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Abstract

The transfer of ioﬁs across the water/acetophenone
interface has been investigated by ac cyclic vollammetry,.
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 volbammograms.

The reversibility of the ion transfer across the water/
acetophenone interface at low sweep raties has also been
further ewsbablished by using the de¢ 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 vaglues for this systemn,

Such studies of ion transfer have been extended
for the water/nitrobenzene and water/chlorobenzene~-nitro-
benzene mixture systems uging de 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
syaten are in very good agreement with those calculated
from partition (extraction) experiments by other
workers. Atvempts have also been nade o correlate
standard Gibbs energies of transfer with the dielectric

constants of the organic mixtures.




1. Introduction

Electrolysis at the interface of two immiscible
electrolyte solutions (ITIES) was recently developed as
a new electroanalytical method [1,2,3). 1In contrast to
the study of the metal/electrolyte solution interface,
investigation of the polarization of two immiscible
electrolyte solubtions has been comparatively small in
gscope. However, studies of such systems may be used to
enlarge the field of analytical voltawmebtric methods,
and at the same time may serve as a very simple membrane
model. Therefore elecfrolysis at ITIES can provide
ugseful information for understanding the processes
occuring at bilological membranes, as well as, for asse-
sging the selectivity of liquid-membrane lon 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 quoted in Ref. (2] were
the first fo investigate the electrolysis at ITIES with
the ssame 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. 7Their study

was based on chronopotentiometric method.
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For several decades investigstions of ITIES were
restricted to the study of equilibrium potential
differences between aqueous and organic phases in con~
tact in the presence of various electrolytes. Bauer
and Kronman [#4] made e.m.f. measurnents across ITIES by
adding a picrate or sbtrychnine salt in the aqueous phase.
The results obvained characterized the potential
differences as ionic adsorption potentials. Other
potential difference measurements were made at the
Jjunction of the intact surfaces of plants and aqueous
salt solubvions [5), and the observed results made élear
some bioelectric phenomena. Himilar e.m.f. study bj the
same worker [6] at ITIES showed the dependence of the
e.nnaf. on the partition coefficients of salts dissolﬁed
between wabter and the organic liquid. I .Sner and othérs
[7:8,9]} carried out further e.m.f. measurments across
ITIES. A thermodynamic trestment of these results was
made by PBonhoeffer et al. [10}, who made experiments a¥b
the interface of guinoline/water and determined the
"0oil membrane potential” for various concentrations of
quinoline~HCl and LiCl. ¥rom these results an analogy
was drawm between this system and an'ipn—exchange med ium,.
Sinilsr systemns vere also studied by Karpfen and Randles

{111, and by Boguslavsky et al {12,13].

A change in the interfacial tension of ITIES in

the system of cetylirimethylammonium bromide in water




.—5._..

and nitrobenzene was observed by Guastalla [14,15,16417]
during the flow of current across the interface. He
called this effect electroadsorpbtion and assumed that
it is caused by the electric field arising at the
electrode during current flow. Watanabe et al [18,19]
obtained electrocapilliary curves for oll-waber systems
containing surface active agents by applying "electro-
static voltage" and observed the change in the inter-
facial tension with the anions and cstions present in
the systems. Dupeyrat and Michel [20,21] did experi-
ments concerning the mechanism of electroadsorption at
the water-~nitrobenzene interface, using octadecylitri-
methylammonium bromide, and picrate. They drew a con-
culsion that the varigtions in the interfacial tension
ag a function of applied potential could not be
explained only by electrocapillary adsorption. Blank
{22] studied the effects due to the flow of current
across a waler/nitrobenzene interface in the presence
of a catbtionic surface active agent and analyzed the
interfacial tension data, using the Nernst-Riesenfeld
approach. He showed that the effect of electroadsorption
wag exclusively due to the accumulation or depletion of
surface active electrolytes ab the interface, which
depended on the concentration of ionse in both phases,
the current and the transport numbers. A simila?

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




the system water/nitrobenzene in which cetyltrimethyl-
ammonivm 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 analygis. d'Epenoux

et al [25,26]) also did sinilar investigations, and
accounted for the variatvion of the interfacial tension
under galvanostatic condibvions as related to the change
of the ionic concentration in the interfacial layer due
to the ion transfer between the two immiscible

solubtions.

The electrical phenomena of the current-potential
relationship at ITIES was investigated in much detail
by Gavach and co-workers. These authors studied the
polarizability of ITIES during current flow in the
pregence of KClL in water and tetramethﬁlammonium
pilcrate in nitrobenzene [27) using the technique of
chronopotentionetry. The over potential of ITIES was
studied [28,29,%0,31,%21, by decomposing it into the
ion transfer overvolitage and the diffusion overvoltage.
Using the same method they determined kinetic para-
meters for the transfer of tetralkylammonium ions from
water to nitrobenzene [%3]. They calculated the kinetic
parametergs of transfer for bromide ion across the water/

nitrobengzene interface from experimentally obtained
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curves [34]e They extended the classical {reatment of
the double layer and measured the interfacial tension
for the water/nitrobenzene tetralkylammonium bromide
systens [35]+ They also investigéted the structure of
the double loyer of similar systems. To prove reversi-—
bility of the transfer processg, chronopotentiometry with
current reversal has also been employed by Homolka et al
£56]. The chronopotentiogramns obtained by Gavach and
co-vorkers [29,30] coumpletely resemble those recorded

with a mercury electrode in agqueous solutions.

An electrolyte dropping electrode (EDE) [37] was
designed and used for polarographic investigation of
processes at ITIES. Current-potential curves (polaro-
grams) were obtained for NaBr and tetrabutylammonium—
tetraphenylborate base electrolytes in the agueous and
in the nitrobenzene phase respectively using tetraocthyl-
ammonium cation as the ion to be investigated., Distinct
polarographic waves, however, could not be found. The
sane method was exbended [38] and various base electro-
lyte systems woere studied for better S-chaped polaro-

- graphic curves. However, the limiting currents were
found to be higher than those predicted by the Ilkovic
equation. Other workers [%9]) showed the foasibility of
polarography using the EDE for guantitative analysis
by eliminating the ohmic potential drop which was the

cause for the disbtortion of the polarograus.




Suppression of polarographic maxime by the addition of

a surface active substance was also reported [40].
Vanysek [41] used the method for invesbigation of
transfer of anions scross the water/nitrobenzene inter-
face using crystal violet as the base electrolyte in the

non-—agqueous phase,

ITIES has also been investigated using cyclic
voltammetry. Samgs et al {42]) demonstrated that the
method of cyclic voltammebry with four-electrode system
would give a clear picture of the charge transfer
processes across ITIES by using 0.01H LiCl in water and
0.05M btetrabutylemmoniuwdetraphenylborate in nitrobenzene.
The polarizabtion curves indicated the transfer of tetra-
butylammonium cation from the nitrobenzene to the
agqueous phase and the reverse curves showed the transfer
to the non-agueous phase. In another communication
{4321, the method was employed for the investigation of
¢S and tetralkylammonium ions bransfer across the waber/
nitrobenzene interface by using a positive feedback for
the elimination of the ohmic potential drop with four
eglectrode systeme The standard inner potential
differences and kinetic parameters were deduced for the
studied ions. For an electron transfer reaction across
ITIES useing the svationary Nernst-diffusion layer
treatment, the relationship between the current and the

lnner potential difference across water/nitro-
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benzene interface has been derived and analyzed [44],
Using this formulation electiron transfer between hexa-
cyanoferrate(III) in water and ferrocene in nitrobenzene
was investigated [45] by cylic voltammetry with four-
olectrode system. Qualitative interpretations had heen
given based on the theory of the stationary current-
potential curve worked out in (443, However, quanti-
tative analysis of the results were not possible. The
method was found to be also suitable for facilitated
cabion transfer in the presence of macrocyclic complex
formers {ionophores) in the organic phase [%6}, for ion
transfer-across the water/l,2~dichloroethane interface
[46.47]), and for studying the transfer of gstrong hydro-
philic anions, by employing crystal violet tebraphenyl-
borate which would widen the useful range btoward the
negative potenbisl {48]. The technique of ac-cyclic
voltammetry has been applied to the study of ion
transfer across the water-nitrobenzene interface [49].
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]3.

