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Abstract 

The transfer of ions across the \Voter/acetophenone 

interface has been investigated by ac cyclic voltammetry. 

The reversibility of the ion transfer at low sweep rates, 

as well as precise half-wave potential values have been 

determined from the observed ac cyclic voltammograms. 

The reversibility of the ion transfer across the water/ 

acetophenone interface at 10Vi sweep rates has also been 

further eetablished by using the dc cyclic voltammetric 

technique. Values of standard Gibbs energies of trans-

fer from water to acetophenone for several ions have 

been evaluated. These have been compared with theore-

tically calculated values for this system. 

Such studies of ion transfer have been extended 

for the Vlater/nitrobenzene and water/chlorobenzene-nitro-

benzene mixture systems using dc cyclic voltammetry. 

The values of the standard Gibbs energies of transfer 

for many ions obtained in these systems have been 

compared with theoretically estimated values. The 

present experimental results for the water/nitrobenzene 

system are in very good agreement with those calculated 

from partition (extraction) experiments by other 

workers. Attempts have also been made to correlate 

standard Gibbs energies of transfer with the dielectric 

constants of the organic mixtures. 
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1. Introduction 

Electrolysis at the interface of two immiscible 

electrolyte solutions CITIES) was recently developed as 

a new electroanalytical method [1,2,3J. In contrast to 

the study of the metal/electrolyte solution interface, 

investigation of the polarization of tv/O immiscible 

electrolyte solutions has been comparatively small in 

scope. Hov/ever, studies of such systems may be used to 

enlarge the field of analytical voltammetric methods, 

and at the same time may serve as a very simple membrane 

model. P,herefore electrolysis at ITIES can provide 

useful information for understanding the processes 

occuring at biological membranes, as \7ell as, for asse­

sSing the selectivity of li(J.uid-membrane ion selective 

electrodes. It may also help to elucidate the processes 

of phase transfer catalysis and for obtaining ideas 

about charge transfer process. 

Nernst and Riesenfeld as (J.uoted in Ref. [2J were 

the first to investigate the electrolysis at ITIES with 

the same electrolyte dissolved in both phases. They 

theoretically predicted and experimentally proved the 

effect of accumulation and depletion of the transported 

salt at ITIES depending on the direction of the current 

and on the values of transport numbers. Their study 

Vias based on chronopotentiometric method. 
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l!'or several decades investigotions of I'I'IES were 

restricted to the study of equilibrium potential 

differences between aqueous and organic pho.ses in con­

tact in the presence of various electrolytes. Bauer 

and Kronman [LtJ mo.de e.m.f. meo.surments across ITIES by 

<lClding a picrate or strychnine salt in the aqueous phase. 

~he results obtained characterized the potential 

differences aG ionic o.dsorption potentials. Other 

potential difference meD8urements were mnde at the 

junction of the intact surfaces of plants and aqueous 

salt solutions [5J, and the observed results made clear 

some bioelectric phenomeno.. Similar e.m.f. study by the 

nUfne worker [6J at ITIES showed the dependence of the 

e. ro. f. on the partition coefficients of sal ts dissolved 

b"tvleen water and the organiC liquid. I '. ",~ner and others 

[7,8,9J carried out further e.m.f. measurnents across 

ITIES. A thermodynamic treatroent of these results Vias 

mnde by Bonhoeffer et 0.1. [lOj, who made experiments at 

the interface of quinoline/vmter and deterroined the 

"oil membrane potential" for various concentrations of 

quinoline-HCl and LiCl. From these results o.n analogy 

ViaS drawn between this system and an ion-exchange medium. 

Similor systems VTEJre also studied by Karpfen and Randles 

[llJ, and by Boguslavsky et al [12,13]. 

A cho.np;e in the interfo.cial tension of I'I'IES in 

the system of cet;yl trimethylamIDoniuID bromide in water 
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D,nd nitrobenzene W8.S observed by Gua8talla [14,17,16,17J 

during the flow of current o.crOS8 the interface. He 

called this effect; electroadsorption and aSi>umed that 

it is caused by the electric field arising at the 

electrode during current flow. Watanabe et al [18,19J 

obtainecl electrocapillary curves for oil-water systems 

cont8.ining surface active agents by applying "electro­

static voltage" and observed the change in the inter­

facial tension with the anions and cations present in 

the systems. Dupeyrat and Michel [20,21J did experi­

ments concerning the mechanism of electroadsorption at 

the water-nitrobenzene interface, using octadecyltri­

methylammonium bromide, and picrate. They drew a con­

culsion that the variations in the interfacial tension 

as a function of applied potential could not be 

explained only by electro capillary adsorption. Blank 

[22j 8tudied the effect8 due to the flow of current 

across a water/nitrobenzene interface in the presence 

of a cationic surface active agent and analyzed the 

interfacial tension data, using the Nernst-Hiesenfeld 

approach. He showed that the effect of electroadsorption 

was exclusively due to the accumulation or depletion of 

surface active electrolytes at the interface, which 

depended on the concentration of ions in both phases, 

the current and the transport numbers. A similar 

approach was used by Joos et al [23,24J. They studied 



the system water/nitrobenzene in which cetyltrimethyl­

ammonium bromide was dissolved as a surface active 

electrolyte. They explained the change of the inter­

facial tension during the flow of current due to a 

difference in transport numbers of the cation in both 

phases and gave a mathematical analysis. d'Epenoux 

et al [25,26J also did similar investigations, and 

accounted for the variation of the interfacial tension 

under galvanostatic conditions as related to the change 

of the ionic concentration in the interfacial layer due 

to the ion transfer betVleen the two immiscible 

solutions. 

The electrical phenomena of the current-potential 

relationship at ITIES Vias investigated,in much detail 

by G-avach and co-workers. These authors studied the 

polarizabilHy of ITIES during current flow in the 

presence of KCl in water and tetramethylammonium 

picrate in nitrobenzene [27] using the technique of 

chronopotentiometry. The over potential of ITIBS was 

studied [28,29,30,31,32J, by decomposing it into the 

ion transfer overvoltage and the diffusion overvoltage. 

Using the same method they determined kinetic para­

meters for the transfer of tetralkylammonium ions from 

water to nitrobenzene [33.1. They calculated the kinetic 

parameters of transfer fOl' bromide ion across the water/ 

nitrobenzene interface from experimentally obtained 

I 

I 

I 

I 

I 

I 

I 
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I 

I 
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curves E34h They extended the classical treatment of 

the double layer ~md measured the interfacial tension 

for tho vlater/nitrobenzene tetralkylammonium bromide 

systems [35J. They also investigated the structure of 

the double l8yer of similar systems. To prove reversi­

bility of the tr8.nsfer process, chronopotentiometry with 

current reversal has also boen employed by Homolka et 0.1 

[36J. The chronopotentiograms obtained by Gavach and 

cO-Horkers [29,30] completely resemble those recorded 

I'lith a mercury electrode in aqueous solutions. 

An electrolyte dropping electrode (EDE) [37] Vias 

designed and used for polarographic investigation of 

processes at ITIES. Current-potential curves (polaro­

grams) '{Jere obtained for NaBr and tetrabutylammonium­

tetraphenylborate base electrolytes in the aqueous and 

in the nitrobenzene phase respectively using tetraethyl­

anIDonium cation as the ion to be investigated. Distinct 

polarographic VIaVeB, hov78ver, could not be found. The 

sane method was extended [38j and various base electro­

lyte systems were studied for better S-chaped polaro­

Graphic curveB. However, the limiting currents wore 

found to be higher than those predicted by the Ilkovic 

equation. Other workers (39) shol7ed the feasibility of 

polarography using the EDE for quantitative analYSis 

by eliminating the ohmic potential drop vlhich was the 

cause for the distortion of the polarograms. 



8uppression of polarographic maxima by the addition of 

a surface active substance V/RS also r8})orted [40]. 

Vanysek [41J used the method for investigation of 

transfer of anions vcross the vwter/nitrobenzene inter­

face using crystal violet as the base electrolyte in the 

non-aqueous phase. 

ITIES has also been investigated using cyclic 

voltammetry. Samao et al [4-2J demonstrated that the 

method of cyclic voltammetry with four-electrode system 

would give a clear picture of the charge transfer 

processes across ITIES by using O.OlM Liel in water and 

O.05M tetrabutylammoniunietraphenylbora te in ni trobenz.ene. 

The polarization curves indicated the tranufer.of tetra­

butyl ammonium cation from the nitrobenzene to the 

aqueous phase and the reverse curves showed the transfer 

to the non-aqueous phase. In another communication 

[Lf3] , the method Vias employed for the investigation of 

C~ and tetralkylammonium ions transfer across the water/ 

nitrobenzene interface by using a positive feedback for 

the elimination of the ohmic potential drop Vlith four 

electrode system. Tbe standard ~rL~or potential 

differences and kinetic parameters vlere deduced for the 

studied ions. For an electron transfer reaction across 

ITIES using the s'i;ationary Nernst-diffUfclion layer 

treatment, the rel8.tionship between the current and the 

inner potential difference across Vlater/nitro-
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benzene interface has been derived and analyzed [41J.]. 

