.)3_ 
~ t,TPAs++ U t,TPB (3.4.5) 

On the basis of this assumption a scale for standard Gibbs 

energies of transfer of ions from one solvent to another 

can be obtained. For example the standard Gibbs energy of 

transfer for chloride ion can be determined from partition 

i b d i i ~GOioc ... 13 d J·Go,oc ... ~ 
exper ments y eterm n ng t,TPAsTPB an U t,TPAsCl 

between the two solvents. The value for the chloride ion 

transfer can be obtained from the relationt 

_ ~ GO ,oc-+}J J. & GO ,oe-+ 13 
- t,TPAsCl - 2 t,TPAsTPB (13.4.6) 

Again from the same assumption the standard Galvani 
<> 

potential difference for individual ions O~, can be 

calculated from equation (3.1.5). 

For voltammetric studies of ion transfer processes, 

the TPAsTPB assumption can be employed for fixing the 

absolute value of the Galvani potential difference of 

ions. If TPAsTPB is used as a base electrolyte in the 

organic phase and Li
Z

S04 or LiCl in the aqueous phase, 
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the voltammogram will be limited at the negative potential 

+ by the transfer of TPAs cation from the organic phase to 

water and, at the positive potentials, the voltammogram 

will be limited by the transfer of TPB- anion from the 

organic phase to water. The zero point of the potential 

\ scale is then fixed (see Ref. 33). 

6'(., E~(TPAs"') +6"(JE!(TPB-) '" ALP '" 0 

2 

(3.4.7) 

Theoretically llGP,~+J3 can be calcul"ted by tnking the 
t,l. 

difference in the standRrd Gibbs energy of solvation 

and hydration in the organic (13) and aqueous (0<:) solvents 

using the relation (74). 

'" 

where AGo . is the standard Gibbs energy of solvation and 
8,1 1.;3 

a G
h
o . is the standard Gibbs energy of hydration of the 

, l. 

ion i. The standard free energies of solvation of a salt 

can be obtained from solubility experiments using the 

relation: 

t!. GO '" -RTln K s sp 

where J( = (C "') 2X +2 
sp 0 -

(3.4.10) 

The stand~rd Gibbs energy of solvation ~Go, can be 
s 

split in to an electrical contribution;J,. GO, and a 
e 

neutral contribution'4Go (74,75). 
n 

LlGo ",4Go +6Go (3.4.11) 
Ben 

The neutral contribution 8Go is defined as the Gibbs n' 

energy of solvation of a non-polar gaseous solute of the 

same size as the ion considered. 
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The electrical contribution can be calculated using 

A one-layer solvation model in which an ion of crystRlllo-

graphic radius A Bnd dielectric constont unity is 

surrounded by 0 loyer of solvent of thickness (b-o) and 

dielectric constant ~1' And immersed in a bulk solvent of 

dielectric constant ~o' The electrical contribution is 

given by (17) 

"Go _ N(ze)2 
W e - 8ITt 

o 

(3.4.12) 

The ractius of the solvent molecule calculntect from the 

bulk molar solvent volume (v) using the stearn-Eyring 

f'ormula r3 = v/8N, can be taken as the thickness of the 

solvent layer b-a while the ctielectric constant ~1 of this 

solvent is taken to be 2 for all organic solvents. 

The neutral term is expressed os a first-order 

polynomial of' the ionic radius (75) 

6Go = 
n 

mo + c 

where m And core constRnts, the values of' which for 

several solvents are known (75). 

The standard Gibbs energies of transfer of ions 

described above ref'ers to the transfer of ions from the 

pure solvent IX to the pure solvent 13. It is different 

from the standard Gibbs energy of partition b-Go'~I"'\JJ, which 
. p, ,> 1 

refers to the transfer of ions from the solvent ~ saturated 

with J3 to the solvent J3 saturated with IX. The latter is 

given bYI 

(:, G~:~)3= [}l~+()3sat) + }'~-(psat)J - r}l~+(QCsat)+p~-(<XSAt)J 

= -RTln P~lJJ (3.4.14) 
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where P~,3 is the partition coefficient given by: 

x,)} PHA = .:11+ (~:~:~L~A:513:~_~_ 
a~l+ (tXSEl t) El Ji - (If Ml t) 

In the CElse of solvents of low miscibility, the ionic 

standElrd Gibbs energy of transfer is equnl to the ionic 

standard Gibbs energy of partition showing that ions are 

not hydrated in the organic phase (17). 

Ion Association 

CalculEltions of standard free energies of solvation 

6Go in low dielectric non-aqueous solvents through 
s' 

solubility measurements have some technical difficulties, 

because the electrolyte is such solvents will be dissolved 

not as a pair of ions but also as ion pElirs M+A-. There-

fore the vnlues of the association ccnstant 1(A' for the 

equilibrium: 

must be known or capable of being estimated. If the 

+ -stoichiometric concentration of H}\ is C and its degree 

of dissocition «, then 1(}\ is given bYI 

= (1-",) 
oc2cr:!:2 

where Y! is the mean molar activity coefficient which is 

unity for the undissoeiated molecule or associnted ions. 

The simplest theoretical evaluation of 1(A' which is 

also an operational definition for the undessociated 

molecule or ion-pair, considers as paired only ions in 

actual contact, that is those whose centers are exactly 
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A distAnce of meAn ionic diAmeter Apart (76). Another 

approAch (Bjerrum's troAtment), which broadens the concept 

of ion-pAirs, is to include not only ions in contact, but 

also oppositely charged ions separated by one or more 

solventsmo1ocu1es (solvent-shared and solvent-separated 

ion-pAirs) whose mutual interaction energy is gre'lter 

thAn 2:Ji;:1', whero Z,tt:!' is an arbitrary limit for defining 

association. It is given by; 
2 

2'l~:f' = I z+z~\eo 
ta 

where k is the Bot1zmAn constant, z is the charge of the 

ions, e is the elementAry chArge, tis the die1e6tri6 

constant of the solvent a is the mdan ionic diameter and 

T is absolute temperature. 

The Association constAnt lqA can be estimated using 

the assumption 1X = AII\ and the relAtion deduced by o 

Arhenius and Ostwald (sited in Ref. 77). 

1 =.! + CAK
A 

(3.5. 4 ) 
A. I\<J A ~. 

" where A is equivAlent conductance at infinite dilution, o 

1X is the degree of dissociation And c is concentration 

of the electrolyte in equiVAlents per liter of solution. 