As can be seen from the above, in all the various
électrical technigues employed for the investigation of

ion transfer processes across ITIES, the most often used




solvent is nitrobenzene. Only 1,2-dichlorocethane and
few other solvents like l-phenyl--l-propanone {propio-~
phenone ), 4-isopropyl-l-methyl-2-nibrobenzene (2-nitro-

p--cyanene), and 4-nethyl-2-pentanone (methylisobutyl-

ketone) [2,46,471 hsve becn tried with sv  .us, 5 dig
due to the restrictions imposed on the organic solvent
for such system. The requirements for the choice of

the nonaqueous solvent are:

1. ©The solvent wust dissolve only 4 small smount
of water, since otherwise the base electrolytes
cannot be confined to their respective phases
and no suitable potential range for polari-
zation of the interface would be found.

2. The solvent should be sufficiently polar (with
mwinimum relative perunittivity aboot 10) to
salfeguard sufficient conductivity of the non-
agueous phase.

It should differ considerably rom watilr in itz

LGN
a

density so that a stable interface could be

found. -AS a result, the standard Gibbg ‘
energles of tramsfer for various ions from water

to nitrobenzene and from wabter to 1.2-dichloro- ‘
ethane only have been reported so far using the

electrochenmical technigues. ‘

Abraham et al [51,52]1 have determined the standard ‘

Gibbs energies of transfer QaGg) for single ions from
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water to dry l,2-dichlorocethsne and to lsl-dichlorethane
from solubility and calorimeiric measurmentss Partition
data. for quabternary ammonium salts in 1,2-dichloroethane
plus water system have been extrapolated by Czapkiewics
and Czapkiewecz-Tutaj [5%] to zero concentrations to
yield the limiting partition coefficients of electro-
lytes from partition experiments., Values of standard
Gibbs cnergies of transfer for cations and anions
obtained from these experinments (AG%) vere compared with
the solubility data of Abraham et al (51,52}, These

two results revezled reasonable conformity in The
observed trends and some of the values were ildentical
even though those derived from partition deta were for the
transfer of ilons in a mutually saturated two-phase
system. This was not the case for wvalues reached
through the measurement of the solubility of the salts
in pure water and pure organic solvent, Recently
kbraham and Liszi [54] calculated standard Gibbs
enorgies 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 was shown
that for the solvent systems water/l,2-dichloroethane,
dichloromothaney chloroform, O-dichlorobenzene, chloro-

bensgsne, and nitrobenzene there wus good agreement
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between the calculated AGE values and the observed
standard Gibbs energies of transfer for partition of
1ons, AGgo However, for organic phase in which water
was quite solubley for exsmple l-octanol, l-pentanol,
ethylacetate, and methylisobubtylketone, the calculated
AGE values were always more positive than the observed
partition values AGg. This effect was explained as due
to hydration of the ions in the wet organic phase. It
has been concluded that AGE which refers to the transfer
of ions between two pure solvents concerned cannot be
identical to AGIO) which refers to the partition of ions
Petween waobter saturabted with the organic phase and the
organic phase satursted with water, in which there is
the possibility that the ions are extracted into the
organic phase as hydrated entities. The theoretical
calculations therefore night provide useful information
as to the state ol the dissociated ions in the wet

organic solvente.
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2. Theory

The electrochemical behavior of the interface of
two immiscible electrolyte solutions (ITIES) 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 ligquid and when the
aqueous phase conbains a strongly hydrophilic electro-
lyte (e.g L12804) and the organic phase a strongly
hydrophobic electrolyﬁe like tetrabutylammonium tehva-
phenylborate, then the properties of the ITIES become
completely analogous o those of a polarizable
electrode. On the obther hand if there is sufficiently
large concentration of ions with high exchange rates
present in both phasess the ITIES behaves like a non—

polarized electrode.

In a system congisting of water (phase o) in
contact with an immiscible organic solvent (phase B)
and containing an ion i of charge 7, which is tran-—
gsferred 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 ag that in phase p. That is

By =R (1)
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on

- N | o4 \ ;
p0'% 4 RE In af + 2F U} = pdP ¢ RD 1n &b 4 zF Y (2)

where pg’a and pg’p ~ are standard chemical potentials
of the ion 1 in phase o and .

o N : ;o
8, and a& are bthe activities of the ilon i in !

phase o and [

wg and. ﬂ? are the inner potentials of i in the
respective phases.
From equation (2) the inner potential difference
between o and § is described by the folliowing equabtion

as

0313 - 040 {3
O B M My RT 1n al
oy = Yy - U = + ! (3)
yA Zor 8,
where A%Wi is the inner potential difference between
phase o and phase [re
Equation (3) can be written in the form
o B
0 RY %4
A = ANFs + % In (e=-) (4)
%Wi %ﬁl 7P (ag _
where
00 Oyp _ 0y A
ALYy = (py n;") JIE (5)
_ O 40 —— ﬁ
= L85
ZF

and AGE’% ——> B 45 the standard Gibbs energy of
k]
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trunsfer of the ion i from phase o to phase . A%Wg 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 immer potential difference can be
obtained experimentally (from voltammetric or chrono-
potentiometric messurements). The transfer of ions
across ITIES studied by cyclic voltammetry follows
formally the same laws as those governing the electron
transfer at the metal/electrolyte solution interface.
At lov sweep rates the ions btransfer is diffusion
controlled, hence the current response of the system
to a triangular potential signal can be treated like a
reversible electron transfer reaction (55,56]. Thus

the current potential relationship is given by the

equation
i = g2/ 2Fac?ﬁ7 22 X (at) (6)
where A = area of the interface (cm2)
C? = bulk concentration (mole am™2)
V = sweep rate (volt sec™)

¥ (at)= current function (Its values are tabulated
by Nicholson and Shain {561]).

The cyclic de voltammetric peak potential (A%@P‘i) for
]
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ion transfer at 2980k is related to the polarographic

half-wave potential (quvg i) by the relationship
)

04 84 + 000285
A L3 - A 3 . — A r—arr———
piec) = %%z - T 7
(+) stands for the positive electrical current peak
potential and (-) stands for the negatbtive electrical
current peak potential., Azqve,i ig in turn related to
the standard - 4pner potential difference by the

equation

A%gvg,i - A%qg (&)

Vg_
E@ In ‘ Y

‘P Q PTT

\—’"D?

1Y

1§, DY are diffusion coefficients and Yi, YF are the
activity coefficicnts of the ion i in the two phases «
and B The activity coefficients of the don i in the
two solvents can be calculated by the extended bebye—
Huckel Law, Yor fairly dilute solutions, the term
(YS/Y?) may be teken as unity. The error arising from
this assumpbion is very small and approximated to be
about 0.6 KJ mol™T [(471. The diffusion coefficient of
the ion i in a given solvent may be obtained using the
relationship

PRAY
. - 9
Dy = U RT (9)

e
/25 /3

u
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Where, ﬁg_& 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 tetraisocamylammonium tetraisoamyl-
borate as a reference electrolybe, and assunming 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 acetonitrile, nitromethane and indirectly for nitro-
benzene, From eq. (8) A%@i can be obtained and from

eq. (5) AGEE% —> P can be calculabted.

Alternatively one can obtain A%ﬁvgg from ac cyclic
experiments using the theory of ac cyclic voltammetry
[58,59)}s Based on this theory, for completely re-
versible ion transier process the forward and reverse
de scans should yield overlaping peaks in the plot of
i (86) vs A%Wdo’ passing through a meximum ab Angg.

In addition %o the overlap of forward and reverse peaks,
the half-peak widith is 90 mv regardless of the sweep
rate, if the system behaves reversibly. Bul, if the
ion transfer process itself is rate determiningg'the
peaks observed in the forward and reverse scans will

not overlap ag in the reversible case.

The standard Gibbs energy btransfer of an ion i in
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pure solvents o and p is given as the difference of
gtandard Gibbs energies of golvation of 1 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 ave nutually saturated in partivion
experiments &Gg,i values obbained by this method would
not be exactly the same as those calculated from solu~
bility experiments in which the solvents are dry and

free from each other [53%,54].