Using this formulation electron transfer between hexa­

cyanoferrate(III) in water and ferrocene in nitrobenzene 

vms investigated [LI-5) by cylic voltammetry with four­

electrode system. Qualitative interpretations had been 

given based on the theory of the stationary current­

potential curve worked out in [44J. Rovlever, quanti­

tati ve analysis of the results I"lere not possible. The 

method was found to be also suitable for facilitated 

cation transfer in the presence of macrocyclic complex 

formers (ionophores) in the organic phase [;S6], for ion 

transfer across the l'Iater/l,2-dichloroethane interface 

[46.47J, and for studying the transfer of strong hydro­

philic anions, by employing crystal violet tetraphenyl­

borate which would widen the useful range toward the 

negative potential [ll-8]. The technique of ac-cyclic 

voltammetry has been applied to the study of ion 

transfer across the water-nitrobenzene interface [LI-9J. 

The difference between the ion transport across an 

interface separating electrolyte solutions in immiscible 

liquids and processes occuring at the metal/electrolyte 

solution interface have been analyzed recently by 

Melroy et al [50]. 

As can be seen from the above, in all the various 

electrical techniques employed for the investigation of 

ion transfer processes across ITIES, the most often used 



solvent is nitrobenzene. Only)., 2--dichloroethane and 

fell other sol vent8 like I-llhenyl-·l-·propanone (propio­

phenone)? 4--isopropyl-l-methyl--2-nitrobenzene (2--nitro-­

p.-cyanene), and 4-methyl-2-pentanone (methylisobutyl-

ketone) [2?46,WlJ h8ve been tried with 81' " is 

due to the restrictions imp08ed on th(l orgEmic sol vent 

for such system. The requirements for the choice of 

the nonaqueous solvent are; 

1, The solvent must dissolve only u small amount 

of water, !lince otherV7ise the base electrolytes 

cannot be confined to their resp8ct.ive phases 

and no suitable potential range for polari­

zation of the interface woulcl be found., 

20 The solvent should be sufficiently ):ola1' (with 

minimum relative pe~'lnit;-t;ivit:y aboc'_'0 10) to 

safeguard sufficient conductivity of the non­

aqueous phase. 

7. It should differ consiclerriJly ]:':::'0:" \7c~t j::- i::\ :L"\;:~ 

densi ty so that a stable interface coulLl be 

found. As a result, the standm}d G~_bl)S 

energies of trflllsfer for various ions froID water 

to nitrobenzene and from water to 1,2·-clichloro­

ethane only have been reported so far using the 

electrochemical techniqueso 

Abraham et al [51,52] have determined the standard 

Gibbs energies of transfer (,L"GZ) for single ions f?}om 
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\'f(lter to dry 1,2 .. dichloroethane and to 1, l-dichlorethane 

l'rom 1lOlubility and calorimetric measurments. Partition 

data for quaternary ammonium salts in 1,2-dichloroethane 

plus Vlater system have been extrapolated by CzaplcieVlicz 

and Czaplcievlecz-Tutaj [53] to zero concentrations to 

yield the limiting partition coefficients of electro­

lytes from partition experiments. Values of standard 

Gibbs energies of transfer for cations and anions 

obtained from these experiments (""G~) were compared with 

the solubility da.ta of Abraham et al [;:;l,52J. These 
/ 

tl-/O results revealed reasonable conformity in the 

observed trends and some of the values l'Iere identical 

oven though 11hose derived froB partition data were for the 

transfer of ions in a mutually saturn ted t,70-phase 

system. This was not the case for values reached 

throu(ih the measurement of the solubility of the saH;s 

in pure viater and pure organic sol vent. Hecently 

Abraham and Liszi [54] calculated standard Gibbs 

energies of solvation of ions in an organic solvent 

using their new electrostatic method, and these were 

combined with the standard Gibbs energies of hydration 

to yield the standard Gibbs energies of transfer of the 

ions from water to the organic solvent. It Vias shown 

th8t for the solvent systems water/l,2-dichloroethane, 

dichloromothane, chloroform, O-dichlorobenzene, chloro-

benwne, and nitrobenzene there vw s (iood agreement 
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between the calculated LlG~ values and the observed 

standard Gibbs energies of transfer for partition of 

However, for organic phase in which water 

ViaS quite soluble, for example l-octanol, I-pentanol, 

ethylacetate, and methylisobutylketone, the calculated 

LlG~ values were al'lays more positive than the observed 

partition values L;.G~. This effect was explained as due 

to hydration of the ions in the Viet organic phase. It 

has been concluded that LlG~ YThich refers to the transfer 

of ions between two pure solvents concerned cannot be 

identical to LlG~ which refers to the partition of ions 

betvleen wD.ter saturated with the organic phase and the 

organic phase satu:cgted with ,vater, in which there is 

the possibility that the ions are extracted into the 

organic phase as hydrDted entities. The theoretical 

calculations therefore might provide useful information 

as to the state of the dissociated ions in the wet 

organic solvent. 
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The electrochemical behavior of the interface of 

tvlO immiscible electrolyte solutions CITIES) depends 

largely on the ionic composition of the two immiscible 

electrolyte solutions. When one of the solvent is 

water and the other is an organic liquid and vlhen the 

aqueous phase contains a strongly hydrophilic electro­

lyte (e.g Li2804 ) and the organic phase a strongly 

hydrophobic electrolyte like tetrabutylammonium tE";ra­

phenylborate, then the properties of the ITIES become 

completely analogous to those of a pol'CU'izable 

electrode. On the other hand if there is sufficiently 

large concentration of ions vlith high exchange rates 

present in both phases, the ITIES behaves like a non-

polarized electrode. 

In a system consisting of vwter (phase a) in 

contact with an immiscible organic solvent (phase 1:1), 

and containing an ion i of charge Z, which is tran-

sferred from one phase to another, the condition for 

equilibrium can be stated as follows. The electro-

chemical potential of the ion in phase .~ must be the 

same as that in phase~. That is 

(1) 
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on 

)l~'o:, + RT ln a~ + ZF tf;. = )-1~'P + RT ln a~ + ZF V~ (2) 

where M~'o:, and )-1~'P - are standard chemical potentials 

of the ion i in phase 0:, and ~. 

0:, (:l ai and a i are the activities of the ion i in 

phase 0:, and [J 

m0:,4 and ~~ .. a~o th' t t· 1 f" th r~' ~~ ~0 e ~nner po en ~a s 0 ~ ~n e 

respective phases. 

From equation (2) the inner potential difference 

between 0:, and fl is described by the following equation 

as 

6~i W~ !3 )-1~'P _ ,u~' 0:, 
RT ln i.l 

= - 1!J. = + 1:\ 
f~ 

0:, 
ZF ZF ai 

vThere 6~~i is the inner potential difference betvl8en 

phase 0:, and phase ~. 

Equation (3) can be written in the form 

6~~ + 
RT 

a.i-l 

6~i = ln (2-) 
ZF aCf' 

~ 

where 

6~~~ = ()-1~'P - M~'o:,) ~F 

and 6GO,~ --> ~ is the standard Gibbs energy of 
t,~ 

(4-) 
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trUllsfer of the ion i from phase a, to phase 13. ,,~~ is 

the standard inner potential difference between these 

phases. 

The determination of standard Gibbs energies of 

transfer of ions is possible from equation (5), provided 

that the standard ilmer potential difference can be 

obtained experimen-tally (from voltmnmetric or chrono­

potentiometric lUec,surements). The transfer of ions 

across ITIES studied by cyclic voltammetry follows 

formally the same lavls as those governinr; the electron 

transfer at the me-tal/electrolyte solution interface. 

At lou sweep rates the ions transfer is diffusion 

controlled, hence the current response of the system 

to a triangular potential signal can be treated like a 

reversible electron transfer reaction [55,56J. Thus 

the current potential relationship is E;ivfJn by the 

equation 

where A = area of the interface (cm2 ) 

C? = bulk concentration (mole dm-3) 
~ 

V = sweep rate (volt soc- l ) 

(6) 

~( (at)= current function (Its values are tabulated 

by Nicholson and Shain [56J). 

The cyclic dc voltammetric peak potential ("~l~ -.) for 
f-''(p,~ 
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ion transfer at 2980 k is related to the polarographic 

half-wave potential (L>~lfV2,i) by the relationship 

0.0285 

/Z/ 

(+) stands for the positive electrical current peak 

potential and (-) stands for the negative electrical 

current peak potential. L>~1/2,i is in turn related -(;0 

the standard. inner potential difference by the 

equation 

RT 
ZF 

(8) 

D~, Di are diffusion coefficients and y~; yt are the 

activity coefficients of the ion i in the tHo phases C{ 

and \3. The uctivit;y coefficients of the ion i in the 

tviO solvents can be calculated by the extended Debye-

Ruckel Law. :f!'or fairly dilute solutions, the term 

(Yr/y~) may be ta.l;:en as unity. The error arising from 

this assumption is 

- 1-1 about 0.6 KJ mo 

very small and approximated to be 

[47]. The diffusion coefficient of 

the ion i in a given solvent may be obtained using the 

relationship 

TR},,? 
:L = 

/Z. /F2 
:L 
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Where, o 
~i = single ion equivalent conductivity and 

U~ = ion mobility. 

It is possible to derive a scale of single ion conduct-

ivities in a given organic solvent like nitrobenzene 

based indirectly on tetraisoamylammonium tetraisoamyl-

bornte as a reference electrolyte, and assuming Walden's 

product will hold for the reference electrolyte in the 

solvent. Using this reference electrolyte Coetzee and 

Cunningham [57] had evaluated single ion conductivities 

for acotonitrile, nitromethane and indirectly for nitro­

benzene. From eq. (8) 6~W~ can be obtained and from 

eq. (5) 6GtOl~ --> P can be calculated. 
,~ 

Alternatively one can obtain 6~1/2' from ac cyclic 

experiments using -the theory of ac cyclic voltammetry 

[58,59]. Based on this theory, for completely re-

versible ion transfer process the forward and reverse 

dc scans should yield overlaping peaks in the plot of 

i (In) VJ} 6~Tfdc' passing through a maximum at 6~\f1f2' 

In addition to the overlap of forvmrd and reverse peaks, 

the half-peale Vlidith is 90 mv regardless of the sweep 

rate, if the system behaves reversibly. But, if the 

ion trllllsfer process itself is rate determining, the 

peaks observed in the forward and reverse scans will 

not overlap as in the reversible case. 