The plot of .! Vs cll can be used to obtain approximate value 

" for both Ao and KA• From the intercept 1/A is obtained and 
r, 

from the slope KA ;2 if}. ?,1?, ta~,n .. e(l .•• 
/A.-~ ~., t 

A better equation for determining the association 

constant from conductivity measurement, which is a 

modifiCAtion of the Arhenius-Ostwald equation (3.,.4) is 

the one thAt is proposed by Shedlovaky (sited in Ref. 77). 
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1 1 

given bYI 

and 
Z = 

s is the Onsanger coefficient given by! 

s = 

"nd i3 = 82.501 

'1 (€T)f 
where, ox 

where t.and "/ "re the dielectric const"nt "nd the viscosity 

~fr the solvent respectively. T is the absolute temper"ture, 

and Y! is the menn activity coefficient which can be 

calculated by successive npproximation from the extended 

Debye-Huckel theory nnd making use of the association 

constant estimated from Eqn. (3.5.4) 

3.6. Capacitance of Water/Organic Solvent Interfnce 

Using the HVN mo,jel Fig. 3.1 (31) I the Galvani potential 

difference 6'::"f, between t,w phnses, water( '1) and org"nic 

(0), in contact may be written in terms of the inner layer 

"nd diffuse l"yer contributions. 

(3.6.1) 

where ~(w) "nd ~(o) are electric"l potentiAls in the bulk 

of w"ter And org"nic phases respectively. ~i"~ lfJi is the 

potential difference "cross the inner layer, and is given 

bYI AW/j) _ 
u..) 'i -

tp2 (w) ~llld 

l{J(x~) -l{l (x~) (3. 6 .2) 

~2(0) Are the potential drops ACrOSS the space 

chArge regions (diffuse layer) in the ph"ses w"tor and 

organic respectively Dnj "re given bYI 



IYATrm 

CD 
o 

c I 
I o OHGANlf:) 

o 

Figure 3.1. The Hodif'ied verwey-Niessen Hodel of' an ITIES .Full 

circles represent the poJ.nt charge ions, and x~ and x~ are 

posJ.tions of ions in planes of closest approach(oVter .Helm~ 

holtzplane). 'i'aken from Ref.(4J) • 

. ,. 



- 23 -

from the elcctroneutrnlity condition q(,~) = -q(o) ,.,~-." 

where q(w) nnd q(o) Are surfnce chnrge densities in the 

nqueous ond organic side of the interface respectivoly. 

In the absence of ionic ndsorption in the compact 

layer, the copacitnnce C, of the double loyer is given bYI 

(3.6.4) 

upon differentiating Eqn. (3,6,1) with respect to the 

surf~ce charge density I 

d(1Y;tfJ) = d (l\~', If> i) + 

dq ( w ) dq ( ,~ ) 

",1 -1 -1 
o = Ci + Cd 

- d~(W) 
dq(w) 

(3.6.6) 

where Ci is the inner layer capncitance and Cd is the 

diffuse layer capocitonce given bYI 

Using the GC theory for a symmetrical electrolytes 

the surface charge densities are given by, 

q(,~) '" -2AWsinh(ZF~(W)/2RT) 
q(o) = -2AOsinh(zFf2(0)/2RT) 

and consequently 

C 2,w 

C 2,0 

= -.;)q(w) = ~ cosh(zF'f)2(w)/2RT) 
;, '1'2 ( w ) 1!{T 

= - q(o) = ZFAcOSh(ZF~(0)/2RT) 
'2>"2 (~ I RT 

,~( 0 ) 
where A = (2HT~~~(0)cw(o)r! 

(3.6,8) 

When a potential drop is Applied AcrosS the interface, 

and Assuming thAt t>':;tp = 0, the potential drop Across the 
i 

tlhs iII<f/uBo(i,::,)iffuse layer can be calculated using the 

(3. 6 .10) 

.;' 
'. ' "tric Co,,:,,· i; t, (,.- l.ll t:· 1 
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whereE is the diolectric constant, C is the bulk concen­

tration of' the rospective phasos, and In", is the appliod 
I~pp 

potential drop Dcross the interface. 

The expression for the organic phase would be. 

tf)2(O)=~ -'<£),2(W) 
I app (3.6.11) 

3.7. Equivalent Circuit of a Cell 

A typical equiVAlent circuit for polArizable wAter/ 

organic solvent interfAce can be represented as. 

C 

where HS solution resistance, C capacitance of the 

interf'Ace, And Zf' is farAdaic impedance, ic nhd if are 

dOUble layer charging And faradAic currents respectively. 

The pOT'allel elements ore introduced because the total 

current pAssing through the interface is the sum of direct 

contributions from the faradaic process if and the double 

layer charging i. The f'ArAdaio process must be considered 
c 

as A general impedAnce Zf' Of course all the current must 

pass through the uncompensAted solution resistance, and 

hence HS is inserted as a series element. 

Since ion transfer is rather fast process, the 

fAradAic impedance Zf CAn be'replaced by the 10farbUlrg 

impedAnce Z which corresponds to the diff'usion-controlled 
w 

process, Under this condition the real Z' and imAginary 

Z·, components of the complex impedance Z become (68) 
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Zit = Izi sin.\ = ZcX(X+1 )/((X+1 )2+11 

,.here X '" (z /z ) v'2"'''md Z '" (1I'C)-l 
w c c 

If x» 1 ('l thigh frequenoie s ) 

:U, '" R + Z X-
1 = H + (2C

2
6)w s c s 

and Ztt = Z , where' is a char'lcteristic p'lrameter of the 
c 

faradaic process. 

Ih this case there is a rather complicated relation-

ship between ztt 'lnd zt and the impedance is very informative. 

