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Abstract

The transfer of Ni?, cd® and Fe® facilitated by 2,2'-
bipyridine and Ni(bipy)sa'complex ion transfer across the membrane
stabilized interface between two immiscible electrolyte solutions
(water/nitrobenzene)
technique, 'and dc

wvas studied wusing the flow . injection
“ac ‘cyclic voltammetry.
injection analysis the dependence of peak current height on the
applied potential all, with the exception of Ni*, showed an S-
shaped polarographic wave with fairly sharp i-t curves,

indicating the reversible or diffusion controlled transfer of
these ions. Ni%® showed poor current-potential dependence with a
hardly discernible half-wave potential. The i-t curve was very
broad which shows that the transfer of Ni¥* is kinetically
controlled. Similarly the ac cyclic voltammogram of Cd?*, Fe?* and
Ni(bipy);*
and reverse peak potentials and half-peak width of =45 mv, 1In

showed reversible behaviour with overlapping forward

the ac cyclic voltammogram for the transfer of Ni?* the peak
potential for the forward and reverse scans did not overlap,
indicating kinetically controlled transfer. The reversible
transfer of the Ni(bipy)f+ complex was studied by single sweep
voltammetry and the diffusion coefficient of the ion in water was
evaluated. 1In the ac voltammetric experiment only the transfer
of the bis and tris complex was within the range of the potential
window. The transfer of Ni?* and Fe* are presumed to be a complex
ion transfer while that of Cd®* appears to be a facilitated ion
transfer of €d?* may occur in the bulk phase. The change in
standard Gibbs energy of transfer between the successive
complexes of Ni%* and Fe?* was about 38.6 KJ/mol while that of cd®
was very large (53 KJ/mol).




1. INTRODUCTION

1.1. Geheral

The early investigation of the interface between two immiscible
electrolyte solutions (ITIES) dates back to the work done by
Nernst & Riesenfeld [as quoted in ref.1 ). These authors studied
the transport of ions by passing electrical current through the

system water /phenol/water.

Though bioelectrical studies bequn with the work of Galvani
(1878) followed by many other workers [for review see ref. 2}, it
was when Cremer [see ref, 1] explained the analogy between the
water /oil/ water <cell and the biological membrane that
physiologists were attracted. No significant progress was made in
the attempt to model biological membranes until recent years [3].
ITIES is the simplest of the model systems representing one half
of the biological membrane. Others include the thick 1liquid
membrane, interface between an aqueous electrolyte solution and
non-conducting 1liquid, and the more popular bilayer 1lipid
membrane. The use of simple models are believed to be of
paramount importance in the understanding of the more complicated
biological membrane processes. Insertion of an artificial
membrane [4] which can be chemically modified and the presence of
adsorbed amphiphilic substances such as phospholipids and

proteins [see ref. 5] at the ITIES are thought to give a more




realistic picture of the biological membrane., Furthermore ITIES
can be exploited in analytical chemistry, for example, in the
direct determination of ions [6,7], assay of ionophores [8],
determination of ions facilitated by ionophores [9]), etc. Studies
at the ITIES are also important in understanding the behavior of
ion-selective electrodes (ISE) (10,11], in separation science
such as solvent extraction ([12], phase transfer catalysis [13}

and photochemical energy conversion.

Early development of the studies at the ITIES was very slow as
compared to the metal electrode electrolyte sclution interface.
Until the mid-fifties the investigation of ITIES was limited to
the study of steady state electrical potential differences
between water and organic phases in the presence of different
electrolytes. For decades there has been controversy over the
origin of the potential difference. Cremer (1906) explained this
in terms of diffusion potential; Beutner (1912) claimed it to be
due to free charge located at the oil water interface as a result
of unequal distribution of ions in the two phases and Bauer
(1918) interpreted it as originating from selective ion
adsorption at the interface, Finally Beutner's suggestion was

found to be correct {for review see refs. 1 and 17].

The thermodynamics of the ITIES was treated in detail by Karpfen

and Randels {15] and Sollner and Shain [16].




A breakthrough came when experiments begun to be carried out
under flow of current {18,19]. The effect of current flow on the
interfacial potential difference and the phenomenon of
electroadsorption (from the change of interfacial tension) was
investigated by many workers [for review see ref. 2,16]. Blank
{20] showed that the phenomenon of electroadsorption was due to
accumulation and depletion of surface active species at the
interface.