The standard G-ibbs energy transfer of an ion i in 
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pure solvents ~ and ~ is given as the difference of 

standard Gibbs energies of solvation of i in both 

solvents. The standard Gibbs energy of transfer of an 

electrolyte can be obtained from solubility or partition 

experiments. Since the two phases are in contact 

equilibrium and are mutually saturated in partition 

experiments, 6G~,i values obtained by this method would 

not be exaotly the same as those calculated from solu-

bility experiments in whioh the solvunts are dry and 

frue from each other [53, 5L~] • 

o However, t>Gt ,i of individual ions are not ac c,'Gsmmible 

to a direct measurment (from solubility or partition 

data), and to make possible their quantitative deter-· 

mination possible, an extra thermodynamic assumption 

must be made. Very often the "tetraphenylarsoniumtetra­

phenylborate (TPAsTPB) assumption" which states that the 

standard Gibbs enorgies of transfer of tetraphenyl-

arsonium cation and tetra phenyl borate anion ore equal 

for any pair of solvents [60]. Both these ions are 

quite voluminous so that the charge of the central atoms 

acts only electrostatically on the solvent dipoles. The 

interaction of the benzene rings Vii th the sol vent ts the 

same for both ionic species. Thus, the snme standard 

Gibbs energy of transfer from an arbitrary solvent a to 

another solvent i3 can be attributed to both ions [61J. 
I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 
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( - -.) ._v 

On the baBis of i;hi8 assumption a seal" for Gtandard 

Gibbs energies of -!;rllnBfer of ion13 from one solvent to 

the other ono cnn be obtained. }!'or eXlJnJl'l0, nhen -this 

quan-ti ty is -to be determined for the iodide ion f1.'om 

r::tti tion expol'iment , it is sufficient -to determine 
, <' 

"'G~' 0:. -",> fjfor TPABTPB and for TPAsI betweon -the -tVIQ 

Bol vents. The refJUI t for t he iodide ion is given by 

the relationship 

Go ,0', --> 
'" t,I- (11) 

In vol tammetric experiments, the T::?A8TPB 6-Bs1lfapti(m 

cnn be employed in order to get absolute values for the 

standarcl 1 ~t"nti;J_l difference for ion trmwfer p_ro-, 

cosses. If TPAsTPB is used as the base electrolyte in 

the organic phase and Li2S04 or LiF in -the aqueous 

phase, the voltammogram will be limitod at negative 

potentials by the transfer of TP.:is+ from the organic 

phase to w8:G8r and back to -the organic phase, at 

positive potentials by the transfer of TPB- from the 

organic phase to nater and back to the organic phase. 

From the ini'tial part of the po-tcntial cUL'rent curve 

related to -the -tr2.nsfeX' of these i;wo ions Li~E,,{2(TP:LS+) 
,., l· 

and Li~EV2(TPB-) can be obtained. Then the zero point 

of the poten-tial scalo is fixed by 

I 

I 
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) ~ (12) 

2 

Thus the assumption helps for the transformation of the! 

actual potential scale into the 6~m. scale" pll 

Theoretically 6Go,~ --> ~ can be estimated from 
t,l 

the standnrd Gibbs energies of solvation of the ion i 

in the two solvents (organic and aquoous) [54] using the 

equation 

6Gh
O 

• is the standGrd Gibbs energy of hydration of an 
,l 

ion. 6GO 
• is the stanclard Gibbs energy of solvation O:L 

S,l 

the ion i in the organic solvent and is split ini;o an 

electrosta.tic term nnd n neutNtl term. 

The electrostatic term, 6Go is approximnted from a e1 
modified form of the simple Born equation, and is 

elcpresf3ed for nonhydrsted snd fully hycll.'nted ions in 

the organic phase. 

6G~1 for ions nonhydrated in the orgnnic phase, 

refers to an ion of rGdius n nnd dielectric constant 

e. ~ 1 which is surrounded by a solvent layer of 
l 

thickness (b - a) and dielectric constant E\, iDlT1'~'-

resed in the bulk solvent of dielectric constant 8
0

• 
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/l.Go 
e1 is given as 

/l.Go 1 1)(.1:.... _ .:.:L) +(..J. __ 1) 1 
= 166 [(- - .oJ 

e1 
81 a b EJ o b: 

In which 81 = dielectric constant of a local 

solvent layer surrounding the ion, and has been fixed 

to have a value of 2. 

8 = the known bulk die1ectic constnnt of the o 
organic solvent. 

a = ionic radius of the ion 

b = the thickness of the local layer (solvent 

(15) 

molecule radius) plus the ionic radius of the 

ion (/l.G~l is given in kca1 mo1-1). 

C.G~l for ions fully hydrated in the organic phase 

can be ca1cu1atocl using n model in which a fully hy-

drated ion in a viet; organic solvent is surrounded by a 

layer of water molecules. As usual, the first electro-

static layer is taken as having 01 = 2 and as having 

as thickness the radius of the solvent (i. e., water) 

flolecule, (b - a) = 1.553R. The second electrostatic 

layer will also be water, since the total water layer 

Vlill be of thickuc1ss equivalent to the diameter of a 

Vlater molecule, 3.10621, and will again have a thickness 

1.55321, denoted as (c - b). Using the Onsager equation 

[74-J the dielectric constant in the second e1ectro-
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static layer can be estimated, and is found t.o be 8m 

= 29; outside the second electrostatic layer is tho 

bulk solvent with 8 = 8
0

• 'lJhus 6G~1 for fully hydrated 

ions in the organic phase is given by equation (16). 

(16) 

The neutral term 6Go is regarded as the standard n' 
Gibbs energy of solvation of a nonpolar solute of the 

same size as the ions in question. For ions of radii 

less than or equal to 3~, the neutral contribution is 

given by equation (17). 

m and c are constants the values of which are known for 

several solvents [62J. They can be estimated experi-

mentally at stand2.rd states for a given solvent as tho 

slope and interCeFG from the plot of standard Gibbs 

energies of solVation of nonpolar solutes vs the radii 

of the solutes. For a > 3R, 6G~ can be obtained using 

the data collected by Abraham [63J. 

Oalculation of 6Ge
o

l and 6Go enables values of 6Go 
n 's 

to be obtained. 

o,a --> enables 6Gt ,i 

Application of 

P to be found 

equation (13) then 

for ions whose standard 

Gibbs energies of hydration are knoYlno 
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3. Experimental 

3.1. 9hemicals vLd Preparation of Reagents 

Acetophenone (lffialar, BDH) , Nitrobenzene (Anall:lr, 

BDH), Chlorobenzene (Hopkin and Williams), Li2S04 (BDH), 

KC104 (BDH), KC103 (BDH), KI04 (BDH), KN03 (BDH), KI 

(BDH), NH4SCN (BDH), Tetrabutylammonium Chloride, 

'['BACl (Fluka), Tetraethylammonium bromide, TEABr (BDH), 

Tetramethylammonium bromide, TNUffir (BDH), Sodiumtetra­

phenylborate, NaTPB (MEHCK), Tetraphenylarsoniurn Chlo­

ride, TPAsCl (Fluka), Crystalviolet chloride (BDH), 

were used as such without further purification. 

Orystalviole-l; tetraphenylborate (OVTPB) was pre-

pared by mixing equimolar amounts of crystalviolet 

chloride and the sodium salt of tetraphenylborate, both 

dissolved in methanol. After evaporating the solvent, 

the CVTPB VlI:IS extracted with benzene and precipitated 

from the benzene solution by addition of n-hexane. The 

melting point of the violet powder obtained Vias found 

to be 114 - 1150 0. Tetraphenylarsonium tetraphenyl­

borate (TPAsTPB) uas prepared by mixing an aqueous 

solution of tetraphenylarsonium chloride with an 

aqueous solution of sodium tetraphenylborate. The white 

precipitate, tetraphenylarsonium tetraphenylborate was 

recrystallized twice from acetone (lffialar). 
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O.OlM CVTPB (lnd O.OUI TPAsTPB solutions Vlore used 

independently as the base electrolytes in the organic 

solvents, whereas O.OlM Li2S04 ViaS used as the base 

electrolyte in the aqueous solution. CVTPB was employe~ 

in the organic phase as the base electrolyte in order 

to extend the potential range towards the more negative 

potentials [48], whereas TPAsTPB ViaS used mainly to fix 

the zero of potential. Following the usual sign con­

vention, the transfer of cll.tions from the organic phase 

to water is indicated by a negative current, and for 

the transfer of anions from the organic phase to Vlater 

is sho,m by a positive current. The current re.ported 

in the graphs are total currents, not normalized to 

unit area. 

stock solutions vlere prepared at a concentration 

of O.OlM for all the studied electrolytes, and \Vere 

diluted \-li th redi8tilled Vlater as necessary, imme­

diately prior to use. In ll.ll experiments, the organic 

and the aqueous phase \'Iere equilibrated with eGch other 

before use. The meS8urments were made at a laboratory 

temperature of 22 i 10 0. 