If' X<' 1 (near the low frequency limit) 

Z t = R + z '112' and Zit '" Z I - R • 
s w s 

The impedance plot is a straight line with slope 1. ~nin8 

The interfacial capacitance 0, can be evaluated from the 

-1 slope of the plot of Z Vs w at a chosen potential E. c 

The phase shift between the applied and measured 

signal,& can be calculated from the relation: 

The complex impedance Z, can be c'llculated from the 

inphase i(Oo), and out of phase i(900), components of the 

sinusoidal current flo,.ing through the interface according 

to the 
... 
I~q = 

relationship (29) 
V 

o 

where V is the amplitude of the sinusoidal voltage. o 
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4 • EXPEHHIENT AL 

4.1. Chemicn1'J nnd Prepnrntion of Hengents 

Acetone (Riedel-lIe Hnen), n-propnnol (B D H), L!2S04 

monohydrate (Nercld, LiCl (Flukn 98';\\), LiF (BDH) , KMn04 

(H&B Lnboratory 6hemicals), KCI0
3 

(BDH) , KN03 (Analar, BDH) , 

KBF4 (Hopkin & 1filliams), NH4SCN (Analnr, BDH), sodium . 
picrnte (BDH), NH4P~6 (Merck); tetrnbutylammonium tetra-

phenylbora te (TBATPB) (Flukn) were used 8S such without 

further purific8tion. 

o-Dichlorobenzene (Riedel-de-Hnen) WAS distilled 

under reduced pressure and the middle hnlf of the distillAte 

WAS used. In nIl experiments doubly dislililled water WAS 

used. 

p-Ni trido-his (friphenylphosphorus )...:.&;" .... l!Q>ftloi.IDis 

(undecAhydro~1,2-dicBrbA-3-eobnlta-01osododec"rbor)ate, 

(PNPDCC), WAS prepared by mixing equimolar acetone solution 

of PNPCl (Flukn) and CsDCC. The white precipitate of CsCl 

lWS filtered off. The ncetone from the filtrate W8S 

evaporated under reduced pressure. The yellow solid, 

PNPDCC left W8S recrystallized twice from n-propanol. 

CsDCO was the *enerous gift from Dr. K. Buse, Institute of 

Inorganic Chemistry, Czechoslovak Acalemy of Science. 

Tetraphenylarsonium tetraph~nylbornte (TPAsTPB) was 

prepared by mixing equimolAr Aqueous solutions of TPAsOl 

(Fluku) and NaTPB (Flukn). The white precipitate formed 

was washed severAl times with water And recrystnllized 

from acetone. 
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Tetrododecylommonium 3,3-como-bis(undecahydro-

1,2-dicorb\l-3-cob8It8-closododecnrbor)8te (TD1\DCC) wns 

prepnred by mixing equimolnr nmounts of TDABr (Flukn) with 

CsDCC both dissolvod in ncetone. The preoipitate of CsBr 

wns filtered off! nn:1 the crude orange produot was obtAined 

after evaporating the solvent. It wns recrystallized 

twioe from methnnol. 

Li2S04 , LiCI Rnd LiF l1ere used in:lepenJently 8S base 

electrolytes in the aqueous phnse while PNPDCC nnd TDADCC 

were v~riously used as base electrolytes in the orgnnic 

phRse. TBATPB, tetraphenylphosphonium tetraphenylborate 

TPPTPB, (prepnrer! by the some procedure used for the 

preparotion of TPAsTPB) ond TPAsTPB were used for 

solubility experiments. TPAsTPB was Also used for fixing 

the zerO point of the Galv8ni potentiAL difference. Due 

to the low solubility of TPAsTPB in o-DCB, 10 mN solution 

of PNPDCC in o-DCB, saturAter! l1ith TPAsTPB wns used as a 

bAse electrOlyte in the organic phAse for fixing the zero 

point. Water and o-DCB were mutu8lly sAtur8ted before 

prep8ring the solutions. 

For the determination of the solubilities of the 

salts in o-DCB, an excess of each salt was dissolved in 

about 50 ml of l18ter-sAturnted o-DCB 8nd was shAken 

o thoroughly At 25 C for severAL days. The mixtures were 

then allowed to settle Rnd filtered. The filtrates were 

evaporated in Rn oven under reduced pressure to R 

constant weight. The standard Grbbs energies of solvRtion 

were calculated from the Equns. (3.4.9) and (3.4.10). 
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4.2. Cell !Irrangement 

The electrochemical cell \~hich was omployed f'or the 

studies is sho\'ll in l>igure 4.1. The cell consisted of' a 

glass vessel in which \WS put the aqueous phase, this was 

attached to a tei'lon body containing the organic phase. 

The interf'ace was f'ormed at the point oi' contAct of' the 

aqueous and organic phases. The cell had an interi'acial 

2 area of' 0.69 cm. A U-shaped glass capillary tube filled 

partially with the organic phase and part of' it with an 

aqueous solution of' R+Cl- (\~here R+ is the cation of the 

base elec~rolyte in the organic phase) WaS inserted f'rom 

the bottom into the tef'lon body closo to the interi'ace. 

This capillary servod as A rof'erence electrode tm the 

organic phnse. 

The cell contAined f'our electrodes. ~~o electrodes 

RE(w) and RE(o) served as ref'erence electrodes for 

controlling the potential dif'f'erence at the interface. 

They were immersed as closely as possible to o[lch side of' 

the interface to minimize iR ~rop of' the system. ~~o 

p1atinium electrodes CE( \~) and CE( 0) served ns current 

supplying and withctrnwing electrodes (counter electrodes) 

\~l~ile Ag/AgCl,sat.KC1, \inS used as a rei'erence electrode 

in both phases. 

4.3. Electronic Set Up 

The block diagram of' the electronic set up used f'or 

both dc and ac voltammetric measurements is shown in 

Figure 4.2. A f'our-e1ectrode potentiostat (constructed 

and mArie AV[lilable in the l[lhoratory by Dr. B. Hundh[llnme¥~ 
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FJgur" 4.1,The Elec trochemi.cuJ co 11 cnlpIoyed in tho : I tudy. 

1. counter electrode (water ~lnse) 
II 

2. not;.ronceelectrodo (water phaRe) 

J. Aqueous phase 

4. The interrace 

S. organic phase 

6. counter electrode (organic phase) 

7. Glass vessel 

8. neference electrode (orffnnic phase) 

9. Tef'lan body 
" 
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with iR drop compensation was employed in the experiments. 