Modern electrochemical methods for the investigation of ITIES had
their root with the work of Gavach et al. [21]. These authors
showed that the ITIES can be polarized, Gustalla [21] applied a
triangular voltage and recorded the current response of the
system KCl (a hydrophilic salt), dissolved in the agueous phase
and tetradecyl trimethyl ammonium picrate (hydrophobic salt) in
the organic phase. Chronopotentiometric studies were also
carried out [23-26]. These authors analyzed their results using
the well established theoretical framework for the metal

electrolyte solution interface.

Among the thermodynamic¢ gquantities that are sought is the

standard Gibbs energy of transfer, AG, , of an ion between

agqueous and organic phases, which is a reflection of the
difference in the solvation Gibbs energy of an ion between the
two phases. Data on the standard Gibbs energy of transfer from

partition measurements are given by Rais ({[27]. An updated




version is given in reference 17. Electrochemical methods have

also been used to determine AG,, [for eg. see ref, 28]. The

standard Gibbs energy of transfer can also be predicted
theoretically., A review of the theoretical models for the
estimation of the Gibbs energy of transfer is given in ref. 14.
The model of ionic solvation energy which is widely used is due

to Abraham and Liszi [29,30].

The most commonly used organic solvents are nitrobenzene and 1,2
dichloroethane., The choice of the organic solvent is limited by
the following requirements. First, the mutual solubility of the
organic phase and aqueous phase in each other should be very
small. Second, the organic solvent must provide enough
conductivity, that is, it should be sufficiently polar for the
dissociation of the base electrolyte (e >10). Thirdly, the
difference in density between the agueous and organic phase
should be large enough so as to form a physically stable
interface. Nitrobenzene 1is a solvent that meets all the
requirements. Despite its lower permittivity than nitrobenzene,
1,2 dichloroethane [31] shows a somewhat wider potential window
[2]. Besides these solvents acetophenone {32}, isobutylmethyl
ketone [34], o-nitrotoluene [14], Dbenzonitrile [14) and
o-dichlorobenzene [14], and organic mixture of solvents such as
nitrobenzene-benzonitrile [35), nitrobenzene - chlorobenzene [36]

and nitrobenzene~ benzene [35] have been studied. The choice of




solvent limits the potential range in which the interface is
polarized, In addition to the type of solvent the kind of
supporting electrolyte used in both the aqueous and organic
phases play an important role in determining the potential
window. In order to get wider useful potential windows the base
electrolyte in the aqueous phase should be very hydrophilic and
the base electrolyte in the organic phase should be very

hydrophobic,

The most commonly used organic supporting electrolytes are
tetraphenyl arsonium tetraphenyl borate (TPAsTPB), tetrabutyl
amnmonium tetraphenyl borate (TBATPB), crystal violet tetraphenyl
borate (CVTPB), p- nitro-bis (triphenyl phosphorus)- 3,3-bis
(undercahydro-1,2~dicarba-3-cobaltaclosododecabor}) ate (PNPDCC)
and other tetraalkyl ammonium tetraphenyl borates (TAATPB).The
Crystal violet cation extends the polarization window to a more
negative potential enabling the study of anions. The most
negative potential so far reached was with the system: NaF in the
agueous phase and crystalviolet  tetraphenyl borate in
nitrobenzene [37]. Moreover, salting out of the salts formed of
organic ions widens the potential window when the transfer of

these ions limit the width of the potential window [38].

In 1979 Koryta compared the faradaic and non faradaic processes
occurring in the metal/electrolyte solution interface with that

of the ITIES. Further, he showed that with a proper experimental




setup the ITIES is an analogue of the metal electrode electrolyte

interface and that the ITIES could be studied by methods

analogous to those used with metallic electrodes {2].

As described 1in ref. 17 the difference between the two

interfacial processes is that at the ITIES,

(a) diffusion - migration via the Nernst - Plank equation rather
than Fick's first law must be considered.

(b) interfacial transport of ions of opposite sign must be
considered because of salt partition equilibria.

(c) partition equilibrium is a non-linear ionic process that can

lead to insoluble equations.