3.2. Cell J,rrangement 

The electrochemicll.l cell Vlhich was employed for 

the studies vms similar to that used by Samec et 13.1 [43], 



2.3 



_ C:l~ ... 

and is sho\flll in l!'igure 1. l!'or both ac cyclic and dc 

cyclic voltammetric investigations, the electrochemicnl 

cell contained four-electrodes. TViO electrodes, Rl and 

R2 , serving as the reference electrodes in the aqueous 

and organic phase respectively, were inserted as closely 

as possible to each side of the interface in order to 

eliminate the lR drop in the system. Rl was Ag/AgCl/ 

saturated, KGl aqueous, selJarated from the test solution 

by a glass tube having a glass frit at the tip and con­

taining O.OlM Li2S04 in gelatin. H2 Vias Ag wire dipped 

in the organic phaGe. The platinum auxilary electrodes, 

1'1 and A2 , for the aqueous and organic phase, respect­

ively, were immersed in O,OIM Li2S04 , A2 was separated 

from the organic phase using O,OlM Li2S04 in gelatin 

contained within a tube having a frit at the 

cross section area of the interface was 0.33 

tip. 
2 cm • 

The 

S.chenw.tic represen:l;ation of the interface is given as 

follows. 

ORGL.NIC PRMJE 

R+R'-, 10-2M 

lTIES 

l'~UEOUS PHASE 

A+B-, C :s 1O-\~ 
, -2 IJ:L2S04 , 10 M 

where A+B-, is any test electrolyte and R+R- is the 

organic base electrolyte (CVTPB or TPAsTPB). 



3.3. Electronic Set-up 

The block diq;ram of the electronic set-up used for 

the ac cyclic voli:;OJllmetric experiments is shown in }Pig. 

2. In these experiments a four-electrode potentiostat 

(constructed a.nd made available by courtesy of the 

Bepartment of Chemistry, of the University of South­

ampton) with automatic IR compensation vms employed. 

The superimposed sinusoidal potential was of magnitude 

6E = 5mv peak to peak and \'las fed from a frequency gene­

rntor (Tektronix FG 501). The current output of the 

potentiostat was connected to the input of a lock-in­

analyz;er (PAR Model 5204) which vms used for the con-

tinuous measurment of the inphase component of the ac-

current. The vol-tammograms were observed using a 

storage oscilloscope (Tektronix Model 5441) and an X-Y 

recorder (Philips PM 8041). 

For the dc cyclic voltammetric experiments, the 

sm;le potentiostat rmB used. The triangular voltage 

ramp was generated using the.MP - 1502 Electroanalyzer 

(McKee Pedersen Instruments). The current output of the 

potentiostat was connected directly to the storage 

oscilloscope and X-Y recorder. 
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Results nnd Discusb_cm 
i 

Determina(ion of the Standnrd Gibbs :E:nergies of 

Transfer of Ions in the Water/Acetophenone Bystem 

In those studies ion transfer processes for the 

'lHlter/ncetophenone system for vnrious ions of con-

, 5 -4. c()ntrnt~on x 10 M ~n the aqueous phase have been 

investigated at low sweep rates using ac cyclic volta-

mmetry. In order to transfer the 6Edc potential scnle 

to 6:cV scale the tetraphenylllrsoniumtetraphenylbornte 

nssumption has been employed and the zero point of the 

potential axis (6w 
Til ~ 0) was fixed as described in the ac'l' 

thooretical part. 

l!'igure 3 compares the cyclic dc voltammogram for 

the transfer of 0104 ion across the wnter/ncetophenone 

interface with the cyclic nc voltnmmogram recorded as 

the in phase component of the ac current at a frequency 

of 55HZ and a sweep rate of 20 mv B-1 . The peak 

+ potentials obtained by dc cyclic voltamroetry are 28 

mv separated from the ac current peak potential of the 

in phnse component. This shows the reversibility of 

the 010;; transfer across the interface of tho system. 

The in-phase component of the ac current peak potential 

lies exactly on the position of the half-IHlve potential 

(6~c1jfV2) of the dc vol'tammogram and this indicates the 

usefulness of the ac ,cyclic method to yield good results 
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for thu precise determination of ",,\11/2' vlhich is iden­

tical with the in--phase component of the ac current 

peak potential. 'Phe observed ac cl'.rrent poak of the 

in-phase component has a half \lidth potential of 90 mv, 

Vlhich again proves the reversible nature of the transfer 

process [58,59]. Figure II- shows the ac cyclic vol ta-

mroograms recorded as the in--phase component of the ac 

current at a frequency of 55HZ nnd at different sweep 

rates for the transfer of TPAs+ and 0104 across the 

interfnce. In the figure the vnrious ac current peaks 

at different sVleep rates appear at the same potentials 

for the individual ions. The observed ac current peaks 

do not exhibit complete overlap of the forward and 

rever sud SC8.l1S as predicted for the reversihle behaviour 

of the ion transfer at low sVleep rates; hov;rever, there 

is no difference in the peak potentinl in these scans. 

Sinilnrly, ac voltammograms have been obtained for the 

transfer of TPAs+ and 104 at different sweep rECtes, The 

6~cW1/2 values of ·these ions are obs0rvable from the ac 

peaks. After obtiJining6~cljfV2 values of 0104 and I04 ? 

these ions have been used as inturnol standards for the 

determination of t:~cV1f2 values of TEA +, 1-, SON-, 010; 

and N03. 
l!'igure 5( a) and 5(b) ShOVI the ac cyclic vol tammo-· 

grams of 0104 and 1-, 104 and 1- respectively. In 
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I 2pA, 
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RC cyclic vol t~mmogram" of the tan&fer of 5x10 M CI04 (a'1') 
and O.01M 'l'PAs· (ac~.) from water to ,"c8torhenone and hack t.o 
water at varying swpep ~ateB: (1) O.o04Vs-; (?) 0.008VB1 
(:OJ O.016VS-; (4) O.032VS-; (5) O.OIIOVS-, Base electolytes 
O.01M LiS0

4 
.1.n _"at",.. and O.OHI CV'l'PB ·in "r,etophenone, and 

frequency 55 !I[~. 
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both figures ~:cW~2 value of 1- is found to be the same. 

Measurements of ~~ctv1/2 values from the ac cyclic peaks 

lead, via equation (8) and (», to ~GtO,:v --> ac values, 
,l 

using unit activity coefficients. Ion association is 

not expected to be a significant factor for solutions 

less that lO-3M concentration. Since the diffusion 

coefficients of the ions in acetophenone are not avail-

able they have been estimated from the ratio of the 

viscosity coefficient of acetophenore to that of water 

(1.816) and from the diffusion coefficients of the ions 

in water. The diffusion coefficients, ionic radii and 

hydration energies are given in Table 1. 

Table 2 lists the half-wave potentials ("':c1V1/2)' 

standard irJler . :potential differences ("':c1!l~)' 

observed and calculated standard Gibbs energies of 

transfer from water to acetophenone for cations and 

anions. Standard Gibbs energies of transfer for non-

hydrated and fully hydr(\ted ions have been calculated 

from eqn. (14) ana. (13) using m and c values of acetone 

and r value of metl~lisobutyl ketone assuming the radius 

of this organic solvent molecule equals that of aceto­

phenone. Theoretical "'G~'w --> ac values for TPJls+ and 

TPB- are not tabulated in the table due to lack of data 

of the neutral terms ("'G~) ,lhich are required in the 

calculations. Details of the calculations for the rest 

of the ions are given in Table 3. 
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Table 1. Diffusion coefficients of ions in water (Dw) 
and in acetophenone (Dac) , ionic radii (a) 
and hydration energies (~G~) of ions used in 

the calculations 

a 

(51.) 
Ion 

-1 Kcal mol 

a 

TMA+ 2.58 -48.00 

TEA+ 3.10 -41.00 

TBj,+ 3.83 -32.30 

TPJl.s + 3. 97e 

I- 2.20 -52.63 

SON- 1.95d -60.91 

I04 2.54f -45.55 

0104 2.45 -47.00 

010; 2.00d -59.62 

NO; 1.95 -60.50 

TPB- 3.86e 

b 

11.9 

8.7 

·5.2 

·5.58 

20.5 

17·5 

14·5 

17·9 

17·2 

19.0 

5.58 

c 

x 10-6 

-1 sec 

3.07 

5.65 

4.82 

3.99 

4.93 

4.74 

5.23 

3.07 

aFrom reference [54) unless shown otherwise. 

bCalculated from conductivity data reference [64J. 

cCalculated from viscosity data. dReference [65]. 

eOalculated from molar volumes using the stearn-
Eyring formula reference [67J. fReference [75J 

, , 



. ~.-

., .-
' .. -

I 

c 

I 

.;;j-

"" 

~'If"~~~,:~" '?~~:; 

~. 
' ...... ' 

j~-

Table. 2. Standard Gibbs energies of transfer from water 
,to acetophenone D.G~' ~ --> ac; half -wave 

. w ' 

Ion 

w _ . 
D. acTP1/2 (i) 

(V) 

iPotentlal D.acVV2 ,i and of standard inner 

'potential differences D.=c~~ between these 
phases for various ions· •. ,~. 

,- ,;'~':-<- . 

w 0 
D.ai;Wi 

(V) . 

't;,GW :-:':>ac '. D.Go,~-->ac 
t.1l .... t,l 
''' ... '''' 1 

:;.cJmol""- '. Kcal mol-1 

. '-.". , 
.0." .. . " 

a b c 
" . 