For llc cyclic voltnolmetric Inonsurelnents, a sOlnil 

-1 triAngulAr voltoge, 25 mV s romp was generated using 

PM 1502 ElectroAnAlyser. The current out put of the 

potentiostot was connected dircctly to a LLOYD PL3 X-yjt 

recorder. For oc cyclic voltommetric measurements, 

o smAll omplitude (5.5 mV peak to peok) sinusoidAl signal 

from 0 frequency generAtor (Tektronix AF 501) wos super-

-1 . ( imposed on 0 10 mV s trl.angulnr sweep continuous 

technique) or applied At a constant voltage (point by 

point technique). The current out put of the potentiostat 

was connected to a lock-in-analyzer (PAR Model 5204), 

which WAS used for the continuous measurements of the 

inphose and quadrature components of the ac current. The 

out put of the lock-in am.lyzer was .conrtected to the 

X-Y reoorder. The out put of the potentiostat WAS Also 

oonnected tb an Asoilloscope (Tektronics Model 501) to 

regUlate the proper compensation of the iR drop across 

the interface. The iR compensation was set to the 

neArest point before oscillation. 

For a check of the frequenoy response of the 

potentiostat, both B series and porallel RO circuits 

were oonstruoted from a dummy cell. The obeerv~d spectrum 

of the dummy oells ia whown in Figures 4.) and 4.4. It 

comes out to be a verticol line for the RO series cirouit 

ond a semi-circle for the parallel RO circuit os expected. 

The inphnse nnel quodroture components of the 

sinusoidal ourrent flowing through the interfoce were 



- :31 -

interface CE(w) 
""", / fUo(O) '" , .... --, R1~(w) 

CE(0) 

_L ___ ~-~~j_ 
Four 
Electrode 'V 

-</­
Potentiostai 

-_", _____ J 

quadrature out 

Figure 4,z.Blook diagram of' tho eleotronio set up. 

CE(O) and CE(W) are oouter electrodes in the organic and 

aqueous phases respeoti vely. and RE{(I.W_~ are referenoe 

electrodes of the organic and aqueous phases respeotively. 

" 

i 
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reAd or meAsured At the out put of the lock-in-nnAlyzor 

at frequencies between 20 Hz And 280 Hz. They were 

trAnsformed into the reAl Z' and the immaginary Z" 

impedAnce components using the eqUAtions (3.7.2), (3.7.3), 

For a check of the reference electrodes in the 

experiments, hexaf1uorophosphate (PF~) anion WAS used AS 

an internal reference ion in situ, i.e. after the impedance 

meAsurements were complete, a drop of 10 mH NH 4PF6 solution 

WaS dissolved in the Aqueous phase and the AC cyclic 

vo1tammogram of PF~ ion transfer from WAter to o-DCB 

was measured. 

For conductivity meAsurements, stock solution of 

1 mH PNPDCC in '~Ater srtturated o-DCB waS prepared. The 

desired concentrations were prepared from the stock 

solution by successive dilution. FiVe I~fferent concen-

-4 / -4 / trAtions 1x10 moll to 5x10 moll were prepared and 

o the conductivity of each solution was meAsured at 25 C 

using (PHILP HARRIS) conductivity meter-,! The cell 

constAnt ,ms determined by meAsuring the cowiuctivity I'lf 

stAndArd (0.74526 gil) KC1 solution, and WAS found to be 

1 .41 • 
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5. RESUUfS AND DISCUSSION 

5.1. Fixing the Zero Point of the Potential Scale 

The method employed to fix the potential scale in 

the systems ,~ater/nitrobenzene, water/1,-dichloroethane 

(90) and water/p-nitrophenyloctylether (33) by using 

TPAsTPB as supporting electrolyte in the organic phase 

could not be applied in o-DCB due to the low solubility 

of TPAsTPB in o~DCB. Therefore a 10 mH solution of 

PNPDCC saturated with TPAsTPB served as a base electrolyte 

in the organic phase to fix the zero point on thetl'f:"'scale 

as sho,vo in figure 5.1. It is clear from figure 5.1 

that the transfer of TPB- from o-DCB to water occurs 

about 40 mV more negative than the transfer of Li+ from 

water to o-DCB. The transfer of the bulky hydrophobic 

DCC- ioh from o-DCB to ,~ater is not 8uFPOBbd; to occur 

before the transfer of Li+. 

5.2. Influence of the Supporting Electrolytes 

on the Potential ,,,indo,., 

Figure (5.2) and (5.3) show the influence of the 

supporting electrolytes in both the aqueous and organic 

phases. + In both coses the transfer of Li from water 

to o-DCB cuts off the potential window at positive 

potentials while at negative potentials the transfer of 

Cl- ion from water to a-DCB is the limiting charge 

transfer reaction when Liel is used as a supporting 

electrolyte in the aqueous phase (Figure 5.2 curve 2). 
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b 

1 2 
I 

-0.4 

, "!_t 

.<, ~ 

.-'-'. 

o 
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F~eure, 5.3 DC(a) and Gc(b) cyclic voltammoe~ams at the water/o-DCB interface. 
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The same ·vo1 tflmmogrAm is obtained ,d th PNPDCC in o-DCB 

independent of wether Li 2S04 (Figure 5.1 curve 1 and 

Figure 5&2 curVe 1) or LiF (Figllre 5.3 curve 2) is the 

supporting electrolyte in the aqueous phase. Curve 1 of 

Figure 5.2 CAn eithor be due to the transfer of PNP+ 

-2 from o-DCB to water or due to the transfer of S04 from 

water to o-DCB. lfhen Li2S04 is replaced by LiF AS a 

base electrolyte in the aqueous phase, the same vo1tammo-

gram is obtained (Figure 5.3 curve 2). Hence the assumption 

seems to be justified that PNP+ is transferer! from o-DCB 
-2 _ 

to water before the transfer of SOli or F ions from 

water to o-DCB. On the other hand an exten~ion of the 

potential window by about 100 mV can be achieved when 

PNP+ is rep1flced by totradodeoy1ammonium (TDA+) in the 

organic phase (Figure 5.3 ourVe 1). Neverth1ess, the 

potentifl1 window obtained by employing PNPDCC in the 

organic phase is wide enough for the studies of the 

transfer of even relatively hydrophilic ions like NO; 

and C104 by dc or ao cyclic vo1tammetry. 