The electrochemical methods used for the investigation of ion
transfer at the ITIES include, chronopotentiometry [18] dc cyclic
voltammery [39), ac cyclic voltammetry (40] linear sweep
voltammetry {48], <convolution potential sweep voltammetry
[49,50], semi-differential cyclic voltammetry ([8], differential
pulse stripping voltammetry [52,54], current scan polarography
[41], electrolyte dropping electrode [42,43], potential step
chronoamperometry {51}, and a flow injection technique based on
amperometeric detection [9]. The capacitance of the interface has
been evaluated from impedance measurements with phase selective
ac polarography and an alternating bridge [44] and from surface
tension measurements [46, 47]. The galvanostatic pulse method has
been utilized in the evaluation of capacitance and ohmic

potential drop [40). Apart from the simple L/L interface membrane
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stabilized ITIES [9] and polymer-gel liquid interface's [53,55)

have been utilized.

1.2. The Electrical Double laver

At the ITIES there is an excess electrical charge on one side of
the interface which has to be compensated for by excess opposite
charge on the other side for electroneutrality to.be attained.
Such a charge separation gives rise to the electrical
double-layer. One of the objectives in studying the ITIES is to
establish its structure, which in turn enables one to understand
the rate and mechanism of charge transfer across the interface,
Great effort has been devoted to both theoretical and
experimental investigation of the structure of the electrical
double laver formed at the ITIES. Experimentally the structure of
the double-layer at the ITIES was inferred from surface tension
[46,47,56,58] and capacitance measurement (45,59,63].

In 1977 Gavach et al. [47], by analogy with Stern's modification
of the double layer at the metal electrode solution interface,
introduced a model of the ITIES with a compact layer (inner
layer) of oriented solvent molecules (in the absence of specific
adsorption}) with two diffuse layers. This model, known as the
modified Verwey and Niessen (MVN) model, is an extension of the
Verwey and Niessen (VN) model, which assumes no compact layer:

instead it assumes that the double layer charge (the Galvani




potential difference) appears completely within the two diffuse
layers [5]}. Discrepancy from the MVN was observed by different
investigators [59,64]. Samec et al. [59) found the MVN
description of the diffuse layer to be inadequate. Based on
surface excess measurements [58] Girault and Schiffrin argued
that there is no inner layer of oriented solvent molecules,
-hence, no interfacial potential drop. Instead they suggested that
the inner layer is a thin mixed solvent layer with a continuous
change in composition from one phase to another [72]. On the
contrary Samec says that the liquid-liquid boundary is sharp,
i.e., a drop or rise in density of one or the other solvent
respectively occurs at a molecular distance [65]. Samec et al.
[63]) attempted to explain the discrepancy from the MVN theory,
considering the MVN model in which ions were allowed to penetrate
into the inner layer. Different approaches to the double layer

structure were also presented by different authors [66,67].

1.3, Ion-Transfer Kinetics

The study of the kinetics and mechanism of ion transfer is
dependent on the model of the ITIES used., So far there is no
unequivocal model that can be applied under all conditions.
Therefore, despite the great wealth of information that has been
accumulated, a detailed understanding of the mechanism and rate

of ion transfer is lacking.
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Kinetic analysis which accounts for the ion distribution across
the ITIES was carried out for the transfer of TAA" [62,68],
picrate [69], Cs' [50]) alkaline earth metal cations facilitated
by polyether diamides [{70], Na' facilitated by dibenzo -18-crown-6
(71] and electron transfer between ferrocene and hexacyanoferrate
(III) [50]. In most theoretical kinetic treatments the simple VN
model is assumed as the approximate picture of the ITIES [72-73].
The second way is based on the modified VN model where, for the
ion transfer a potential dependent step of transfer across the

inner layer is also taken into account [73-67}.

l1.4. Charge Transfer

Charge transfer at the ITIES involves simple and facilitated ion
transfer as well as electron transfer between redox couples
located in each phase.

Ion transfer across an organic/water interface is fast, so that,
in most cases they are reversible and diffusion controlled.
Diffusion controlled electrochemical measurements enable the
evaluation of diffusion coefficients and thermodynamic quantities

such as the Gibbs energy of transfer,

1.4.1. Simple Ion Transfer

Simple ion transfer has been researched extensively. The transfer

of the tetramethyl ammonium ion was studied by Samec [74]




employing the polarographic technique using an ascending
electrolyte dropping electrode. Cyclic voltammetry was used to
study the transfer of Cs' and TBA' [74]. The transfer of TMA' and
picrate was studied using chronopotentiometry (2]. Similarly the
transfer of the following ions has been investigated: choline and
acetyl choline [75]), TMA' [76] TEA' [77,78], dialkyl viologen and
tris-dipyridine ruthenium (II) (33], Li*, Na*', K', Rb' and cs'
[79), Li*, Na* Rb*, Cs® [80). In almost all cases a reversible

diffusion contreolled transfer was observed.