However, AGg,i of individual ions are not aceocasihble
to a direct measurment (from solubility or partition
data), and to make possible bvheir quantitative debter-
nination possibley an extra thermodynamic assumption
must be made. Very often the "tetraphenylarsoniumbetra-—
phenylborate (TPAsTPB) assumption! which states that the
standard Gibbs encrgies of transfer of tetraphenyl-
arsonium cation and tetraphenylborate anion are equal
for any pailr 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 benwzene rings with the solvent is the
-same for bhoth ionic species. Thus, the game standard
Gibbs enecrgy of transfer from an arbitrary solvent o o

another solvent B can be attribubed to both ions [61].
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Ol w3 {3 040 ~=-> 13

t,meae® = A0 mpy~ = Y2 Gy Y (22D

aG 4, T PASTER

On the basis of this assunption a scale for standard
(ibbs energies of transfer of ions from one solvent to
the other onc can be obtained., For example, when this
gquantity is to be determined for the iodide ilon from
Tatition expoeriment, it is sufficient to determine

OQC(‘ ”"t}ﬁ 1
AGt “ Ffor TPAsTEB and for TPAsI between the two
solvents. The result for 1 he iodide lon is given by

the relationship

Oa0 —==> i 040 == [ 040 wem> 13 ¢
AGL T =BG mpagT Ve AGY mnieen (1)

In wvolbanmetric experiments, the TUASTPB assumrption
can be employed in order to get absolute wvalues for the
standard ; ~tentlal difference for ion transfer nro-
cesses. If TPASTPB is used as the base electrolyte in
the organic phase and LiQSOq or LiF in the aqueous
phase, the voltammogram will Le limited at negative

* from the organic

potientials by the transfer of TRis
phase to WHtér and back Lo the organic phase, at
positive potentials by the transfer of TPB from the
organic phasc to water and back to the organic phase.
From the initial psrt of the potential current curve
related to the trensfer of these two ions A%Ege(TPﬂS+)
and A%EVECTPB") can be obtained. Then the zero point

of the potential scale is fixed by
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ol + o -
(AbEVQTPAS + épEngPB ) - AgE - Ag@ - 0 (12)

2
Thus the assumption helpé for the transformation of the
actual potential scale into the A%Wi scale.

Theoretically AGY’Y
4L

> B can ve estimated from
the standosrd Gibbs energics of solvation of the ion i

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

AGO Y -—> B _ AG;
Y

o} -
6,1 " 80,5 (13)

i

AGg i is the standard Gibbs energy of hydration of an
k)

C

8,4 is the standard Gibbs energy of solvation ox

ion. &G
the ion i in the organic solvent and is gplit inte an

electrostatic term and a neutral torm,

0 LY O -
- 1
aGy = AGL, + AG) . (14)

The electrostatic term, AG23 ig approximated from a
nodified form of the simple Born equation, and is
expressed for nonhydrated and fully hydrated ions in

the organic phasc.

AGgl for ions nonhydrated in the organic phase,
refers to an ion of radiﬁs a and dieleciric constant
Gi'= 1 which is surrounded by a solvent layer of
thickness-(b ~ a) and dielectric constant 819 imm -

reged in the bulk solvent of dielectric constant Goo
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O N
Aﬁel is given as

860 = 166 [(-2 - 1) - ) 43 - 1) &) ()

Sl a b CO b.

In which Gl = dielectric constant of a local
solvent layer surrounding the ion, and has been fixed

to have a value of 2.

It

&

o the known bulk dielectic constant of the

organic solvent.
a = lonic radius of the ion

b = the thickness of the local layer (solvent
molecule radius) plus the ionic radius of the

ion (AGgl is given in kcal nol™ 1),

AGgl for ions fully hydrated in the organic phase
can be calculated using a model in which a fully hy-
drated ion in a wet organic solvent is surrounded by a
layer of water molecules. As usual, the first electro-
static layer is taken as having €1 = 2 and as having
as Yhickness the radius of the solvent (i.e., woter)
molecule, (b - a) = L.5538. ©The second electrostatic
layer will also be water; since the total water layer
will be of thickness equivalent to the diameter of a
water molecule, %,1061, and will again have a thickness
1.553R%, denoted as (¢ - b). Using the Onssger equation

£741 the dielectric constant in the second electro-




gatatic layer can be estimated, and is found to be Gm
= 29; outside the socond electrostatic layer is the
bulk solvent with € = €, Thus AGgl for fully hydrated

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

8Ggy = 266 [(~—= - 1) (- - ) 4 (= - 1)

Gl 2] b Cm
(e ) (- - 1) (16)
b. c Go ¢

The neubtral term AGE’ is regarded as the standard
Gibbs energy of solvation of a nonpolar solute of the
same size as the ions in guestion. For ions of radii
less than or equal to Bﬁ, the neutral contribution is

given by equation (17).

AG; = ma + ¢ (177

mn and ¢ are constants the values of which are known for
soveral solvents [62]. They can be estimated experi-
mentally at standurd states for a given solvent as the
glope and intercept from the plot of standard Gibbs
energies of solvation of nonpolar solubes vs the radii
of the soluteg. Tor a > 53, AG; can be obtained using

the data collected by Abraham [63].

Calculation of AGgl and AGE enables values of AGg

to be obtained. Application of equation (1%) then

§ A >
i

enables AGg & to be found for lons whose standard

Gibbs energies of hydration are known.
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4. Experimental

%3.1. Chemicals srd Preparation of Reagents

Acetophenone (Analar, BDH), Nitrobenzene (Analar,

BDH), Chlorobenzene (Hopkin and Villiams), Li,S0, (BDH),
1«:010'4 (BDH), KC105 (BDH), KIO, (BDH), KNO, (BDH), KI
(BDH), BH,SCN (BDH), Tetrabutylammonium Chloride,
PRBACL (Fluka), Tetraethylammonium bromide, TEABT (BDH) »
Petramethylammoniun bromide, TMABr (RBDH), Sodiumtetra—
phenylborate, NaTPB (MERCK), Tetraphenylarsonium Chlo-
ride, TPAsCl (Fluka), Crystalviolet chloride (BDH),

were used as such without further purification.

Crystalviolet tetraphenylborate (CVIPB) was pre-~
pored by mixing eguimolar amounts of crysbtalviolet
chloride and the sodium salt of tetraphenylborate, both
dissolved in methanol. After evaporating the solvent,
the CVIPB was extracted with benzene and precipitated
from the benzene solution by addition of n-hexane. The
melting point of the violelt powder obtained was found
to be 114 -~ 11500. Tetraphenylarsonium tetraphenyl-
borate (TPAsTPB) was prepared by mixing an aqueous
solution of tetraphenylafsonium chioride with an
aqueous solution of sodium tetraphenylborate. The white
precipitate, tetraphenylarsonium betraphenylborate was

recrystallized twice from acetone (Analar).




- P2 .

0.01M CVTPB and 0.01M TPASTPB solutions were used
independently as the base electrolytes in the organic
solvents, whereas 0.01M L12804 vas used as the base
electrolyte in the aqueous solution. CVIPB was employed
in the organic phase as the base elecirolyte in order
to extend the potential range towards the more negative
pobtentials [48], whereas TPAsSTPEB was used ﬁainly to fix
the zero of potential. ¥ollowing the usual sign con-
vention, the transfer of cations from the organic phase
to water is indicated by a negative current, and for
the transfer of anions from the organic phase to water
is shown by a positive current. The current reported
in the graphs are total currenits, not normalized to

unit area.

Stock solutions were prepared at a concentration
of 0.0lM for all the studied electrolytes, and were
diluted with redistilled waler as necessary, lmme-
diately prior to use. In all experiments, the organic
and the agueous phase were equilibrated with each other
before uses. The measurments were made at a laboratory

temperature of 22 & 19C.

3¢2s Cell isrrangement

The electrochemical cell which was employed for

the studies was similar to that used by Samec et al [43],
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and is shown in Figure l. For both ac c¢cyclic and de
cyclic voltammetric investigations, the electrochemical
cell conbained four-electrodes. Two electrodes, Rl and
R2, serving as the reference electrodes in the aqueous
and orgsnic phase respectively, were inserted as closely
as possible o each side of the interface in order to
eliminate the IR drop in the systemn. Rl was Ag/AgCl/
salburated, KGl agueous, sepafated from the test solution
by a glass tube having a glass frit at the tip and con-~
taining 0.01M Li,g80, in gelatin. R, was Ag wire dipped
in the organic phase. The platinum auxilary electrodes,
Al and Aa, for thc agueous and organic phase, respect-—
ively, were immersed iﬁ 0. 011 Lizsoud A2 was separated
from the organic phase using 0.01M L12804 in gelatin
conbained within a tube having a frit at the tip. The
¢ross sechbion area of the interface was 0.3%% omgo

Schematic represcuntation of the interface is given as

follows.
}
ORGANIC PHASE AQUEOUS PHASE
- ) - ~
RYR7, 107°M A*B7, © < 1077
2

Ti580, 107°M

ITIES

where ATRT, is any test clectrolybe and R'R™ is the

organic base electrolyte (CVTPB or TPASTPR).