5.3. Simple Ion Transfer 

Figure 5.4 shows a tYpicfl1 flC cyclic vo1tammogram 

for the transfer of some ions from water to o-DCB, and 

from which the half-wave potentials of the ions studied 

can be obtained from the peak potentials. Figure 5.5 

shows that the separation of the peak potentials on the 

dc cyclic vo1tammograms for the transfer of PF~ is 

about 60 mV, in:lepen,jent of the sweep rate upto 100 mV/s, 

while Figure 5.6 shows the dependency of the peak current 
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on v', indicAting that the ion transfer Across the 

water/o-DCB interface is diffusion controlled at low 

sweep rates. Furthermore, the half-peak width of the 

AC voltammogram is 90 mV 'lnd the forwArd And the reverse 

scans coincide At 10'. AC frequencies. This c"n be t"ken 

"s a further criterion for the diffusion control of the 

ion transfer, The diffusion coefficient of PF6 in water 

was obtAined from the slope e.f Figure 5.6 "nd found to 

4 -5 2-1 be 1. x10 cm s • Thrus value "grees fairly well with 

-( -5 2-1) the diffusion coef'flicien-l; o~' PF6 D<,= 1.57x10 cm s 

cnlculated f'rom the equiva~ent conductnnce at infinite 

dilution given in Ref'. (8~). 

The half'-peak Galvnnt potential difference of the 

ions stu-lied are compiled in Table 5.1. The evaluation 

of the standard Galvani potential dif'ference 6, :If, 
. • o,IX-':3 and the standard Glbbn energy of' transf'er uGt -, is 

not as straigh-l;-forward as in """<e system ,wter/ 

nitrobenzene, where ion assocj--ton in nitrobenzene may 

be neglected, but muat be tak'n into account in o-DeB. 

The stnndard Galvani potent:' ; 1 iif'ference of' an ion can 

be evaluated from the expclmentnl half'-,wve potential 

by the renrrangement of 

W ,rl TV~ 
=/:) U/1 ... 1";10 

o 1"2 r,.s:t 

where C and ~ Are the analy~jc~1 concentration And the o 

degree of' discooiation cf' the supporting electrolyte in 
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the orgAnic phase respectively, KA is the Association 

constAnt of the AssociDte formed between the ion 

investigated An'] the respective counter ion of the 

supporting electrolyte. DA is the diffusion coefficient 

of the associate in the orgAnic phAse. All other symbols 

have their usuAl meanings. The associAtion constant 

of PNPDOO in water saturated o-DOB ,~as determined f'rom 

the conductivity data shown in TAble 5.2 by the 

Shedlevsky method (83) using equations from (3.5.5) to 

The/\ value for equation (3.5.7) was first o 

approximated from the plot of l/A vs OA of equation 

(3.5.h), the intercept of which 

slope of tue plot of l/As(z) vs 

gives 1//1 • From the o 

O/W± 2 
s (z) the association 

constant of PNPDOO in o-DOB ,~as founci to be 2x10J (on the 

molAr SCAle). The meAm activity coefficient, and the 

degree of dissociation in the organic phase can then be 

obtained by intera¢ion from the Debye-Huckel equation 

logy.±. (0) 
.1-

-A(O ,x) 2 
= 0 

.1-
l+Ba(O OC)2 

o 

and the respective expression for the association 

constantl 

where A and B are parameters of the Debye-Huckel theory 

Which depend on the dielectric constAnt of the solvent 

and temperAture. The values of A and B were found to 

be 11.0h mol-i dm3/ 2 and 9.2hx107 cm- 1mol-i dm3/ 2 

respectively. a is the ion size pArameter ani WAS set 

equAl to the sum of the ionic radii of PNP+ (r = 0.h6 nm) 
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t .O,)iIi 

fl.:..,;) ,.60 . 

:tot. 'l'BANO , 
,. ,FWme<l ...., ~ __ ,_..:o~ • .:a:..$_ 

a) Tak~ ~om Re£.(SO), ~) ~&~.(6t), c) Ref. 
a) Rd (8' h iUtd I!!) fllt!!!I weiMl!. 

(sa) 



- 47 -

and DCC- (r = 0.58 nm). Using equations (5.3.2) and 

(3.5.2) the degree of dissociation x, and the mean 

activity coefficient 1± of PNPDCC in o-DCB were found to 

be 0.46 and 0.35 respectively. An activity coefficient 

of 0.88 has been used for all monovalent ions in the 

Sc(1'''OUS phase (5 mH Li2S04 ). The ratio DA(o)/Di(o) was 

approximated by r./(r.+r ), r i and rc being the radius 
1 1 C 

of the ion studied and the counter ion respectively. 

The diffusion coefficients used in the calculation are 

included in Table 5.1. The diffusion coefficients in 

the aqueous phase are based on limiting equivalent 

conductance~, 1\0 given in Ref. (85). Since only a few 

values (CI04 ' NO; , I-, Pic-) have been reported in 

o-DCB (86) the diffusion coefficient of tetraalkyl~ 

+ -ammonium, TPAs and TPB are based on the average 

lfalden product of the respective ion given in Ref. (86). 

.. \ 0, w-:.o-DCB The stan(iard Gibbs energy of part1 t10n LG , was 
p 

obtained from the standard Galvani potential difference 

~wlt°, using equation (3.1.5). The estimation of the o. 

association constant K
A

, of the ion with the counter ion 

of the supporting electrolyte Can be obtained from the 

Fuoss approach (88). Using the sum of ionic radii of 

the ions as a distance parameter a (contact pair), the 

association constants calculated for the ions are 

given in Table 5.1. The estimation of KA is a crucial 

point in obtaining a reliable set of standard Galvani 

potential differences. Association constants reported 

for several electrolytes in o-DCB are compiied in 
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Table 5.3. Comparison o~ association constants o~ the 

electrolytes in o-DCB ani' in nearly isodielectric soluent 

1,2-dichloroethane shows that the association constants 
more than 

in o-DCB are ~ound to beAl0 times that o~ 1,2-DCE. This 

experimental ~act has been explained by Gilkerson (87) 

by taking into account speci~ic ion-solvent and ion-

pair-solvent interactions. 