In an analogous manner the study of anion transfer such as
picrate [28,40,81-76,78], ClO,, SCN', NO;° [76] for which the
transfer of the ions only from nitrobenzene to water was within
the potential window was investigated; n-octoate, laurylsulfate,
perchlorate and thiocyanate t821 were studied wusing the
electrolyte dropping electrode (EDE). The transfer of halides and
their oxoacids viz. Br’, I°, 10,7, ClO,, €l0,", C10,” and the ions
CN", BF,, Créof', NO,", and NO,” were investigated by current Scan
polarography with EDE [83]. The authors reported that the
transfer of most of the ions was reversible and hence diffusion
controlled. They also related the half-wave potential to the
inverse of the thermochemical radii of the ions. Hundhammer and
Solomon [28] studied the reversible transfer of I-, Cclo,”, NO, ,
SCN', I0,” and BF,, using dc cyclic voltammetry. The transfer
behavior of I' and its complexes with iodine (I;7 and I;7) was

discussed by Zhicheng & Erkang {84]. The transfer of Bromocresol

10




Green, a weak acid dye, was also studied {85]. In addition to the
simple organic solvent water interface the membrane stabilized
interface has also been utilized for the study of the transfer of
anions ({7}. The transfer of ions across the polyvinylchloride-~
nitrobenzene del/aqueous electrolyte interface was studied
[86,53]. These include acetyl choline (Ach'), methylviolegen
(Mv*), Cs', picrate (pi’), C10,” [86]) and potentiometric stripping

analysis of Cl°, SCN" and NO;” [53].

1.4.2. Facilitated ion transfer

As described elsewvhere the available potential window and
therefore, the number of ionic species which can be transferred
across the ITIES is limited. However, the transfer of an ion
whose transfer potential would normally be outside the accessible
potential window can be studied in the presence of an ionophore
in the organic phase. The ionophore facilitates the transfer. An
ionophore is a strongly hydrophobic compound capable of
complexation with ions resulting in the formation of hydrophobic
complex {2,5)]., In 1979 Koryta using cyclic voltammetry showed,
that the transfer of alkali metal ions (K & Na') can be
facilitated in the presence of dibenzo-i8-crown-6 and valinonycin
[2]. The transfer of sodium with monensine {87} and nonactin (88}
was also studied. In these studies the concentration of the
ionophore in the organic phase was much smaller than that of the

metal ion in the aqueous phase, in which case diffusion

11




controlled transfer was observed. In some cases [87)] the
stability constant of the complex was evaluated. Koryta (2}
assumed that the complexation takes place in the organic phase
after the transfer of the metal ion to the non-agueous phase.
Freiser and Yoshida also studied the same system, i.e., the
facilitated transfer of K using valinomycin [89] and
dibenzo-18-crown-6 [90,91], but using different electrochemical
methodology. These authors used polarography at an ascending
water electrode (AWE) and chronopotentiometry at a stationary
electrode. They argued that at low potassium ion concentration
the complexation takes place in the aqueous phase after the
ionophore is transferred to the aqueous phase. When the
concentration of XK' is high they suggested that complex formation
takes place at the interface. They also studied the transfer of
K' facilitated by a polymer urushiol crown ether in the organic
phase [91]. The problem of establishing the elementary rate
determining step was also studied by Senda et al. and Taylor &
Girault [70,92]. These investigators suggested that the
complexation reaction occurs at the interface. Facilitated ion
transfers have also been observed using the hanging electrolyte
drop electrode (HEDE) for alkaline earth metals using 7,19-
dibenzyl-2,3-dimethyl-7,9~diliaza-1,4,10,13,16
pentaoxacycloheneicosane-6,20-dione (PEDA) [93]. The possible use
of HEDE in gquantitative analysis was shown, employing
differential pulse stripping voltammetry, by Homolka et al. ([94]