TBL+ . '-O~155' "0';;;'0.162 . . '. -15.63 -3.74- -2.98 -5.98 
TPAs+' '-0.16.0 .. -0.168 -16.21 -:3.83 

12·35 '2.95 ·4-.68 -0 .. 98 
11.00 . I 2~63 8.09' 1·73 

I,- -0.144 " -0.128, 
.SeN- , -0.131 -O.U4-

I04, -0 .. 032, -0.015 1 .• 4-5 0.35 2.58 .-2.29 

0104 -0.036 -0·019 1.83 0.44- 2.86 -2.20 

010-· 
3 "-0.217 -0.200 19.30 4-.61 7.88 1.66 

N03 '-'0.227 -0.211 20.36 .4-.87 7.68 1.32 

TPB- 0.160 0.168 -16.21 -3.87 

aCalculated using experimental ,data. bCalculated for 
. c 

nonbydrated ions in the acetotlhenone phase. Calcu-
l~Ged for fully hydrnted ions in the acetophenone 
-ph2,S8 •. 

\\ 
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Table 3. Calculation of partition values in the weter/ 
acetophenone system in Kcal mol-l 



.' 

U) 
i'C\ 

Ta1le 4-. standard Gibbs energies of transfer fromwat-er to 
nonaqueous solvents in Kcal mol-l at 25°0 in molar 
scale. 

--------~----------------~------~------~------------~~~~~~~ .... ,.------
I 

Ion' 

TBl.+ 

TPll.s+ 

I­

SON­

IO~ 
010~ 

010; 
NO-

3_ 
TPB 

Dielec­
tric co:r::.-
stant 

;~ce*GO-

pheTlone 

2. 

-3.74-

-3·87 
2·'75 
2.6::; 

0.35 
0.4-'-1· 

4-.61 
4-. c37 

-3.137 

17·37 

1,2-Dichlo­
roethane 

b 

-4-~20 

-7·80 
6.02 

4-.05 

-7·80 

10.23 

Acetone! Methanol i,cet oni tril e 

I 
1 

c \ d 
, ., '~'- "-"'IL._.,---,,~_'_'~_~::..;;.~ .. ,"~"_.' ,. __ --' .. ..........,j~_.....:.:w, 

.;;.~-;,-z;;;;:-~~:c;;?,"~~&.~"",",,~,,;','f"~""'''''''''' 

3·13 

-0.17 

20.7 

-5.2 

·-5.6 
1.6 
1.4-

1.4-

-5.6 

32.-6 

-7.9 
-7·8 

4-.5 

-7·9 

36 

[51].-b~ f rtG erence ~ 

~Cbserved frow O1:r voltal:1metric experinents. 

c}(eferenc& [62J. dHeference [66]. 

N ,N-Dimethyl-· 

formamide 

-6.8 
-9.1 

4-·5 
3.9 

0.1 

-9.1 

36.7 
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The observed 6G~'w --> au value for SON- is cloBe 

to the cDlcul[lted v[llue using tho model for fully 

hydrnted ion in tho orgnnic phase nnd this seems as 

though there is full hydration of this ion in the wet 

organic phase;, vlhile the observed 6Go ,w --> ac values 

for 0104, 010;, NO:;;;, 104 and I ShOH partial hydration, 

Dnd for TBil+ little or no hydration in the wet aceto­

phenone phaso. Bince 6G~'Vl --> ac values of ions have 

not been so far reported for this system it has not been 

possible to mnke comparison 'ilith the present results. 

HOVfevur, in order 'GO ruveal consistency of the observed 

trend of these velues Vii th RlreCidy existing values of 

othur system":, 6G~ values of ions for different systems 

are listed in TDblo L •• ' As can be soen from this table 

thu general orders are in good agreument though direct 

cODparsion of the values for onch ion in the various 

systems is not simple due to vnriuty of differences in 

properties of the organic solvents. 

1 .. 0,\'1 --> ac rr 1e experlmon'Gal 6Gt values are found in 

the ranges of the 'cheoretically calculated values, 

(vnlues obtained using the models of nonhydratod and 

fully hydra'God ions in the organic phase) nnd this 

agreomont between the observed and cnlculnted values 

shows the reliability of the obtained results ns vlell as 

the experimental 1ll0thod. In theso studies the useful 

potential range for Vlater/ncetophenone systom has been 
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found to be much more narrow than for the vwter/nitro­

benzene or llilter/l,2-dichloroetlwne system I-tnd Vie 

suspect that this may be caused by the higher mutual 

solubility of the -(;VIO solvents. 
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L'.2. studies of the Dependence of Peak Current on 

2£!!££flVai;ion and Square Hoot of Sweep Rate 

in the .',!ater/),cetophenone Cystem 

To check further the reversibility of ion transfer 

process at 10Vi SUUG]) rates in the vmtor/acetophenone 

system and to estimate the diffusion coefficients of 

ions in Viator, the transfer of 1- and SCN- ions from 

I,'/ater to ncetophenone and back to water has been studied 

usin£; de cyclic voltammetric. technique. 

l!'ig. 6 shows 

transfer of 7.;;> x 

the dc cyclic voltammogram of the 

-4 -10 M I ion from water to aceto-

phenone and b8Ck 0:1.; varying sueep rates. It is seen 

that the peak potentials for both forwurd and reverso 

scan are independent of the sVleep rates, and that the 

poaks are separated from each other by about 0.055 v.. 
This value ne"rl;), coincides Hi th the theoretical value 

of a diffusion controlled reversible charge transfer 

ronction [56). Tho same behaviour VlnS observed for the 

trunsfor of SCN- ion from wator to acotophenone. 1'hero-

fore it can be seicl that, the transfer of these tV/o 

ions from vmter to acetophenone and back is a diffusion 

controlled ~ceversible process at s\"leep rates up to 

These observations are, in general, 

supportod by KorytH et al [36J Vlho have pointed out 

that charge tram;fer across tho interface of two imm­

iscible electrolyte solution is usually rapid. 
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Fig. 6. D(' cyclic vcltammograffls of the tansf"r of 7.5)<10 M 1- ion(aq.) 

from nitorcbenzen and back at varying sw",ep rates.: (1) 0.02VS­
(2) O.04'1S-.(3) o,o6VS-: (I,) o.c'8V,)- i (5) O.10VS ; S"se (!lect­
rolytes, 0,01M Li904- in water and 0.01M CVTPB in acetopenone. 
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r:,:z,pJe 5. VGlue8 of sweep rate V, square 1'oot of the 

V v1J2 

. 1/2' t' 1 t sweep r2:ce V , ncga lve pene curr~n ·.Ip ' 

corresponcling to the transfor of I ion frot!" water 

to acetophenone fer clirrerent concentrations 

o_f r- ion in water. 

I IpA p' lp/,u'l lp/).4l lipi, 
-1 1/2 =1/2 lO-LfM I - 2.5xl0-LfM - 5xl0-LfM - 7.5xlO-LfM I I 

VB V S 

0.02 O.lLfl 7.2 17 30 Lf7 

O.OLfO.200 10.6 23 Lf3 66 

0.06 O.2L\.5 12.2 28 51 78 

0.08 0.283 13.0 32 59 89 

0.10 0.316 15.0 35 65 98 

0.12 0-3% 16.0 38 71 

0.16 O.LfOO 19.0 44 82 

0.18 6. Lf21f 20.0 47 88 

0.20 0.4Lf7 21.0 Lf9 93 

-I 
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Table 5 lists values of sweep rttte V, squaro root 

jJ2 of the sVleep rate V , peak current Ip' corresponding to 

the transfer of 1- ion from vwter to acetophenone for 

different concentrations of the ion in ,wter. 

l!'ig. 7 depicts the dependence of the peilk current 

on the concentration of 1- ion at various sVloep rates, 

nnd Pig. 8 illustrates the dopendence of the peak 

current on the squGre root of the sweep rate for diffe-

rent concentrations. Jts can be seen from the figures, 

the peak current is directly proportional to the con-

centretion as well as to the square root of the sl'7eep 

rnte. Prom the slopes of the plots the diffusion co-

officient of 1- ion in vrater has been evnluated based on 

eq. (6). The calculations yielded the average value 

D
I

- (II') ~ 2.18 x 10-5cm2s-1 at four different concent­

rntions of 1-, and an aV8rage value DI - (W) ~ 2.17 x 

10-5 cm2 s··1 from the plot of Ip vJ, V1/2 • These two values 

aro in very good agreemont vlith the value estimated from 

conductivity datI', "t; infinite dilution D~- (W) = 2.05 x 

lO-5cm2s-l [64]. In an analogous IDannor the diffusion 

coefficient of smr ion in water V/3S found to bo 

( ) -5 2-1 DSCN- IV ~ 1.66 x 10 cm s from 11' vs Co' and DSCN-

(W) ~ 1.91 x 1O-5cm2s-1 from the plot of 11' XI'!. V1/2 • 

i,gain these values 8re comparablo to tho vi.11ues obiJained 

from conductivity data at infinite dilution in which 

o () -5 2 -1 [ DSCN- W ~ 1.75 x 10 cm s 68]. 
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LI:.3... lJeterminati(m of Standard Gibbs Bnergies of Tran­

sfer of Ions in the \intor /Hi trobenzene and \'later/ 

Ohlorobenzene-Nitrobonzene Mixture Systems 

In these investigations dc cyclic voltammetry 

experiments v,cen, carried out for the trDnsfer of various 

cntions end anions in the vwter/organic solvent systems. 

The organic sol vent;s 17ere nitrobenzene, Dnd nitrobenzene 

- chlorobenzene mixtures of different ratios by volume. 