%9%e Electronic Set-up

The block diagram of the electronic set-up used for
the ac cyclic voltammetric experiments is shown in Fig.
2. 1In these experiments a four-clectrode potentiostat
(constructed and made available by courtesy of the
bepartment of Chemistry, of the University of South-
ampton) with automatic IR compensation was employed.

The superimposed sinusoidal potential was of magnitude
AE = bmv peak to pesk and was fed from a frequency gene-
rator (Tektronix FG 501). The current output of the
potentiostalt was connected to the input of a lock-in-
analyzer (PAR Model 5204) which was used for the con-
tinuous measurment of the inphase component of the ac-
current. The voltammograms vere observed using a
storage oscilloscope (Tektronix Model S441) and an X-Y

recorder (Philips PM 8041).

For the dc¢ cyclic voltammetric experiments, the
gsane pobentiostat wag used. The triangular voltage
ranp was generated using the MP - 1502 Electroanalyzer
(McKee Pedersen Instruments). The current output of the
potentiostat was connected directly to the storage

ogeilloscope and XY recorder.
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PR

Results and Discuss,on

i

401s Deberminafion of the Standard Gibbs ¥nergies of
A3

Transfer of Jong in the Water/icetophenone Systen

In these studies ion transfer processes for the
water/acetophenone system for various ilons of con- !

4M in the aqueous phase have been

contration 5 x 10
investigated at low sweep rates using ac cyclic voltam
mmetrj. In order to transfer the AEs, potential scale
to Azcg scale the btetraphenylarsoniumbtelraphenylborate
assumption has been employed and the zero point of the

potential axis (Agcw = Q) was fixed as described in the

theoretical part.

Figure % compares the cyclic dc¢ voltammogram for
the transfer of ClOE ion across the water/acetophenone
interface with the cyclic ac voltammogram recorded as
the in phase component of the ac current at a frequency
of 55HZ and a sweep rate of 20 nv s_le The peak
potentials obtaincd by de¢ cyclic vollammetry are L 28
mv separated from the ac current peak potential of the
in phase components This shows the reversibility of
the GlOZ transfer across the interface of the system.
The in-phage component of the ac current peak pobtential
lies exactly on the position of the half-wave potential
(a‘gc%g) of the dc voltammogram and this indicates the

usefulness of the ac cyclic method to yield good results
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for the precise determination of Aﬁyg, which is lden-—
tical with the in--phase component of the ac current
peak potential. The observed ac current poak of the
in-phase component has a half width potential of 90 mv,
which again proves the reversible nabure of the transfer
process [58459]. TFigure 4 shows the ac ¢yclic volta-
nunograms recorded as the in-phase component of The ac
current at a frequency of H55HZ and at different sweep
rates for the transfer of TPAs™ and 010; across the
interface. 1In the figure the various ac current peaks
at different sweep rates appear at the same potentials
for the indiwvidual ions. The observed ac current peaks
do not exhibit complete overlap of the forward and
reversoed scans ag predicted for the reversinle behaviour
of the ion transfer at low swicep rates; however, there
is no difference in the pesk potential in these scans.
Sinilarly, ac voltammograms have been obtained for the
transfer of TPas’ and IOE at different sweep rates. The
AZC@VQ values of these ions are observable from the ac
pesks. After obbaining aj,(lyo values of ClOy and IO,
these ions have been used as internal standards for the
determination of Aaclyo values of TBA*, 17, SCNT, c105
and NOZ..

Figure 5(a) and 5(b) show the ac cyeclic voltammo-

grams of Cl0; and Iy IO, and I respectively. In
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frequency 55 HZ.
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both figures Agémyg value of I” ip found to be the sames

Measurements of A?é@ye values from the ac cyclic peaks

lead, via equation (8) and (5), to anzg —=> ac values,
using unit activity coefficients. Ion associalion is
not expected to be a significant factor for solutions
less that 107 M concentration. Since the diffusion
coefficients of the ions in acetophenone are not avail-
able they have been estimated from the ratio of the
viscosiby coefficient of acetophenoreto 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 (AZCWVE),
standard drner =~ potential differences (Agcmg),
observed and calculated sbandard Gibbs cnergies of
trangfer from water to acetophenone for cations and
anions. Standard Gibbs energies of btransfer for non—
hydrated and fully hydrated jons have been calculated
from egn. (14) and (13%) using m and ¢ values of acetone
and r value of methylisobutyl ketone assuming the radius
of this organic solvent molecule equals that of aceto--
phenone. Theoretical AG%’W == 8% yoiues for TPas® and
PR~ are not tabulated in the table due %o lack of data
of the neutral terms (AG;) which are required in the
calculations. Devails of the calculations for the regt

of the ions are gilven in Table 3.




Pable 1. Diffusion coefficients of ions in water (Dw)
and in acetophenone (Dac)’ ionic radii (a)
and hydration energies (AG;) of jons used in
the calculations

a AGY p, x 107° D, x 107°

on (2 Keal mol™* cm® sec™t cm® sec™t
a b c

MMAY  2.58  -48.00 11.9 6455
At 3,10 -41.00 8.7 479
TBAT  3%.83  -32.30 5,2 2,86
mpasT  3,97° 5,58 3,07
1 2,20 -52.6% 20.5 5.65
SCN” - 1.95¢ 60,91 17,5 4,82
107 2.54% 45,55 14.5 3,99
C10,  2.45  ~47.00 17.9 4,93
clog 2.00% -~59.62 17.2 o Y
Nog 1,95 -=60.50 19.0 5,23
TPE™  3.86° 5.58 .07

8From reference [54] unless shown otherwisge.
Phaiculated from conductivity data reference [64].
Ctalculated from viscosity dabta. dReference £6e5].

®Calculated from molar volumes using the Stearn-
Eyring formula reference [67]. fReference L75]
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Table 2. Standard Gibbs energies of transfer from water
to acetophenone AG@ VW2 88 palf-wave

- . W
povential £,0¥y2.1 and of standard imner

~potential differences A W between these
phases for various ions.; i

- B -

g W .0 W -“3ac . o W»——;>ac
Laclya(i) “ag¥s- &G‘c 23 Ac’t i
RS2 RGN ﬁKJ moltl Keal mol™t
B - 4 ————
- = a- Ll e b c
TBL -04155 " TTE:162 v -15.63  {-3.74 . -2.98 -5.98 =
TPis" '~0.160  ~0.168 : -16.21  |-3.83 |
T, 0,144 T -0.128 12.35  [72.95 - 4.68 -0.98
BCN~ © -~0.131 ~0.134  11.00 | 2:63  8.09 1.73
10,  =0.032-  -0.015 L.45 0.35  2.58 -2.29
Cl0; -0.036 - =0.019 1.83 | O.44 = 2.86 =2.20
ologf'“%o.217 ~0.200 19.30. 4.61  7.88 1.66
oy =0.227  -0.211  20.36 | 4.87 7.68 1.32
CTFB” - 0.160 0.168  -16.21 . |-3.87

calculabed using eﬁperimentalhdata,
norhydrated ions in the acetophenore phases

Poalculated for
Cealeu-

loted for fully hydrated ions in the acetophenone

thoze.’
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Table 3. Calculation of partition values in the weter/
acetophenone system in EKeal w01t

R —— _ =
C o (0] O o] 8] Q Q (] QO
AGel AGﬁ AGS AGt AGt AGel AGn AGS AGt AGt
JTon —
. a . . b
meat 32,48 -3.92  -36.39 -4.09 -2.98 —35.48 ~3,92 =39.39 -7.09 -5.98
s ~51.94 2,88 -49.06 3.57 4.68 —57.60 2.88 -54.72 -2.09 -0.98

S8CNT ~57.50  3.57 -57.93 6.98  8.09 -63.87 3.57 -60.29  0.62  1.73
C10; =-47.43 2,18 ~45.25 1.75  2.86 -52.49 2.18 -50.31 -3.31 -2.2

I0, -46401 1.93 -44.08 1.47  2.58 -50.88 1.93 -48.95 -3.50 -2.29
NO;  ~57.50 3.57 =53.93 6.57  7.68 —63.87 3.57 -60.29 0.21 = 1.32
C107 -56.29 3.43 -52.86 6.77  7.88 ~62.50 3.4%3 -59.07 0.55 = 1.66

%Cslculated for nonhydrated ions in the crganic phase.