who studied the facilitated transfer of Ca?* by a synthetic

12




neutral macrocyclic ether. The stoichiometry of assisted ion
transfer was evaluated experimentally by Homolka et al. (95]
using the theory for single scan voltammetry. The transfer of
alkali and alkaline earth metal ions facilitated by
polyoxyethylene ether (Triton-x) was investigated ([99]. The
complex ion transfer of Fe?, Ni® and Zn® with 2,2'-dipyridine and
o-phenanthroline was studied by Homolka & Wendt [96]. Facilitated
transfer of ¢d** by 2,2'-dipyridine was observed by Ruixi &
Xiaping {8] and Wang & Liu [97]. Both dgroups observed the
transfer of the 1:2 (metal to ionophore) complex ion. The former
used semi-differential cyclic voltammetry while the latter used
chronopotentiometry with cyclic linear current scanning. Liu &
Wang [98) also studied the transfer of Co® facilitated by 2, 2'-
bipyridine using cyclic voltammetry., They observed the transfer
of the successive complexes of cobalt (II) viz. 1:1, 1:2 & 1:3 Co
to bipyridine. They suggested that successive complexes of Co?
are formed in a coupled chemical reaction in the organic and
aqueous phases during an electrochemical transfer. Very recently
[14] complex ion transfer of Fe®, Co?, co*, Ni %, zn* and cu?®
with terpyridine and facilitated ion transfer of cu' using 2, 2'-
biquinoline was studied wusing ac cyclic voltammetry and
absorption spectroscopy. The relative stabilities of the mono and
di terpyridine complexes were discussed. A mechanism for the
irreversible cu' transfer facilitated by 2, 2'~biquinoline was

proposed.

13




The facilitated transfer of the proton (H') by monensin was
studied by Koryta {100}. Homolka [101] studied the transfer of H'
facilitated by aniline and o-phenanthroline, Facilitated proton
transfer using tetracycline and its derivatives has also been
investigated [see Ref. 5]. Very recently the facilitated transfer
of H' using 1,10-phenanthroline was studied using current linear

sweep voltammetry [1062].

1.5 Scope of the Present Work

The objective of the present study was to investigate the
facilitated transfer of cations across the membrane stabilized
interface between two immiscible electrolyte solutions,
particularly to study the transfer of the transition metal ions
(cd?®, Ni%, Fe?*) facilitated by 2,2'-bipyridine employing dc and

ac cyclic voltammetry as well as the flow injection technique.
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2. THEORY

For two immiscible solvents such as water(w) and organic(o)
solvent in contact each containing ions of species i under
equilibrium condition the electrochemical potential of the

species [, in both phases should be equal, i.e.,
fi(w) = fi;(0) {1)

pi{w) + RT 1n a,(w) +'ziF¢(nﬁ = p7(0) + RT lna,(o) + Z,F¢(0) (2)

where u° is the standard chemical potential, a is the activity and
pis the Galvani (inner) potential and other symbols have their

usual significance.

The Galvani potential difference, As¢ , formed at the interface

is given, from Eq. (2), by

RT . a; (o)

zZF a;(w) )

A¥p = p(w) - @(o) = (pS(0) - po(w))/zF +

Substituting the relation for the standard Gibbs energy of
transfer of the ionic species i from water to the organic phase,
AG“.H'-. 0’

AGLT7=pg(0) -pi(w) (4)

we get

15




AV AGe we RT a; (o)
o

¢ = z,F * z,F 1n a;(w) (5)
we - Avgo , RT a;(o)
Agp = Agp° + Z.F in 2. (W) (6)

where A "p° is the standard Galvani potential difference expressed

as

Agl:ve

ASp® = ———— (7)

The influence of the solvent is incorporated in the standard
chemical potential.
Thermodynamic quantities for a single ion, such as the Gibbs
energy of transfer, partition coefficient, and Galvani
potential difference are not accessible to direct measurement.
For a quantitative measurement to be possible an
extrathermodynamic assumption must be made. Different assumptions
have been proposed [1]. Frequently the tetraphenyl arsonium
tetraphenyl borate (TATB) assumption is applied ({103}. This
assumption states that both the cation and anion of tetraphenyl
arsonium tetraphenyl borate have equal Gibbs energy of transfer

in any pair of solvents, i.e.,

AGL hs = AGT oy = 1/2 MG toaswes -0 (8)

Based on this assunmption the standard Gibbs energy of transfer
of an ion can be obtained from electrochemical measurement and

16




from standard Gibbs energy of transfer of salts which are

evaluated from partiton constants.