Nitrobenzene is a more polar organiC solvents (80 '" 35.75 

at 25°0) than chlorobenzene (eo'" 5.70 at 250 0), thus by 

chDnging the componition of these solvents in their 

Bixtures, it has been possible to vary the dielectric 

constant. As stated in the theory part "the TPilSTPB 

assumption" was employed to fix tho 6V '" 0 position 

using 0.01 M concontration of this salt as the base 

electrolyte in the organic phase. Hhenever there Vlas 

the need to extenCl the applicnble potential range to 

Bore nogDti ve pot811tiah;, this base electrolyte ViaS 

substituted by 0.01 M OVTPB. 

Fig. 9 comp2res the voltammogram obtained by using 

TPAsTPB as the base electrolyte in nitrobenzene and 

·0.01 M Li2S04 in Nater with the voltammogram where CVTPB 

h<1s been used. The applicable potential range for the 

latter is extended to about 0.10 V to\'mrds more negative 

potentials. Thus the introduction of CVTPB as the base 

electrolyte for the organic phase has allo\'lEid the investi­

gations of the transfer of anions such as N03, 1-, and 

SCN-. In thG potGntial region from -0.23~ V to 0.0235 V 
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and from -033 V to 0.230 V the Durrant is controlled 

mainly by the charging of the interface, IIhilo at more 

positive or moro negative potentials the control is by 

the transfer of the ions of the base olectrolytes from 

tho aqueous phaso to the nitrobenzene, or vice versa. 

Fig. 10 shows the dc cyclic voltammogram of 

7 x -4 -10 M 0104 ion in the ar,.uoous phase for the V1ater/ 

nitrobunzeno system with the voltammograra of 0104 ion of 

the same concentro.tion in the aqueous phaso for the 

systeJ:l water/chlorobenzeno nitrobenzene mixture, where 

the r[\tio of chlorobenzene to nitrobenzene vms two to 

one by volume. ]'irst, for both systems, ({t the indi-

cated sweep r~tte, -ehe peak on reverse Gcsn ts shifted 

Ilith respect to the> po a];: on forvlard sc[\n by 0.058 V 

tom'l'ds more negni.oive potentials. This shift coincides 

\lith the theoretical v,llue of about 0.060 V for 

diffusion controllod charge transfer process [56J. 

Becond, it follo\"l8 from Fig. 10 that the half-peak 

potential diffel'c)llce i'>Ep/2 precedes thE: peak potential 

differonce "Ep by 0.055 V. This v<11uo is in good 

agreement with the> 'cl1eoretical value of 0.0565 V [56]. 

Sil:lilar behaviour HIJ.S obrlBl'vecl for sweep rates up to 

O.21)vs- l for all s-i:;udied ions in different systems 

containing vlI:ter/chlorobenzene - nitrobenzene mixtures. 

The above obBervations reveal the reversibility of the 

ion tr<1nsfer proceBS at 10Vior SHeep rnt<ls, and it can 

be concluded that the transfer process IInS controlled 
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by diffusion. In the concentration range from 10-3 to 

10-4M, the peek potential \7ClS independent of concent-

ration. 

MeRsurements of peak potentials from the voltarnmo­

grams and applica:tion of equntion Q7) yielded the jPla:;.'o­

graphic-half wave potentials (6~1V1f2). By using eq. (8) 

the standard iL::'le:' l,otential differences (6~1Vf) 

Viere obtained for the ions studied in the different 

systems containine; water/chlorobenzene-nitrobenzene 

mixtures. From tho values of 6~1Vf and from equation (5) 

the standnrd GibbroJ energies of transfer of ions vlere 

calculated. 

In equation (8) the diffusion coefficients of ions 

in \7ater and in tht: organic solvent are necessary. 

rJince the diffusion coefficients of ions in the organic 

mixtures are not 8vailable, these l'Iere estimated from 

single ion conductivites in the organic mixtures by 

follorJing the vlork of Coetzee and Ounningham [57], and 

using equation (9) 8S doscribed in the theory part. The 

values of diffusion coefficients are listed in Table 6. 

In those stuclies experiments for the v/nter/nitro--

benzene system were first performed, because for this 

system there are other experimontal volues of 

6G~'~ --> NB from partition (extrnction) experiments 
v,~ 

by Hais [69] and o"i.;her workers [70,71], nnd from 

solubility experiments by Abraham [72J. It seemed 

reasonable to compare the present result with their 
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Table 6. Diffusion coei.:icients of ion" in water (Dw)' 
nitrobenzene (DNE ) and in chlorobenzene -
nitrobenzene mixtures (DCB :NB) in 10-6cm2s-1. 

Dw 1\'13 
DCB:NB DCB : NB DCB :NB DCB:NB DCB:NB DCB:NB 

Ion (2:1) (1:1) (1:2) (1:3) (1:4) (1:5) 

e. b c 

TMA+ 11.9 4.5 8.4 7·3 6·3 5.7 5.4 5.2 

TEA+ 8.70 4.3 7.7 6.9 6.0 5.5 5.1 4.9 

TBA+ 5.20 3.1 5.7 4.9 4.3 3.9 3.7 3·5 

TPAs+ 5.58 2.9 5.3 4.6 4.0 306 3.4 3.3 

Cl04 17.90 4.7 8.8 7·6 6·5 5.9 5.6 5.4 

SCN- 17.50 5.6 1.1 9.0 7.8 7.1 6.7 6.4 

I - 20.50 5.? 1.1 9.1 7.8 7.1 6.7 6.4-

NO; 19.00 6.0 1.1 9.8 8.4 7.6 7.2 6 .. 9 

TPB- 5.58 2.9 5.3 4.6 4.0 3.6 3.4- 3.3 

aC2lculated from conductivity d8.ta reference [64,68J. 
bFrom reference [57J. cCalculated from conductivity data 

coupled to viscosity mensurments done in our laboratory and 
based on the method indicated in reference [57J. 
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~~?J:'? 7. Sclvent properti<Js used in the calculations 
for chlorobenzeno (OB), nitrobenzene (NB), and 

th{)ir mixture8 c.t difforent ratios by volume 

at 25°0. 

Golvont 

CB 

NB 

CB :Im 

2iI 

CI3:l'lB 

1:1 

CB:HB 

1:2 

CB:HB 

1 :'3 

CB:l'lB 

1 : l~ 

CB:NB 

1:5 

Dilectric const­

clllt of "(;118 bulk 

(°0) 

a 

5.70. 

35075 

13.50 

18.00 

23.50 

28.08 

29.00 

(~'rom reference, [73]. 
cl~rom refuronce [54]. 

Viscosity 

l (m poise) 

b 

7.01 

16.40 

.8.80 

10.16 

13000 

13.74 

lll·.34 

,Solvent 

molecule 

radius (I\.) 

c 

2·769 

2·773 

2·769 

2·771 

2·773 

Constants 

m c 

d 

-3.3070 9.: 

-3.2165 10.1[,= 

-3.2616 10.07 

-3.2165 10.18 

UObservod from ow.' experiments, 
d .. 

From reference [62J 

The dieloct:cic constants of nitrobenzene, chlorobenzene, and 

Di:~tures of these tVlO solvents have been published by Daniel 

Decroocq [73J. Since eo does not change linenrly with the 

I:1ixtures compositions, there is small uncertlJ.inty in some of tl··· 

values. 
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dato., so GS to confirm the validity of the present modo 

of calculation. 

Table 8 listB values of lleak potentials (l'\~kvp)" 

half-wave potentials (l'\~~BV1/2)' stando.rd inner potentia} 

( v, 0) differences l'\NBWi' observed and calculated stando.rd 

Gibbs energios of 

( o,w --> system 6Gt 

t;r~Jnsfer f or the vlater Ini tro bunzent) 

NE) o.s obtained by the methods ou:~--_. 

lined in the theory part. The theoretico.l l'\G~ vo.lues 

using the model for fully hydrated ion and nonhydr,-,t;r>rl 

ion in the orgo.nic phase vlOre evnluated using the 

necessnry dato. for the calculations from To.ble 1 o.nd 

Table 70 

It is observed from Table 8 that the l'\G~'W 

values from -the prosent 'ilork llnd those from the 

--./ .. NB 

parti tion experiments reveal reasonable confe c7mi-(;:J j_."J. 

the observed. trond,s. Some of the values are even c'c-,r 

to onch other, and 'I;he differences ore within eXJ.)eri~ 

mental errors. Again there is a fo.ir agreement betwc",,_ 

o,w --> NB -cl1lculated 6G and experimontoJ. l'\G~' ,; ---> 1\3 

0,11 -~> HB + The observe<1. l'\Gt vo.lues of TMA , TEA+, and C! r .... ..,.. 

~..J_: 

ions show that those ions aro pm'tially hydrated. in 

nitrobenzene, and this observation for the first two 

ions is supported by Gerin and Frusco [70J, Tho valuoD 

of TB"\+, C104, and. 1- ions indicate the pJ7m'enCo of -!,l>~ .. v 

ions in tho orgGnic l,h[lse as nonhydratcd ions. 
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Table 8. ;:,tandard Gibbs enerDies of transfer f::'om water to nit.robenzene 
o w --> TIE w 

~Gt:i peak potentials ~I!E~P,i' half-wave potentials 
'w 

~lffilV1f2,i and of standard i=er potential differences ~;I\f~ 

between these phases for various ions. 