Calculated For fully hydrated ions in the organic phase.

AG oalcul el using data for acetone (m = ~2.7822 and ¢ = 8.9993)

[624. AG Caiculuted for nonhydrated ions in the organlc phase u51ng the radius
of methyLlcobutylketone (r = 2.968%). AGt obtained from the AG value and the
aGY value in table 1 mole fraction scale. Cifter addltlon of 1 11 Kcal mole -1

h
to the previcus column to correct to the molar scale.

b
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Taltle 4. Standard Givbs energies of tramsfer from weter to

p=1 .
“Chbserved frowm ovr voltamnmetric experiments.

Cpeference [BE]. dReference [66].

bReference L5117

nonagueous solvents in Kcal mol™t at 25°C in molar
scale.
Ion - aceto-  1,2-DIchlo=  ,ootonel Methanol  Acetonitrile  DyN-Dimethyl-
vhenone roethane formamide
a ke ¢ d
s b T - e
TBAT ~3.74  =4.20 ~5.2 ~749 -6.8
TPis” ~3.87 =7.80 ~5.6" ~7.8 ~9.1
I 2.95 6.02 3.13 . 1.6 4.5 4.5
SCN™ | 2.673 ' : 1.4 2.9
1C, 035
clc, 0.4t 4,05 -0.17 1.4 0.1
0102 4.01
Nog 4,37
178" -3.87 ~7.80 5.6 -7.9 -9.1
Diclec—
tric con-
stant 17.%7 10.23 20.7 32.0 A0 26.7
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The obgerved A;gaw —=> aa

value for SCN is close
to the calculated value using the wmodel for fully
hydrated ion in the organic phase and this seems as
though there is full hydration of this ion in the wet

=2 8C ghiues

organic phasc, while the observed oGV
for ClOE, Glog, NOZ , IOE and I~ show partial hydration,
and for TBAY 1ittle or no hydration in the wet aceto-

e 1 em— .
phenone phasce Bince Agg’w > ac

values of ions have
not been so far reported for this system it has not been
possible to make comparison with the present results.
Howiever,y, in order to reveal consisbency of the observéd
trend of these velues with already existing values of
other systems, AG% values of ions for different systens
aro listed in tvable 4. - As con be seen from this table
the general ordors are.in good agreement though direct
comparsion of the wvalues for each ion in the various
gystems is not'simple due to variety of differences in
properties of the organic solvents.

. . LOyW —=> a . .
'The experimental AG%’V > 8¢ yalues are found in

the ranges of tThe theoretically calculated values,
(values obbtained using the models of nonhydrated énd
fully hydrated icns in the organic phase) and this
agrecnent between the observed and calculsted values
shows the reliability of the obtained results as well ag
the experimental method. In these studios the useful

potential range for water/acetophenone systom has been
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found to be much more narrow than for the water/nitro-
benzene or water/ly2-dichloroethane system and we
suspect that this may be causcd by the higher mutual

solubility of the two solvents.
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4e2s Hludies of the Dependence of Peak Current on

Conccnbraiion and Sguare Root of 8Bweep Rate

in the Water/scetophenone System

©0 check further the reversibility of ion transfer
process at low swueep rates in the watoer/acetophenone
systen and to estimate the diffusion coefficients of
ions in water, the transfer of I~ and SCN- ions from
vater to acebophenone and back to water has been sbudied

using de cyclic voltammetric technique.

'ige. © shows the dc cyclic voltammogram of the
transfer of 7.5 x 10_4M I ion from water to aceto-
phenone and beck at varying sveep rates, It is seen
thot the pesk potentials for both forword and reverse
scan are independent of the sweep rates, and that the
pesaks are separated from each other by about 0.055 V.
This value neanrly coincides with the theorebtical walue
of a diffusion controlled reversible charge transfer
reaction [561. The same behaviour was observed for the
tronsfer of 3CN  ion from water to acetophenone. There-
fore it can be said that, the transfer of these two
ions from water to acetophenone and back is a diffusion
controlled reversible process at sweep rates up to
0.20 VS‘l. These obscervations are, in general,
supported by Koryta et al [36]) who have pointed outb
that charge transfer across the interface of two imm-

iscible electrolyte solubtion is usually rapid.
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M1 ion(aq.)

from nitorchenzen and back at varving sweep rates: (1) 0.02Ys"
(2) 0.0bY5™,(3) CG,06VS"1 (M) 0,08Vs~ 5 (5) G,10VS | Base elect-

rolytes: O,01M LiS0,~ in water and 0.0MM CVTFRB in acetopencone.

Pige 6o Dc cyclic veltammograms of the tansfer of 7,5x10
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Table 5. Values of sweep rate V, square root of the
swWweep rote VVQ, negative peak current=1p,
corresponding to the transfer of I ion. from water
to acetophenone for dirrerent concentrations
of I don in water.
12 , o - .
vV v I _/nh I /ud I/l I Vi
. Pl P’ by Py - Y T
Vs"l €V2S~V2 10 M I 2.5x10 M I 5x10 M I 7e5x10 M I
0.02 0.141 Ve 17 30 477
0. 04 0.200 10.6 2% %) 66
0. 06 0245 12,2 28 51 78
0.08 0.285% 1540 %2 59 89
0.10 0.316 1540 35 65 98
0.12 0.346 16,0 %8 71 -
0,16 0.400 19.0 44 82 -
0.18 0.424 2040 47 88 -
0.20 O.447 2140 49 93 -
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Fige 7+ Concentration depesdence of peak current of I° ion in water for the wrier/acetcrphenone
systen at differenrt sweep rates. Base electrolytes: O0.CLN Li2304 {arueous),
0.01% CVTFR (acetophenone).
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Fige B+ Square root of sweep rate {V'“) dependerce of peak current of I~ ion in water for the
- water/acetophenone system for difgerfnt congentragions of I iom. Base eliectrolyte :
G C1X LiESoq_(aqueous), C.01¥ CVTFR (&écetophenone)s



Table 5 lists wvalues of sweep rate V, square root
A/ ¢ .
of the sweep rate Vla, peak current Ip, corresponding to
the transfer of I ilon from water to acetophenone for

different concentrations of the ion in water.

Fig. 7 depicts the dependence of the pesk current
on the concentration of I ion at various sweep rates,
and Fig. 8 illustrates the dependence of the peak
current on the squere root of the sweep rate for diffe~
rent concentrations. L8 can be seen from the figures,
the peak current is directly proportional to the con-
centration as well as to the square root of the sweep
rate. PFrom the slopes of the plots the diffusion co--
efficiont of 1™ ion in wabter has been evaluated based on
eq. (6)s The calculations yielded the average value
Dy~ (W) = 2.18 x 10" 2cn°s ™t at four different concent--
rations of I, and an average value Dy—~ (W) = 2,17 x
10 7cn“s™t from the plot of Ip s v/2, Thesc two values
are in very good agreencnt with the value estimated from
conductivity date at infinite dilution D~ (W) = 2.05 x
10" 7cn®s™ [64]. In an analogous manner the diffusion
coefficient of SCN ion in water was found %o be
Dgoy~ (W) = 1066 x 107%en"s™ from T vs Cp» and Dgqpy-
(W) = 1,91 x 10 7cu’s™" from the plot of I vz V/°.
Again these values sre comparable to the values obbained
from conductivity data at infinite dilution in which