In order to check the results o~ the values o~ the 

standard Galvani potential di~~erence and the standnrd 

Gibbs energies o~ partition by nn independent method, 

'" 0 ; w..,o-DCB c\Gp , o~ the salts TPAsTPB, TPPTPB and TBATPB 

were dtermined ~rom the solubility o~ these salts in 

wet o-DCB at 25°C. The solubilities obtained ~rom the 

average o~ a triplicate determinntion were 4.24x10-4 

-1 I -4 -1 4 -3 -1 mol 1 , 5.1 fx10 moll nnd .55x10 mol 1 ~or 

TPAsTPB, TPPTPB awl TBATPB respectively. The thermo-

dynamic data together with the constants used in Bvt;l 

evaluation of :X and ~ by equations (5.3.2) and (3.5.2) 

are given in Table 5.4. The standard Gibbs energy o~ 

partition o~ either TPAsTPB or TPPTPB may be split into 

single ion values (89) from which in turn the standard 

Galvani potential di~ference ~or ions TPAs+, TPP+ and 

TPB Can be obtained. o w-lo-DCB ( +) The average 6Gp' TPAs = 
-1 -27.8 KJ mol is in good agreement 

~rom Kims 

result (91) as well as with the value obtained by 

voltammetric determination. 6Go (TBA+) is obtained ~rom 
p 

6G
O

(TBATPB) awl 6GO (TPB-) using equation (3.4.7). p p 
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1 AGo (TPAsTPB) "wI WflS .- P 
2 

.,1 
f'oun,j to be ~·1 0. 1\ 1CJ mol I1hioh "grees f'8irly \~ell ,~ 

-1 \dth the v"lue of' -12.6 1CJ mol obtained f'rom volt,,-

mmetric ezperiments. The st8ndorri Gibbs trflnsf'er 

energies 08!aul"ted on the bases of' the simple model of' 

Abraham And Liszi (75) f'or some ions are listed in 

column 9 of' Table 5.1. The observed good agreement of' 

the calculated values which~re obtAined by the assump-

tion that the non-hydrated ion exists with the organic 

phase underlines the copab:'.li ty of' this simple model to 

obtain estimfltes of' the Gibbs transf'er energies. 

Figure 5.7 shows the plot of' 

(1.2-DCE) f'rom which a very good correlation 

with a slope very close to unity. 

Figure 4.4 shows the response of' the potentiostAt 

f'or a simple RC parallel nircuit which was used to 

test the f'requency respon;e of' the potentiostat and 

also to check the method of' measurements Aiopted in 

the studies. The values of' the resistance and the 

oapacitance were f'airly lccurately ietermined f'rom the 

impedance plot. Thus th·) ra·1ius of' the semicircle is 

R"t/2, and the maximum?" occur at w = (RctC)-1, where 

Hct is the charge trans"er resistAnce and C is the 

capAcitnnce. 

Figure 5.8 shows tho range of' potentials within 

\~hich the current is con ;;ro1led mainly by charging of' 
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the interface. In the potential range -0.40 V to +0.15 V 

the current corresponJs mainly to the double layer 

charging awl the system has the property required, "hile 

at more positive or more n~gative potentials, the transfer 

of ions of the base electrolytes prevails. All impedance 

measurements were carried out within a potential range 

where charge transfer can be neglected. Figure .5.9 shows 

the ac voltammograms of the inphase and quadrature 

components at a frequency of 3.5 Hz of the systeml 10 mM 

solution of LiCl in water and 10 mN solution of PNPDCC 

in o-DCB. The inphase and quairature components of the 

ac current flowing through the interface were re<;:orded 

as a function of potential at a giVen frequency bet"een 

3.5 awl 130 Hzs. They were transformed into complex i 

impedance Z and phase angle S using equations (3.7.8) and 

(3.7.7) respectively. The real Z'j and imaginary Z", 

parts of the complex impedance can be obtained using 

equations (3.7.2) and (3.7.3). 

Typical impe(lance plots are shown in Figure .5.10. 

These plots were resolved for electrical equivalent 

Figure .5.11 shows the plot of imaginary impedance 

-1 Z" vs w from the slope of ,qhich the capacitance of 

the double layer Was obtained. Figure .5.12 shows the 

plot of interfacial capacitance as a function of 

potential at three different electrolyte concentrations 

in the aqueous phase. Assuming that the inner potential 

difference 6 :tpi = constant = 0, and taking into account 



, 
t / 

;) I~ -

- I' :,." 

t· .. 
f).C C 

') ." 

j. 

I 
I 

..•... ~ 

dlG 6~'f Iy 

Figu>:'" ':>'9 InphalHI (1) and quadrature (2) oomponents or 
,,0 ifill/'edanoo. monl!\u'smGnte 1'01' the :l.nterfaoo between 

10 rl1t1 1,:1.C1 (,r) ~;nd 10 ruM Pl'iIPDCC (oql}()D). Sweep rote 

10 mV/f!. r" 35 Hll!. 



,. O.G~ \' 

..,. ,t.., 
.... M ' ~-

6:;c ~t:'"2(~ " 
• 

~ 

GDe' .;. 

• < 

~C:,~; •• c' C.., 'I 

~;~, 'I, 

, 

2 n ( " 
0, S~ 1>4;: 

~ "rs. ',..)-: 
8' ,~~ \.4', 

,~ 
'r" :"";', "''':: 

-t-- .-- .. ~+-"'-" -_ ..... " .. -- ........ -_ .. -(--_ .. 

.:,'.\.:-' [i.:,(i :~C! 
z'I,n: .. 

Figure 5.10 YmP<lldauee plot of' the 

l!;ysd,_ 10 1IlIM Liel (w) 10 !!iM ll'm."D-CC 

(<l'-lYCli) mt tl:u."<lI<D diN'eren't 

potentials a~ f'requencie8 in Hm. 

t , 

>':: 
/ 

/ 

t ,( '" 
'2-

/ '" , 
."' 

./ 

.:..7. 

"' ~:: 

C 

·e· .' 

'" 

.' 

/ 

~-G.'JG'" 
;~,' 

0" 
~~. ;( 1.J ': 

o ~,(",? V 

Li>:,~ .. ~ ... ___ .. _.---.. + .... ----,.., 
'I ~ 

'- '::' 1{ 
_ 1 .:> • I 

(.:...l· '" 10 l \--11 ' 

-1 
Fi~r<!l 5.11 Jl>l@t of' Z VI/l 'Ii fQr.tbe 

C ". 
same lllyat<Nil. :])-



:: 56 -

ion-association in the orgnnic phase, the diffuse layer 

capacitance Cd' was calculated by the Gouy-Chapman theory 

as discussed in Chapter ~,o. The vnlues nre given in 

Tnble 5.5. The dasher! lines in Figure 5.12 are the plots 

of these theoretical diffuse layer capacitance ns a 

function of' potential. 