Vi 'it! 
~~1f~ o,w --> 1TBJ o,w --> I!E 

~J3Vp,i ~~ 'fli1{2,i ~G , ~Gt . 

r 
,~ 

(v.) (V) (V) KJmol-1 Kcal mol-1 

h a b d I a c e 

TMA+ 0.110 0.082 0.070 6.76 I I 1,.61 0.82 3.30 4.10 -0.14 
m~:\+ 
..I...:.;J.L~ -0.015 -0.043 -0.051 -4.92 1-1.18 -1.36 1.40 1.62 -1~81 
I71B'+ :J. .> -0.215 -0.243 -0.250 -24.13 ~5.77 -5.74 -4.40 -7·08 
TP1.S + -0.30 -0.328 -0.332 -32.04 r7

•
66 -8.58 

CI04 -0.125 -0.097 -0.080 7.72 1.85 1.91 1.45 -3·03 
1.40f 

104 -0.105 -0.077 -0.062 5.98 1.43 1.18 -3·15 
smr -0~205 -0.177 -0.162 15.63 3·74 3.70f!, 6.70 1.02 

I - -0.225 -0.197 -0.181 17.47 4.17 4.49 2.80 3.28 -1.75 

3.90f 

N03_ -0.270 -0.2[,2 -0.227 21.91 
1

5 •
24 4.71L 6.28 0.61 

TPB 0.300 0.3<:8 0.332 -32.04 1-7•66 -8.58 

aThe ;;lre':(;'o:t Eo4pc:ciD:!8r:tal resu~ts. bObserved from partition experiments red' [69J 
unless ino.icc:ced otherwise. Observed from solubility experiments [72J. Calculated 
for llolwyd.rc-ced ~ox:,s in the organic ph~lse. "Calcule,ted for fully hyd.rated ions ij:f the 
or,,:pnic rh;"",,," -Observed from partition exp0r1.l1lents ref. [70J. SFrcm ref.' [2J. "-'From 

-I=' ~~!l -1 _ 
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Bimilnrly iJ.G~'W --> 0 vnlues were determined by 

this method for the syster,w containing water/chloro-

bcnzen~itrobenzen3 mixtul'es. The observed nnd cal­

culntod iJ.G~'W --> 0 vnlucs for these systems are listed 

in Tables 9-14, and all the "'G~'W --> 0 values are 

summarized in Table 15. Theso valuos have beon found to 

be rcproduci'.ble und8r the experimental conditions, nnd 

they fairly agree with the theoroticnl values. 

It can be seen from the voltammogrnm of Fig. 10, 

that the penk potential due to the transfer of C10~ ion 

from the aqueous phase to the orgnnic mixture is shifted 

by about 0.10 V to'.'isrds more negntive potentials 

relative to the peuk potentinl associated with the 

transfer of the ion from 'i"rater to nitrobenzene. ilS a 

rosul t, the stand,~rd Gibbs energy of transfor Of C10~ 

ion from \'Inter to tho 2:1 mixture is more positive by 

2 •. 49 K 1 1-1 th GO,w --> NB 1 f 010- . • cn mo an '" t . . va ue 0 4 lon 

from VIator t;o nitrobenzene •. 

Fig •. 11 depicts the correlntion between the standnrd 

Gibbs energies of "Grallsfer \lith the organic bulk di-

( ) 0 VI --> 0 . electric constant 8
0

, \'I11ere "'G ' _ lS plotted vs 

the reciprocnl of ';;ho dielectric. constant (!;) for somo 
e 

seloctod ions. As shown in the figure thereois no 

linear rolati,")nsh:i.p betvlCell tho two j hO~lCvor, thoro is 

n certain rogular trend which indicetes that as 
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li\ 
li\ 

Ion 

rpM i~ + 

TEA+ 
TBil.+ 
TPAs+ 
010-

4 
I04 
BCN­
I-

N0:3 
TPB-

Tcble 9. .standard Gibbs energies of tronsier from 'ria.ter to chloro­
benzene-nitrobenzene I<li::ture (2:1 ratio by volume) 

bWT,T 
co/pi 
(V) 

0.175 
0.035 

-0.150 
-0.275 
-0.225 
-0.175 
-0.260 
-0.300 
-0.345 

0.275 

bG~:~ --> ° , peak potentials b~VP,i' half-wave potentials 

b~1V1/2,i' and of sta.ndard i=er potential differences b~1f~ 
between these phases for various ions. 

W . 
bo~1/2,~ 

(V) 

a 

0.147 
. 0.007 
-0.178 

-0·303 
-0.197 
-0.147 
-0.232 

. -0.272 
-0·317 
0.303 

bWTIf? 
o'f~ 

(V) 

0.138 
0.005 

-0.177 
-0.306 
-0.188 
-0.140 
-0.225 
-0.264 
-0.309 

0.306 

bGO,Vl --> 
t,i 

KJ mol-1 

13.32 
0.48 

-17.08 
-29.53 
18.14 
13.51 
21·71 
25.48 
29.82 

-29.63 

o( 
I 

! 

bGO,W --> 
t,i 

Kcal mol-l 

a) b c 

3.18 
0.12 

-4.08 
-7.06 
4.34 
3.23 
5.19 
6.09 
7.13 

-7.08 

Lj·.91 

2.10 
-4.46 

2.47 
2.15 
7.91 
4.39 
7.50 

0.59 
-1.41 

-7·1.1 

-2.11 

-2.25 
2.13 

-0.73 
1.72 

a~he :r:resent experimental deta. 
organic phase. cCalculated for 

bCalculated for nonhydrated ions in the 
fully hydrated ions in the organic phase. 
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lI'\ 

Ion 

TMi,,+ 
,+ 

TE.;J, 

TBi1+ 

TPl1S+ 

CI04 
I04 
BCN-
1-

NO; 
TPB-

T.able 10. Btandard Gibbs energies of trClnsfer from vv8,ter to chloro­
benzene-nitrobenzene mixture (1:1 ratio by volume) 

WTI[ 
L.O\pi 

(V) 

0.14-5 

0.030 
-0.155 
-0.280 

-0.170 
-0.165 
-0.230 

-0·300 
-0·34-0 

0.280 

o W --> 0 w 
L.Gt;i ' peak potentials L.oTQ'P,i' half-wave potentials 

L,~WV2,i' and of standard inner potential differences L.~~i 
between these phases for various ions. 

L.~li/2, i 
(V) 

a 

0.117 
0.002 

-0.183 
-0.308 
-0.14-2 

-0.137 
-0.202 
-0.272 

-0·312 

0·308 

L. W~T? 
Oi~ 

(V) 

0.~11 

-0.001 
-0.184-

-0.311 
-0.131 
-0.128 

-0.193 
-0.262 

-0.304-

0.311 

L.GO,w --> ol 
t,i i 

KJ mo1-1 I 
i 

10.71 
- 0.10 
-17.76 
-30.01 

12.64-

12.35 
18.62 
25.28 

29.34-
-30.01 

'-'~"-l 

I 2.56 

[-0.02 
)-4-.24-
I 1-7.17 
1 
, 3.02 

2.95 
4-.4-5 
6.04-

7·01 
-7.17 

L.Go,W --> 0 
t,i 

b 

4-.73 

1.99 
-4-.34-

2.10 
1.80 
7.46 
4-.00 

7.05 

Kcal mol-1 

c 

0.4-4-
;'1.4-9 

-7.16 

-2.4-4-

-2.57 
1.72 

-1.10 
1.38 

aThe present experimental data. bCalculated for nonhydrated ions in 
-thE; organic phase. cCnlculated for fully hydr8ted ions in the organiC 

llha1 e. 
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Ion 

TNul+ 
'f1E1 + _ c 

... 
TBA' 

TPAs+ 
010-

4-
1-.)4-
SCN-
-I 

NO; 
-TPB 

Table 11. Standard Gibbs energies of transfer from water to chloro­
benzene-nitrobenzene mixture (1:2 ratio by volume) 

~w¥ o .pi 
(V) 

0.140 
0.025 

-0.175 
-0.285 
-0.14-5 
-0.14-0 
-0.220 
-0.230 
-0.320 

0.285 

0, w --> 0 k t . 1 w . 
~Gt,i ,pea po entla s ~o'p,i' 

'r half-wave potentials ~~TJ,/2,i' c.nd of standard 
innet potential differences ~~l~ between these phases for 
various ions. 

VI ~Wlf? ~Go,v: --> 0 0,1'1 --> 0 ~oW1f2,i ~Gt . o l t,l ,l 
(V) (V) KJ mol-1 Kcal mol-1 

a I a I b c 

0.112 0.104- 10.04- 1 2.4-0 4-.56 2.05 
-0.003 -0.008 -0.77 -0.18 2~03 -1.4-2 
-0.203 -0.205 -19.78 -4-·73 -4-.07 -6·73 
-0.313 -0.317 -30.60 -7.31 
-0.117 -0.104- 10.04- 1 2.4-0 1.91 -2.60 
-0.112 -0.102 9.84- 2.35 1.62 -2.72 
-0.192 -0.182 17.56 14-·20 7.38 1.50 
-0.202 -0.190 18.34- 4-.38 3.77 -1.29 
-0.292 -0.282 27.21 l6.50 6.80 1.09 

0·313 0.317 -30.60 , 7.31 , 

aThe present experimental data. b'Calculated for nonhydrated ions in the 

organic phase. cCalculated for fully hydrated ions in the organic phase. 