0 N ~5 2 -1
Doy~ (W) = 175 x 107 cuns™ " [68],




- 45 -

4,%,. Vetermination of Standard Gibbs Lnergies of Tran-—

afer of Ions in the YWater/Nitrobenzene and VWater/

Chlorobenzene~Nitrobenzene Mixture Systems

Iﬁ these investigations de cyclic voltammetry
experiments were carried out for the transfer of various
cations and snions in the water/organic solvent sysboms.
The organic solvenvs were nitrobenzene, and nitrobenzene
—~ chlorobenzene mixtures of different ratios by volume.
Nitrobenzene is a more polar organic solvents (€, = 35.75
at 25°C) than chlorobenzene (€, = 5.70 at 25°¢), thus by
changing the composition of these solvenis in their
nixtures, it has been possible to vary the dielectric
constant. As stated in the theory part "the TPAsTPB
assumption” was employed to fix the a¥ = O position
using 0.01 M concentration of this salt as the base
electrolyte in the organic phase. Whenever there was
the need to extend the applicable potential range to
more negative potentials, this base electrolyte was

substituted by 0.01 M CVTIB,

Fig. 9 compares the voltammogram obtained by using
TPAsTPE as The bace electrolyte in nitrobenzene and
0.0 M LiQSO4 in watgr with the voltammogram where CVILPB
has been used. The applicable potential range for the
latter is extended to about 0.10 V towards more negative
potentials, Thus the introduction of CVTPB as the base
electrolyte for Tthe organic phase has allowed the investi-
gabions of the transfer of anions such as NO%, I~y and

SCN~, In the pobtential region from ~0.235 V o 0.0235 V
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Figa 9. Cyclic voltammograms of the base electrolytes: 0,01M Liaso in water and AﬁVV
0.01% TRASTPB in nitrobenzene {(a); ,and 0.01M CVPPB in nitrobenzene {v);
at sweep rate of 0.008 ve-,
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and from ~0%% V to 0.250 V. the current is controlled
nainly by the charging of the interface, while at more
positive or more negative potentials the control is by
the transfer of the ions of the base elecirolybes from
the agueous phasce to the nitrobenzene, or vice versa.

¥Fige 1O shows the de¢ cyclic voltammogram of

I

: m,010; ion in the anucous phase for the vigter/

L % 107
nitrobonzene system with the voltammogram of 610; ion of
the same concentration in the agucous phasc for the
systen water/chlorobenzenc nitrobenzcne mixture, where
the ratic of chlorobenzene to nitrobenzene wag two to
one by volume; First, for both systems, at the indi-
cated sweep rabte, The peak on reverse scan is shifted
with respect to the peak on forward scan by 0.058 V
tousrds more negative potentials. This shift coincides
with the theoretical value of aboub 0.060 V for
diffusion controlled charge transfer process [56].
Second, it Ffollows from Fig. 10 that the half-peak
potential diffewrcnce AEP/Q precedes the peak potentiasl
difference AEP by 0.055 V. Mhis value is in good
agreement with the theoretical value of 0.0565 ¥V [56].
Sinilar behaviour was observed for sweep rates up to
0.20vs~ T for all sbtudied ions in different systems
conbtaining wster/chlorobenzene - nitrobenzene mixturecs.
The above observations reveal the reversibility of the
ion transfer process al lower sveep rates, and it can

be concluded that the transfer process was controlled




o
o
£

L3

MR [ § ¥ ¥ -+ g * ¥ 4 ¥ m—
=0e6 7-0.-5 “Ostt »0 3 -—o.g, =0l 0 0.1 Oel
Fig. 16, De cyclmc v¢1tammograms fcr the transfer of 5x10 €10] ion(aq),
ftam water fto nitrobehzen and back(a) , and from water’ to chlow
: robénzeneunitrohénZene mi§ture (211 rdtio by volume) and back(b},
 at sweep rate of 0,008 (LRI
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by diffusion, In the concentration range fron lO"5 to

4

107 "M, the peak potential was independent of concent-

ration.

Measurements of peak potentials from the voltammo-
grans and application of equation (7) yielded the polaro-
graphic-half wave potentials (Ang2)o By using eq. (8)
the standard irner potential differences (Ag$g)
were obtained for the ions sltudied in the different
systems containing weter/chlorobenzene-nitrobenzene
mixtures. From the valucs of Agwg and from equation (5)
the standerd Gibbs energies of transfer of ions were

caloulated.

In equation (8) the diffusion coefficients of ions
in water and in the organic solvent asre necessarys
pince the diffusion coefficients of ions in the organic
mixtures are not cvailable, these were estimated from
single ion conductivites in the organic mixtures by
following the work of Coetzee and Cunningham [57], and
using equation (9) as described in the theory part. The

volues of diffusion coefficients are listed in Table 6.

In these studies experiments for the water/nitro-
benzene systen were first performed, because for this

systen there are other experimental values of

O43W -=> NB
i

by Rais [69] and other workers [70,711, and from

AG from partition (extraction) experiments

solubility experiments by aAbraham [72]. Il seemed

reasonable to compare the present result with their
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Table 6. Diffusion coefficients of ions irn water (DW)’

nitrobenzene (DNB) and in chlorobenzene -

nitrobenzene pixtures (DCB:NB) in 10 %cm?s T,
Dep:w Pom:we Dom:we DcB:we Pop:ne Demimm
Ton W rE (2:1)  (1:1)  (1:2) (@1:3) Q) (Q:5)
2 b c

AT 11.9 4.5 8.4 7.3 6.3 5.7 5.4 5.2
TELY  8.70 4.3 7.7 6.9 6.0 5.5 5.1 4.9
TBAT  5.20 3.1 5.7 4.9 4o 349 347 345
TPast  5.58 2.9 5.3 4,6 4.0 3.6 Bl 3.3
C10;  17+90 4.7 8.8 7.6 6.5 5.9 5.6 5.4
SON”  17.50 5.6 1.1 9.0 7.8 7.1 6.7 6l
I 20.50 57 S 1l.1 9.1 7.8 7ol 6.7 Selh
Nog 19.00 6;0 1.1 9.8 8ol 76 7.2 649
TEE™ 5458 2.9 5.3 4.6 4.0 3.6 3.4 343

aQeiculated from conductivity data reference [64,68].

Pprom reference [57]. CCalculated from corductivity data
coupled to viscosity measurments done in our laboratory and
based on the method indicated in reference [57].



Table 7« Sclvent properties used in the calculations
for chlorobenzene (CB), nitrobenzene (NB), and

thoeir mixtures ot different ratios by volume

at 259G,
. Dilectric const- Viscosity Solvent !
Bolvent .1 of the bulk 1(n poiss) molecule Constants

(60) radius (R) m c
a b c ' a4

CB 570 o 7.01 2.769 -3.30790 9.7
WB 35675 16,40 2,973 ~3,2165 10,157
CB:NB 1%.50 8.80 2,769 ~%.3070 9,06
2iy |
CB:UB 18.00 10.16 2.771 -%.2016 10.07
l:i
OB:NB 23,50 11.94 2,772 ~%.2165 10,2
1:2
OB B 26,50 13,00 2,792 ~3.2165 10.18
CB:NB 28,08 135,74 2775 f5'2165 10.18°
Lidh | -‘
CB:NB  29.00 1434 2.773 ~%,2165 10,16
1:5 |

- Ypon reference [73]. hO‘pserved from our experiments.

CYrom refurence [54]. dpron reference [62] 7
The dielecteic constants of nitrobenzene, chlorobenzene, and
ritxtures of these two solvents have been published by Daniel
becroocq L[73]. Since €, does not change linearly with the
nixtures composivions, there is small uncertainty in some of )~
values. ‘ |




datay so as Lo confirm the validity of the present node

of calculatione.

NB
VV2)’ standard inner potential

Table 8 lists values of peak potentials (aY Qp)g

W
NB
v

differences (ANBWE), observed and calculated gtandard

half-wave potentiels (&

Gibbs energics of transfer for the water/nitrobenzenn
system (AGE’W ~=> By .5 obbained by the methods ous--..
O 116

% vaLues
using the model forxr fully hydrated ion and nonhydratnad

lined in the theory part. The theoretical AG

ion in the organic phase were evaluated using the
necessary data for the calculations from Table 1 and
able 70

a0V ——> NR
kv

values from the prosent work and those from the

It is observed from Table 8 that the A

partition experiments reveal reasonable confermisy in
the observed trends. Some of the values are even claor
to each other, and the differcnces are within experi-

mental errors. Again there is a fair agreement betwean

b . . T ™S \in
caleulated ag®'® ~> NB 44 experimental AG%QM ~ RE
The obscrved AGE’W =2 Wyaiues of mMat, TEAY, and g2

ions show that these ions are partially hydratod in
nitrobenzene, and bthis observation for the first two
ions is supported by Gerin and Fresco [70}. The valucs
of TBA", G10,, and I” ions indicate the prerence of thi. ..

ions in the organic phase as nonhydrated ionsa




...b},...