2,1 Polarization Phenomena

Polarization at ITIES is a process by which: a ¥relative
displacement of positive and negative charges takes place at the

interface when an electric field is applied.

2,1,1. Unpolarizable ITIES

In a perfectly unpolarizable interface there is unhindered
exchange of ions between the two phases, therefore ionic
equilibrium for all the ionic species prevails throughout the
system. The Galvani potential difference established in this kind
of system is known as the distribution potential. Let us consider
an electrolyte B,A, distributed between water(w) and organic(o)

phases [15]

AB Y|aB ° (9)

At equilibrium the electrochemical potentials of each ion in both

phases 1is equal, that is,

17
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fig: (W)

(g, (0}

(10)
fa (w) = fL,-(w)

for which the Galvani potential difference is expressed by

a r(O)

AYp =AG° ™ RT in B, 1
: of Gt:,B, + F ‘—-—-——aB;(W) (11)
_ AGOW_O . ﬂ’ 1n aAl-(o)

EI,A; F aA;(W)

For a dilute solution, ( a; =~ ¢ ; ) it can be shown that

W o, weo Gy W0
A%e = 1/2(AG"Y - AG™D) (12)

The distribution potential for more electrolytes distributed
between two immiscible phases was derived by Hung et al [104].
The potential difference established at the ITIES when at least
one of the ions remains exclusively in one of the phases (termed

the Donnan potential) has also been treated (1].

2.1.2. Ideally Polarizable ITIES"

The characteristic of an ideally polarized ITIES is the absence

of exchange of ions between the two phases,

18




Consider a system with the electrolyte AB, is practically

confined to water and A,B, to the organic phase [2].

o

AB 7| aAaB, (13)
The equilibria of the exchange processes
Ar (w) + A7 (0) = A; (0) + A; (W) (14)

By (w) + B,(0) = By (0) + B; (0)

are strongly shifted to the left hand side. Under this condition
the potential difference is determined more by the charge in the
double layer (which can be changed by charging the phases from an
external source) rather than by the very small Aé§i9i£1é;“3%“€he
ion (ap (o), a, (W), a,'(c) and ag,'(w)). In other words the
standard potential of transfer of the cation in the agueous phase
(Bf) and the anion in the organic phase (A,") are very positive
and the transfer potential of the anion in the aqueous phase (a,7)
and cation in the organic phase (B,") are very negative.
Consequently there will be a potential range for which the
potential of the interface is set at will by an external voltage

source, i.e, the ITIES is polarized.

2.2 Gibbs energy of transfer

The standard Gibbs energy of transfer, which is the difference in
the solvation energy of an ion in the water and organic phase, is
given by Egn. (4),

19




AG:;O = Gs%lv(o) - Gs%lv(w)

The Gibbs energy of transfer refers to the transfer of the anion
from a pure water solvent into a pure organic solvent. It is
therefo;e differept from the Gibbs energy of Qgrtition (A G&
which refers to the transfer of an ion from wétéf saturated with
the organic phase to the organic phase saturated with water., For
a pair of sblvents of low miscibility, such aéwwater/nitrobenzene
and water/1,2 DCE, the Gibbs energy of partition is equal to the
Gibbs energy of transfer, showing that ions are not hydrated in

the organic phase, exceptions being ions with very high ionic

potential such as Li* and F° which are strongly hydrated. For
these ions the standard Gibbs energy of transfer is higher than
the Gibbs energy of partiton [29]. The same is true for partially

miscible solvent systems.

Prediction of the Gibbs energy of scolvation of an ion using a
theoretical model is useful for knowing the state of the ion
transferred and to estimate the Gibbs energy of transfer in the
absence of experimental data. Among the theoretical models that
have been proposed is the model by Abraham & Liszi (29,30,105-
108]. According to these authors the stan@ard Gibbsvgneygy'of

soivation,AG:, of an ion can be split into an electrical

contribution 4G, and a neutral contribution AG; , i.e.
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Acl = AG, + AGS (15)

where AG, is the electrostatic energy of interaction of the ion

withithe solvent and AG; is the Gibbs energy of solvation of

a non-polar gaseous solute of the same size as the ion in
question including the cavity formation term.