From the experimental cnpacitance values the direet 

relntionship between electrolyte concentr~tion and 

interfacial cnpacitance is observed. Unlike the wnter/ 

nitrobenzene (51) and "nter/1 ,2-dichloroethane (67) 

systems, the capacitance minimum which correspon·ls to 

the potentinl of' zero chnrge occur at more negative 

potentinls (-0.13 to - 0.12 V). This experimental f'act 

can not be accounted from the present preliminnry work 

only. Table 5.6 shows comparison of the theoretical and 

experimental capncitnnce minima f'or three different 

ele~trolyte concentrntions. Compnrison of the experi­

mental capacitance with the theoretical capacitanee i 

indiCAted that the theoretical capacitnnce cnlculated 

by the Gouy-Chapmnn theory is in good agreement f'rom n 

qualitative point of view, but the quantitative agreement 

is not satisfactory. 
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6. CONCLUSION 

The zero point on the Ga 1 vani potentin 1 (lif'ference 

of' the system water/o-DCB cnn be fixed by using n 10 mM 

solution of PNPDCC saturnted with TPAsTPB as a supporting 

electrolyte in o-DCB. The potential window obtained by 

employing PNPDCC in o-DCB has been found to be wi'.ie enough 

f'or the studies of' the transfer of eVen relatively hydro-

philic ions like NO; and C104 by ac and dc cyclic volta­

mmetry. Furthermore an extension of' a potential window 

+ by obout 100 mV can be achieved by replacing PNP by 

TDA+ in o-DCB. Hence o-DCB is a promising non-aqueous 

solvent f'or the stUdies of' a large number of' ions. 

Ac cyclic voltnmmetry have been used f'or the 

determination of the standnrd Galvani potential dif'f'erence 

and the standord Gibbs energy of' partition of' anions and 

cations in water/o-DCB system. The standard Gibbs 

+ + + energies of transf'er of the ions TPAs , TBA , TPP and 

TPB- have also been determined f'rom solubility experiments. 

The values obtained f'rom solubility experiments hnve been 

f'ound to be in good ngreement with the values obtained from 

voltnmmetry. 

Electrica 1 double layer stu lies f'or the system LiCl in 

water and PNPDCC in o-DCB have shown that there is an 

extensive ion association in the organic phase. Unlike 

the water/nitrobenzene and wnter/l,2-dichloroethane systems 

the potential of the capncitance minimum of' the water/a-DOD 

is f'ound to be more negotive. Hence f'urther studies are 

necessary to better un:!orstand the structure of' the 

water/o-DCB interf'ace. 



- 60 _ 

REF ERE N C E S 

1. W. Nernst and E.B. Riesenfeld, Ann. Phys., 8(1902)60 

2. K.F. Bonhoeff'er, an·j H. Sterehlow, Z. Elektrochem., 

57(1953)614, Chern. Abstr., 48(1953)56870. 

3. F.M. Karpf'en and J.E.B. Randels, Trans. Faradays 

Soc., 49(1953)823. 

4. J. Guastalla, C.R. Acad. Sci. Ser. C., 269(1969)1360, 

Chern. Abstr., 72(1970)47760z. 

5. J. Guasta~la And C. Bertrand, C.R. Acid. Sci. Ser. 

C., 274(1972)1884. Chern. Abstr., 77(1972)108722r.' 

6. M. Blank, J. Colloid interf'ace Sci., 22(1966)51. 

Chern; Abstr., 65(1966)97736. 

7. B. D Epenoux and C. Gavach, J. Colloi·j Interf'ace Sci., 

56(1976)138. Chern. Abstr. 85(1976)130998x. 

8. C. Gavach and B.D. Epenoux, C.R. Acad. Sci. Ser. 

c., 272(1971)872., Chern. Abstr., 74(1971)150236y. 

9. P. Joos and M. Van Bockstaele, J. Phys. Chern., 

80(1976)1573. 

10. P. Joos and R. Vanden Bogaert, J. Colloid Interface 

Xci. , 56(1976)206., Chern. Abstr. , 85(1976)99568f' 

11. J. Koryta, J. Electrochim Acta, 24(1979)293. 

12. J, Koryta, J. Electrochim Acta, 29(198 4)445, 

13. J. Koryta, J. Electrochim Acta, 32 (1987)419. 

14. J. Koryta, J. Electrochim Acta, 33(1988)1 8 9. 



- 61 -

15. J. Koryta, and P. Vanysek, Eleotroohemioal phenomena 

"t at the Interfaoe of two Immiscible Eleotrolyte 

Solutions, in Advanoes in Eleotrochemistry and 

Electroohemical Engineering, Vol. 12(Ed. by 

A. Gerisher and C.W. Tobias) pp. 113-176. 

1HleY-Interscienoe, New York (1981). 

16. P. Vanysek and R.~. Buck, J. Electroanal. Chern., 

163(1984)1. 

17. H.H. GirAult and D.J. Shiffrin, Eleotrochemistry of 

li<]uLl/liquid Interfaces, South Ampton, England, 1986. 

18. P. Bonysek, Eleotrochemistry on liquid/liquid 

Interfaoe, in Leoture Notes in Chemistry, Spinger­

Verlag, Berlin, 1985. 

19. C. Gavaoh, F. Henry J. Eleoroanal. Chern., 54(1974)361. 

20. C. Gavach, And B.D. Epenoux, J. Electroanal. Chern. 

55(1974)59. 

21. C. Gavach, F. Henry ani B.D. Penoux, J. Eleotroanal. 

Chern., 64(1975)107. 

22. J. Koryta, P. Vanysek and M. Brexina, J. Electroanal. 

Chern., 67(1976)263. 

23. J. Koryta, P. Vanysek ahd M. Brezina, J. Eleotroanal. 

Chern., 75(1977)211. 

24. Z. Somec, J. Koryt<l and M.1~. Khalil; J. Electroanal. 

Chern. 83(1977)393. 

25. Lo.Q. Hung, Z. Samea, V. Marecek, J. Weber <lnd 

D. Homolka, J. Electro<lnal. Chern., 99(1979)385. 

26. D. Homolka, Lo.Q. Hung, A. Hofmanova. M.W. Khalil, 

J. Koryta, V. M<lreoek, Z. Samec, ,).K. 9rn, P. Vanysek, 

M. Brezina, M. Jsnfs, snf I. Dyibor, Anal. Chern. 

"2 (1 QRO) 1 hoh. 



- 62 

27. D. Homolka and P. Vnnysek, J. Electroanal. Chern. 

112(1980)91. 