Table 8.

otandard Gibbs energies of transfer from water to nitrobenzene

AGg 5

peak potentials

AW

¥e¥p, 47 half-wave potentials

W
2e%2,1i and of stendard inner potentisl differences AgBmg

between these phases for various ions.

T o W W 0
¥, CmeWe,i At

AG’O’W "‘"‘> NB!

L t,1
() G RENGS KJmol ™t Keal mol™t
a a [ ko) c d e
st 0.110 0.082 0.070  6.76 ]1,61 0.82 2.30 4.10 ~0.1%4
ELT ~0.015  ~0.04% -0.051  =4.92 1,18  -1.3%6 1.40 1l.62 =-1.81
TR —0.215  —0.24% ~0.250 -24.13 5,77 =5.74 4,40 -7.08
TPas’T  ~0e30 ~0.328 —0.332 =32.04 | 7.66 -8.58
10, ~0.125  -0.09% ~0.080 2.72 1.85 1.91 1.45 ~3.03
1.40% -
10, ~0.105  =0.077 ~0.062 5.98 1.43 1.18 -3%,15
SCHT —0.205  ~0.177  -0.162 15.63 3.74 3,708 6.70 1502
I ~0.225 —=0.197 -C.181 17.47 4el17 4,49 2.80 3,28 =1.75
| 5.90"
NOg ~0.270 =0.2t2  -0.227 21.91 | s.on 4. 6.28  0.61
TPB G+ 30C 0.328 0.3%2 =32.04 ~7.66 ~8.58

I

@nhe wrezent exporimertal results.
unless indicsz:

for nonhycresd
crzenic Thease

e
d

#

ol
4 obherwise.
o)

T

Pobserved from partition experiments ref. (693

Observed from g
ns in the orgsnic phase..
(bserved from partition experiments ref. [70].

olubility experiments [72]. Calculated
Calculated for fully hydrsted ioms 1

BFthe
&rrcm ref. [2]. oM
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Similarly AGE’W "= O yalues were debermined by
this method for the systenms containing water/chloro-
benzenqhitrobenzene mixtures. The obscrved and cal-

. O,‘i‘:f —,--> Q .
culated AGt valucs for these systems are listed
C o m - Q3W ==> 0
in Tables 9-14, and all the AGt values are
gunmarized in Table 15. Thesc values have been found %o
be reproduckble under the experimental conditions, and

they fairly agree with thoe theoretical values.

It can be secen {rom the voltammogram of Fige 10,
that the peak potential due to the transfer of 010; ion
from the aqucous phasce to the organic mixture is shifted
by about 0,10 V towsrds more negative potentials
relative to the peak potential associated with the
transfer of the ion from water to nitrobenzene. ALs a
result, the stendard Gibbs energy of transfer og €10,
ion from water to the 2:1 mixture is more positive by
2.49 Keal mol™t than AG%’W =<2 NB niue of 010; ion
from water vo nitrobenzenc.

Mig. 11 depiclts the correlalion between the standard
Gibbe encrgies of trensfer with the organic bulk di-

OV —-—> 0

electric constant (€,), where aG - is plotted vs

the reciprocnl of the dielectric constant (i) Tor some

¢

. . . 0,
selected ions. As shown in the figure there is no
linear relabicnship between the two; however, therec is

a cerbain regulsar trend which indicsltes that as
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Standard Gibbs energies of transfer from water to chloro-
benzene-nitrobenzene mixzture (2:1 ratio by volume)

AGE:? "> © | peak potentials A?@Pgi, half-wave potentials

A§Wv2,i’ and of standard inner potential differences Aggg

between these phases for various ions.

L T sy
QP (V) (v) KJ mol’} Kcel mol™t
Icn
a a ! b c

T 0.175 0.147 0.138 13,32 i 3.18 4,91 0.59
TEA™ C.035> | 0.007 0.005 0.48 c.12 2.10 =l.41
2% -0.150 -0.178  ~0.177 -17.08 ~4,08  —4,46 ~7.11
TPist ~0.275 =0.30%3 -0.306 ~29.53 —7.06 |
G10, =-0.225 -C.197 ~0.188  18.14 434 2,47 -2.11
10, ~0.175  =C.147  ~0.140  13.51 %,2% 2.15 -2.25
SCN~ -0.260 =-0.23%32 -0.225 21.71 5.19 7«91 2.13
I ~0.300 _ =0.272 =0.264 25.48 6.09 4,39  -0.73
NC;  -0.345  -0.317 -0.309  29.82 L 9.15 7.50 1.72
TEB 0.275 0.30% 0.306 —29.63 -7.08

The present experimental data.
D

orgaplc phase. CGalculated for fully hydrated ions in the orgsnic phase.

bGalculated for nonhydrated ions in the



~ 56 -

Table 1C. Btandard Gibbs energies of Hransfer from water to chloro-
benzene-nitrobenzene mixture (1:1 ratio by volume)

QgW ==> 0O . W. .
AGt:i s Peak potentials 8005, 4 half-wave potentials

. . . .
Ao$vg,i, and of standard inner potential differences Ag$i
between these phases for various ions.

QyW =—=2> O’

So¥ps  Solya,i Ao¥s  AGY | s6g)y T °
(v (V) (V) EJ mo1™t | Real mol™t
Lon
a ' a 1 b c
AT C.l45  0.117 0.111 10.71 | 2.56 4o O 44
TELT . 0.030 0.002 ~0.001L - 0.10 ~0.02 1699 ~1.49
TB4°  ~0.155 -0,183 -0.184 -17.76 -7 Sl BY -7.16
TPAsT -0:280 ~0.308 =0.311 -30.01 -7.17
010; ~0.170 -0.142 -0.131 12.64 3.02 2410 2. 44
Io; -0.165 ~0.137 ~0.128 12.35 } 2.95 1.80 -2.57
SCN~  -0.230 -0.202 -0.19% 18.62 Lo 45 7 46 1.72
1 ~0+300 =0.272 =0.262 25.28 | 6,04 %400 ~1.10
Nog —~04340  -0.312  —~0.304 2934 - 7.01 7.05 1.38
TPB~ 0.280 0308 0.%311 =3%0.01 =7.17 -

f1he present experimental data.. bGalculated for nonhydrsted ions in

The organic phass. CCalculated for fully hydrated ions in the organic

phate.
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Table 1l1.

Standard Gibbs energies of transfer from water to chloro-
benzene—nltrobenzene mixture (1:2 ratic by volume)

s W —=> 0
A .
Gt y pezk potentials Aoyp,l’

- half-wave potentials a EVE i and of standard
innét potential differences a go between these phases for
various lons.

aggpi A§Wv2,i qug AG@’: > _ &ng? —> 0
; ) Q) (V) EJ mol™t Keal mol~t
LOTL

a a b c

st 0140 0.112 0.104 10.04 2,40 4456 2.05
TEA™ 0.025 =0.003 ~—0.008  =0.77 -0.18 2.0% ~l.42
8.7 ~0.175  -0.203 -0.205 ~19.78 Ly 7% ~4,07 ~6.7%
TPAST =0.285 ~0.313 =0.317 =%0.60 7,31
GL0, ~0.145 -0.117 -0.10% 10.04 2,40 1.91 -2.60
v, -0.140 -0.112 -0.102 9.84 2435 1.62 -2.72
SCNT  =0.220 -0.192 -0.182 17.56 | 4.20 7438 1.50
I ~0.230 =0.202 -0.190 18. 34 4,38 3,77 -1.29
Nog ~0.320 =0.292 -0.282 27.21 6.50 £.80 1.09
TPR 0.285 C.313 0.317  =30.60 7,31

SThe present experimental datz. bCalculated for nonhydrsted ions in the

organic phase.

Ctalculated for fully hydrated ions in the orgsnic phasec.



- B8 -

Takle 12.