Ion 

TNJiJ. + 
TE.A+ 

co TBJ..+ 
Lf\ TPiJ.s+ 

CI0;' 

10;' 
SC}T-
r-
NO-

\~ 3 -TPB 

T.acle 12. Standard Gibbs energies of transfer from water to chI oro­
benzene-nitrobenzene mixture (1:3 ratio by volume) 

o 'W --> w 
~Gt'· , peak potentials ~oW ., half-wave potentials ,l pl 

~ wm~V·2 . and of standa.rd inner potential differences ~wW~ o V', , l 0 l 

between these phases for various ions. 

'W ~wW ~wV? o,w --> oJ ~Go,,, --> 0 ~oWpi ~Gt . o '1j2,i o l ,l t,l 
(V) (V) (V) KJ mol-l . Kcal mol-1 

a 

t~;: I b c. 

0.110 0.082 0.073 7.04- 4-.4-1 1.91 

0.015 -0.013 -0.019 -1.83 1.90 -1.55 
-0.180 -0.208 -0.212 -20.46 -4-,;89 -.4-.19 -6.85 
-0.295 -0.323 -0.329 -31.75 -7.59 
-0.135 -0.107 -0.093 8.97 2.14- 1.76 -2.75 
-0.130 .... 0.102 -0.090 6.69 I 2.06 1.4-8 -2.86 

-0.125 -0.187 -0.175 16.89· 4-.04- 7.21 1. 34-
-0.225 -0.197 ·-0.183 17.66 I 4-.22 3.61 -1~Lj.Lj. 

-0·310 -0.282 -0.270 26.06 
, 

6.23 6.63 0.93 1 
0.295 0·323 0·329 -31.75 ! -7·59 

• 

a!I'he present experimental data. hCalculated for nonhydrated ions in the 

0rg,nic phase. cCalculated for fully hydrated ions in the organic phas< 
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Ions 

TMA+ 
TEA+ 

TBA+ 
TPAs+ 

Cl(,;:' 

10;:' . 
SCN 
-I 

NO;_ 
TPB 

Table 13. Btand"rd Gibbs energies of transfer from water to ch1oro­
benzene-nitrobenzene mixture (1:4 ratio by volume) 

~wW o pi 
(V) 

0.110 
C.005 

':'C.195 

-(;.295 
-0.135 
-0.130 
-0.215 
-0.225 
-0.270 
0.295 

o,w --> 0 _ w _ 
~Gt ; , peak potent~als ~ ~p -, half-wave potent~01s 

,~ 04 ,~ 

~ w-W1V2 - , Dnd of standard inner potential differences. o. ,~ 

~w~~ between these phases for various ions. 
oY~ 

l 

w ~wW? ~Go,w --> 01 ~Go,w --> 0 
~oWv2,i o·~ 

KJ mOl-I! 
't , t 

(V) (V) -1 Kca1 mol 

a a b c 

0.082 0.0',72 6·95 f 1.66 4.34 0.06 

-0.023 -0.030 -2.90 !-0.69 1.84 -1.61 

-0.223 . -0.227 -21.91 -5.24 .. 4.25 -6.90 

-0.323 -0.329 -31.75 -7.59 
-0.107 -0.092 8.88 2.12 1.69 -2.81 

-0.102 -0.090 8.69 2.06 1.41 -2.92 

-0.187 -0.175 16.89 4.04 6.97 1.25 

-0.197 -0.183 17·66 4.22 3.54 -1.58 

-0.242 -0.230 22.20 5·30 6.55 0.86 

0.323 0.333 -31.75 -7.59 

a'~he present experitlental data • bGalculated for nonhyc'crated ions in the 

orgcnic phase. cCalculated for fully hydrateQ ions in the organic phase. 
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TMA+ 
TE.A.+ 
T -+ ' B.H .. 

TPAs+ 
010-4 
104 -SON 
-I 

N0:3 
TP:!ir 

Table 14. Standard Gibbs energies of transfer from water to ch10ro­
benzene-nitrobenzene mixture (1:5 ratio by volume) 
~GtO,~ --> 0 , peak potentials ~ww _, half-wave potentials 

,~ o~p~ 

~ WTlT1:12 -, and of standard inner potential d.ifferences ~ wW? 
0", ,~ 0 ~ 

between these phases for various ions. 

I 
W ~ W1!! ~WW? o,W --> 01 ~GO,w --> 0 

6 0Wpi ~Gt -0·1f2,i o ~ ,~ til: 

(v) (v) (v) KJ m01-
1 I -1 Kea1 mol 

a b. b e 

0.100 0.072 O.O~l 5.89 t 1.41 4.31 0.05 

0.005 -0.023 -0.030 -2.90 -0.69 1.80 -1.64 
'. 

-0.215 -0.243 -0.248 -23·93 
j 

-4.28 -6.92 1-5 •72 

-0.295 -0.323 -0·330 -31.85 \-7. 61 

-0.125 -0.097 -0.082 7.91 I 1.89 1.66 -2.84 

-0.130 -0.107 -0.094 9.07 I 2.17 1.38 -2·95 

-0.200 -0.172 0.159 15.34 6.93 1.23 ! 3.67 
-0.225 -0.197 -0.182 17.56 4.20 3.50 -1.54 

-0.270 -0.242 -0.229 22.10 ! 5.28 6.51 0.82 
r 

0.295 0·323 0·330 -31.85 i -7.61 , 

aThe }resent experinenta1 data. bOa1cu1ated for nonhydrated ions in the 

0rganie phase. eOa1eu1ated for fully hydrated ions in the organic 

h:: se. 
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~l:~_15. Standard Gibbs energies of transfer from Vlater 
to chlorobenzene (CB)-nitrob8n~ne (NB) mixtures 

Go,W --> 0 ' 1-1 k d' , t:. t,i ~n Kenl mo and bul ~electr~c 

constants of tho mixtures (ratio by volume). 

Ion CB:NB CB:NB CB:NB CB:NB CB:NB CB:NB NB 
2:1 1:1 11 :2 1:3 1: 4-, 1:5 

TMA+ 3.18 2.56 2.4-0 1.68 1.66 1.4-1 1.61 
TEA+ 0.12 -0.02 -0.18 -0.44- -0.69 -0.69 -1.18 
TBA+ -4-.08 -4-.24- -4-.73 -4-.89 -5.24- -5.72 -5.77 
TPi\.s+ -7.06 -7.17 -7.31 -7.59 -7.59 -7·61 -7.66 

0104- 4-034- 3.02 2.4-0 2.14- 2.12 1.89 1.85 

104- 3.23 2.95 2.35 2.06 2.06 2.17 1.4-3 
BCN- 5.19 4-. Lf5 4-.20 4-.04- 4-.04- 3·67· 3.74-
I - 6.09 6.04- 4-.38 4-.22 4-.22 4-.20 4-.17 

N0'3 7·13 7.01 6.50 6.23 5.30 5.28· 5.24-
TPB- -7·06 -7.17 -7031 -7.59 -7.59 -7.61 -7.66 
8

0 
13.50 18.00 23.50 26.50 28.10 29.00 35.7 

~B 0.332 0.4-98 0.666 0.74-9 0.800 0.833 1 

Where €) 
° 

= bulk dielectric constant at 25°C 

XNB = mole fraction of nitrobenzene 
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thti . organic sol vent polarity clecre ases, the standard 

Gibbs energy of '0r"nsfer becomes more positive and vice 

versa. This experimental observl'tion can be rationalized 

according to [66J on the basis of electrostatic models 

for the solvation of ions, which states that the Gibbs 

energy of solvation increases (becomes more positive) 

with decreasing diolectric constant of tho organic 

media and honce tho Gibbs enorgy of transfer becomes 

more positive. The deviation from linearity can be 

attributed -to the fact that the stnndard Gibbs energy 

of transfer consists of additive contributions from 

the nonelectrostatic interactions of the ions with the 

organic solvents, and these eft'ects 170uld not alloVi one 

to obtain linear correlation. 

In general "the TPAsTPB assumption", and the emp-

10Y11ent of TPilsTPB as bHse electrolyte in the organic 

phase make voltamlllotric determination of standard Gibbs 

energies of transfer independent of the application of 

an internal standard. Thus voltnmmetric method with 

this baso electrolyte, and Vlith its assumption is direct, 

accurate, and satisfactory method for the measurment of 

standard Gibbs cmeX'gies of transfer. In addition to that,; 

the modified form of the Born equation of Abraham and 

Liszi [~;A] exploins satisfuctorly the sol vlltion of ions 

and pr·edj.cts well 6G~ values Hhich can be justified by 

experimental resul"l;s. 
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5. Conclusion 

DC and iW Cyclic voltmnmetry have been used for the 

determination of standard Gibbs energies of transfer of 

anions and c2tions across immiscible electrolyte 

solutions. These techniques huve been foupo. to yield 

resul ts in agreement vii th those obtained employing other 

methods. Studies of ion transfer across such solutions 

had so far been made for the wnter/nitrobenzene and 

wnter/l,2-dichloroethane systems, ~llld the present work 

has extended these studies to other immiscible olectro­

lyte solutions, namely wnter/ncetophenone and wnter/ 

nitrobenzene-chlorobenzene. The choice of these systems 

VlHS bnsed on relatively high electrical conductivity of 

electrolytes in the organic solvent, relatively high 

dielectric constant oT the organic solvent, low misci­

bility with water, and the posibility of systematically 

increaoing the dielectric constant of the organiC ' 

solvent using different ratios of structurally similar 

(but, polari ty-viise, different) organic solvents. 

From the studieo made on these systems, it has been 

poosible to observe regular trends in the values of the 

standard Gibbs onergies of transfer of anions and cations 

across ,immiscible electrolyte solutions as a function of 

the dielectric COn[,tFmt of the organic solvent. 
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