28. H.P. Buck, Ion-Select.ElectrIilHev., h(1982)3. Chern. 

Abstr. 97(1982)152872b. 

29. V. Maracek nnd Z. Samec, J. Electroanal. Chern., 

30. V. Marecek and Z. Samec, J. Electroanal. Chern., 

185(1985)268. ::>'0. 77(1.0:,':)11:17. 

31. Z. Samec, Vi Mnrecek, D. Homolka, Farady Disc, Chern., 

Soc. 77(1984)187. 

32. T. Solomon, H. Alemu, B. Hundhammer, J. Elcotroanal. 

Chern., 169(1984)303. 

33. o. Valent, J. Koryta, and M. Panoch, J. Electroanal. 

Chern., 226(1987)21. 

34. H. Alemu and T. Solomon, J. Electroanal. Chern., ?3 

237(1987)113. 

35. S. Kihara, M. Suzuki, K. Maeda, K. Ogura, 8. Umentani, 

M. Matsui, ani A. Yoshia, anal. Chern., 58(1986)295h. 

36. H. Alemu, T. Solomon, J. Elect~oanal. Chern., 

261(1989)261. 

37. Z. Somec, D. Homolka, V. }Iarecek nn,1 L. Kavan, 

J. Electroannl; Chem./ 145(1983)213. 

38. I. Pnleska, J. Kotowski, Z. Kaczorowski, E. Nakacho, 

and M. Dupeyrnt, J. Electroanal. Chern., 278(1990)129. 

39. T. Solomon H. Alemu and B. Hundhammer, J. Electroanal. 

Chern., 169(1984)311. 

40. Z. Kiozorowski, G. Geblewicz, ani I. Paleska, 

J. Electroanal. Chern., 172(198h)327. 



- 63 

41. S. Kihara, H. Suzul<i, K. Haeda, K. Ogura, an:J 

H. Hatsui, J. Electroana!, Chern., 210(1986)147. 

42. B. Hunihammer and S. 1Vilke, J. Electroanal. Chern., 

266( 1989) 133. 

43. Z. Samec, Chern. Rev., 88(1988)617. 

44. J. Rais, Collect Czech. Chern. Commun., 36(1971)3253. 

45. J. Koryta, H. Brezina, A. Hofmanova, D. Homolka, 

S.K. Sen. P. Vanysek, and J. lfeber, Bioelectrochem. 

Bioenerg., 7(1980)61, Chern. Abstr., 93(1980)90244e 

46. J. Czapkiewicz, CzapkiewiRz, Tutaj, J. Chern. Soc. 

Faraday Trans. I, 76(1980)1663. 

47.M.H. Abraham and A. Daniel de Namor, J. Chern. Soc. 

Faraday Trans. I, 72(1976)955. 

48. Y. Nnrcus, Pure App!, Chern., 55(1983)977. 

49. C. Gnvach, P. Seta, and B.D. Epenoux, J. Electroanal. 

Chern., 83(1977)225. 

50. H.H. Giraut, D.J. Shiffrin, J. Electroanal. Chern., 

150(1983)10. 

51. Z. Samec, V. Narecek, D. Homolka, J. ~lectroanal. 

52. G.M. Torrie, J.D. Valleau, J. Electroanal. Chern., 

206(1986)69. 

53. Z. Samec, V. Harecek, J. Weber, J. Electroanal. 

Chern., 100(1979)841. 

54. T. Osakai, T. Kakutami, H. Senda, Bull. Chern. Soo. 

Jpn., 57(1984)370. 



- 64 -

55. O.H. Melroy, W.E. Bronner, R,P. Buck, J. Eloctroanal. 

Chern., 130(1983)373. 

56. z. Samec, Y. Marecek, J. Electroanal. Chern., 

200(1986)17. 

57. A.M. Baruzzi and J. Ublken, J. Electroanal. Chern., 

58. M. Gros, S. Gromb, C. Gavach, J. Electroanal. Chern., 

80(1978)29. 

59. J.D. Reid, 0.'<, Melroy, H..P. Buck, J. Electroanal. 

Chern., 147(1983)71. 

60, T. Kakiuchi, M. Senda, Bull. Chern. Soc. Jpn., 

56(1983)1753. 

61. T. Kakiuchi, M. Senda, Bull. Chern. Soc. Jpn. 

56(1983)1322 • 

62. H.H. Girault and D.J. Shi~~rin, J. Electroanal. Cgem., 

170 ( 1984 ) 127. 

63. G. Gelewicz, Z. Fi~aszewski, Z. Koczorowski, 

J. Electroanal. Chern., 177(1984)1. 

64. F. Silva, C. Moura, J. Eloctroanal. Chern., 177(1984)317. 

65-t D.J. Reid, P. Yanysek, R.P. Buck, J. Electroanal. 

Chern., 170(1984)109_ 

66. S. Chechirlian, P. Eichner, M. Keddam, H. Takenouti 

and H. Mazille, J. Electrochim Acta, 35(1990)1125. 

67. Z. Samec"Y. Marecek, K. Holub, S. H.acinsky, P. Hajkova, 

J. Electroanal. Chern., 225(1987)65. 

68. P. Hajkova, D. Homolka, Y. ~Iarecek, Z. Samec, 

J. Electroanal. Chern., 151(1983)277. 



- 66 -

83. T. Shodlovaky, .T. Frauklin Iat. 225(1938)7.39J Chern. 

Abstr. 32(1938)88882 

84. J.I.Kim, Z. Phys. Chemic. Frankrurt, 113(1978)1511 

Chern. Abstr. 88(1978)66493m. 

8.5. CRC Han':lbook or Chemistry nnd Physics, CRe Press 

Inc. 1988. 

86. B.S. Krumgalz, J. Chern. Soc. Faraday Trans. I., 

79(1983)571. 

87~ W.R. Gilkerson, J. Chern. Phys. 25(19.56)99. 

88~ R.M. Fuess, J. Amer. Chern. Soc., 80(1958).5°59. 

89. E. Grunwald, G. Daughman and G. Kohnnslan, J. Amer. 

Chern. Soc., 82(1966)5801. 

90. B. Hun,:1hammer and T. Solomon, J. Eleotroanal. 

Chern., 157(1983)19. 



D E DIe A T ION 

To my f'ather 

To my mother 

Haji Hassen Ahmed 

VI/a Fatima 8ei1 

and 

To my daughter - Rosa 