Standard Gibbs energies of transfer from water to chloro-
benzene-nitrobenzene mixture (1:3 ratic by volunme)

CWW —- ;
AGt:i >’ peak potentials a§$P., half-wave potentials

i

w : : . 2
AOQVE,i and of standard inner potential differences A8
between these phases for various ions.

b¥oi  Solyz,i Loty a6g’T 777 a6 77O

- (V) () (v) £J mol™+ Kcal mol ™+

> a a } b N
T T 0.110 0.082 0.073 7. 04 1.68 Go 41 1.91
TELt 0.015 -0.013 -~0:019 -1.83 ~OslHt 1.90 ~1.55
TBAT  —0.180 =0.208 =-0.212 -20.46 ~4 489 ~4419 -6.85
TPas™ -0.295 ~=04323 -0.329 -31.75 -7+59
€10,  -0.1325  -0:107  -0.093 8497 214 1.76 -2.75
I0,  -0.130 =0.102 -0.090 6.69 2.06 1e48 ~2.86
SCN-  -0.125 —0s187 -0.175 16.89 - 4,04 7421 1.34
I ~0.225 -0.197 -0.183 17.66 4,22 3.61 ~l.a4
NOZ —0.310 04282  -0.270 26.06 6.23 6467 0.93
PR~ 0.295  0.323  0.329 -31.75 i-7.59

Srme present experimental data.
org:nlc phase.

bCalculated for nonhydrated ions in the
CCaleculated for fully hydrated ilons in the orgenic phasc
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Table 13.

Standsrd Gibbs energies of transfer from water to chlioro-

benzene-nitrobenzene mixture (1:4 ratio by volume)
aag’? >0 , peak potentials aA"¥._ ., helf-wave potentinls
1 04Dyl

W. . . .
Qoyvesi s 2nd of standard inner potential differences.

Azqg between these phases for various ions.

0¥ps  So¥yp,s bo¥y  aeTT T ag " T °
(v (v (v) %7 mol ™t Keal mol *
Ions -
a a ] ko] c
mst 0.110 0.082 0.072  6.95 1.66 GeBl 0.06
TR, C.005 ~0.023 —=0.03%30 -2.90 1-0.69 1.84 -1.61
TBAY  SC.195  —0.223  -0.227 -21.91 ~5.24 “425 —6.90
tPaAsT  —€.295 =0.3%23 -0.329 ~31.75 -7.59
c1C;,  -C.135 -0.107  -0.092 8.88 2.12 1.69 -2.81
10, ~C.130 =0.102 -0.090 8.69 2.06 lo4l ~2.92
SOR~ -0.215 -0.187 ~0.175 16.89 4,04 697 1.25
I -C.225 -0.197 -0.183% 17.66 4,22 3454 ~1.58
NOS ~C.270 -0.242 =0.230 22.20 5.30 6455 0.86
TP%- C.295 0.323 Ce333 ~31.75 759

e present experimental data. bCalculatea for nonhydrated ions in the
orgenic phase. Ctalculated for fully hydrated ions in the organic phase.
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Table 14.

Standard Gibbs energies of transfer from water to chloro-
benzene-nitrobenzene mixture (1:5 ratio by volume)

O,W "'"'_> (o] - . W - _ C.
AGt,i « Peak potentials Aogpi’ helf-wave potentisls

w. 5 i : 24 Wy O
onvz,i’ and of standsrd inner potential differences A0y

btetween these phases for various ions.

o¥ps  Aolye,i fo¥e ol T ° ag" T E
(v) (V) (v EJ mol™t Kcal mol"l

tor a & b c
i 0.100 0.072 0.06%1 5.89 1.4l 4,31 0.05
7EAY 0.005 -0.023 -0.030 -2.90 ~0069 1.80  -l.64
T84T  -0.215 -0.243 -0.248 -23.9% ~5.72  —4.28  -6.92
mPisT -0.295 ~0.323 -0.330 =31.85 -7.61 |
€10, -0.125 -0.097 -0.082 7.91 | 1.89 1.66 -2.84
10, ~0.1%30 ~0.107 -0.09%  9.07 2.17 1.38 -2.95
SCN~ -0.200 ~0.172 0.159 15.34 i 3.67 6.93 1.2%
I -0.225 -0.197 -0.182 17.56 ' 4.20 %450 -1.54
O3 ~0.270  =0.242 -0.229 22.10 | 5.28 6.51 0.82
PR 0.295 0.323 0.3%0 -31.85 [ ~7.61

%

crganic phase.

“hosa.

®The present experinmental data.
¥

bCalculated for nonhydrated ions in the

Cgaleulated for fully hydrsted ions in the organic
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ggglgﬂIS. Standard Gibbs cncrgies of transfer from water
to chlorobenzene (CB)-nitrobenzene (NB) mixtures
a6y ™77 © in Keal mol™t and bulk Aielectric
constants of the mixtures (ratio by wvolume).

CB:N¥NB CH:NB CB:NB CB:NB CB:NB CR:NB B
2:1 1:1 11:2 1:% 14 1:5

Ion

At 318 2,56 2,40 1.68 1.66 1.41 1,61
oAt 0.12 =0402 ~0,18 . ~0.44 ~0.63 ~0.69 -1.18
TBAT  =4,08 =424 0,93 4,80 5,24  =5,72  =5,77
TPast  =7.06  ~7.17  —7.31  —7.59 -7.59 -7.61 ~7.66
¢10; 4ol 3402 2.40 2,14 2,12 1.89 1.85

10, 3.2% 2.95 2.35 2.06 2.06 2.17 1.43
SON-— 55 1.9 4‘.‘45 4,20 4,04 4,04 5-67 ' 5.74‘
T 6.09 6,04 4,38 4,22 4,22 4,20 4,17
Nog 7.1% 74,01 6.4 50- 6.23 5.%0 5,28 5. 24
TPR™  ~7.06 =7,17 ~7.,%31 ~72,50 02,50 7,61 7,66
€, 13,50 18,00 23,50 26.50 28,10 29.00 35.7
b - 0,332  0.,498  0.666 0,749 0.800 0.8%% 1
Where SO = bulk dielectric constant at 2500
XNB = mole fraction of nitrobenzene
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$he . organic solvent polarity decreases, the standard
Gibbs energy of transfer becomes more positive and vice
versa. This experinmental observetion can be rationalized
according to [66] on the bagis of clectrostatic models
for the solvation of ions, which states that the Gibbs
energy of solvation increéses (becomes more positive)
with decreasing diclectric constant of the organic
media and hence the Gibbs energy of transfer becomes
more positive. The deviation from linearity can be
attributed to the fact that the standard Gidbbs energy
of transfer consists of additive contributions from
the nonelectrostavic interactions of the ions with the
organic solvents, and these effects would not allow one

to obtain linear correlation.

In general "the TPAsTPB assumption', and the enp-
loyment of TPAsTPB as base electrolyte in the organic
phase make voltammetric determination of standard Gibbs
energies of transfer independent of the application of
an internal standard. Thus voltammetric method with
thig bage electrolyte, and with its assumption is direct,
accurate, and satisfactory method for the measurment of
gtandard Gibbs enevgies of transfer. In addition to that, .
the modified form of the Born equation of Abraham and
Liszi [54) explaing sabvisfactorly the solvation of ions
and prediets well AGg values which can be Justified by

experimental resulis.
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5« Conclusion

DC and AC Cyclic voltammetry have been used for the
determination of standard Gibbs energies of transfer of
anions and cetions scross immiscible electrolyte
solutions. These techniques have been found to yield
results in agrecment with those obtained employing other
nethods. Studies of ion transfer across such solutions
had so far been made for the water/nitrobenzene and
water/ly2~dichlorocthane systems, and the present work
has extended these studies to other immiscible clectro-
lyte solutions, namely water/acetophenone and water/
nitrobenzene--chlorobenzene. The cholce of those systems
was based on relabively high electrical conductivity of
electrolytes in the organic solvent, relatively high
dielectric constant of the organic solvent, low misci-
bility with water, and the posibility of systematically
increasing the dielectric constant of the organic
solvent uging different ratios of structurally similar

(but, polarity-wise, different) organic solvents.

From the studies made on these systems, 1t has been
possible to observe regular trends in the values of the
stendard Gibbs cnergiecs of transfer of anions and cations
acrosstimmisdible electrolyte solutions as a function of

the dielectric congtant of the organic solvent.
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