For an ion unhydrated in the organic phase the electrostatic
energy term is given by

o_ N(ze)? (1 .y (1 _ 1 1.y 1
AGG—W{(al 1)(61 b)+(8 1)b

where b-a is the thickness of the first organized solvent layer
surrounding the lon, ¢, is the dielectric constant of the solvent
surrounding the ion, e, the dielectric constant of the bulk
solvent, a is the crystallographic radii of the ion. b-a is taken

to be equal to the solvent radius. ¢, was taken equal to 2 for all

ordganic solvents, and

AGY = ma + ¢ (17)

where m and ¢ are constants characteristic of the solvent.

The free energy of transfer can be calculated from the relation

[29].
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AG, = AG) - AGY (18)

AGy is the free energy of hydration which is usually known

experimentally and therefore, need not be calculated.

For ions hydrated in the organic phase with the first and second

eléétrostatic layer beiﬁg water [29].$;

o_ N(ze)? ¢ (1 .y (L _ 1y, 1 _q4y (L _ 1y, L 421
AG? = 81t%{(slﬂ(a b)+(em 1 (3 c)+(e°1)cl

€, is the dielectric constant in the second electrostatic layer

(c~b) which is estimated from the Onsager equation. Other symbols

have their usual meaning. Therefore, using AG, and AG,
values we can calculate AG, for the hydrated ion in the organic

phase. The AGS values for ions hydrated in an organic phase are

much more negative than for the unhydrated ions.
2.3 Ion Transfer

When the 1liquid-liquid interface is externally polarized ion
transport takes place predominantly at the 1liquid-liquid
interface because both liquids are ion permeable while electron

transfer predominates at the solid-liquid interface because of
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high electron conductivity of the solid electrode phase. At the

liguid-liquid interface ion transfer can be classified into
simple and facilitated ion transfer. Ion transfer can be
facilitated by complexation, ion pair formation and

precipitation.

2.3.1. Simple ion transfer

For a simple ion transfer across ITIES of the type,

1%3(w) = 1%(0) (20)
and for a reversible diffusion controlled ion transfer the
Galvani potential difference formed at the interface at
equilibrium is given by Egquation (6). That is,

o RT a.i(o)
z,F a;(w)

Since a = ¥C

RT vi(0)  RrT ,_ Cilo)
Z,F Y 1 (w) z,F c;(w)

where y; is the activity coefficient of the ion i.

The flux balance at the half-wave potential is given by

1/2

DY*(w) c;(w) = D}*(0) c;(0) (21)

and the half-wave potential becomes,
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RT D; (w) RT 1, y;(0)

2z F D, (o) zZ,F ¥ 5 (w)

(22)

A «"‘5"(’1/21= Aepi +

2.3.2 Facilitated Ion Transfer

At the ITIES the potential at which an ion ;s transferred from
one phase to the other is, in the case of siﬁﬁie ion ﬁranSfer,
dependent on the solvation properties of the ion in both phases.
The presence of an iocnophore further reduces the poﬁéntial at
which an ion is transferred; the magnitude of which reduction
depends on the stability constant of the complex formed and/or
ion association constant and, in the case of precipitate
formation, on the solubility product of the precipitate. This
phenomenon increases the scope of the ITIES by increasing the
number of ilon that can be investigated [1].

Let us consider the reaction

M#* (w) + n L (o) = MLE" (0) {23)

where M» is a metal ion with a charge z and L is the ionophore
(ligand). Since charge the transfer reaction at the ITIES is
generally reversible the potential difference between the agqueous

and organic phase is given by,
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e (0)
ayze (W)

RT
Ao = Alpg. + XL 1n

RT QL (o)
=AY, ¢ XL gy M lo
P ZF a5 (W)

The complexation can take place either in the organic or in the
adueoqs phase. As to the site of the complex formation reaction,
there is no universal agreement. Koryta [2] belies that the
complex formation occurs in the organic phase after the transfer

of the metal ion from the aqueous to the organic phase. The

thermodynamically unfavorable transfer of the metal ion is

compensated by its energetically favorable complexation, that is,

MZ {w) = M?*(0) (25}
M?* (0} + nL (o) = MLZ" (0)

for which the Galvani potential differenge i's given by ' «

L Gete
W w._ o RT: o e w0 ML ST e
Ao = Aoy + ZF Ini e — o
T i (90 GO Gy
(0 ERUE
+§I1nﬁ_{f*__(.)_lu” (269
ZF Ysz(w) ((((( T
C lv(O)
ML
Where Ky e (0) = " (27)

Let us consider the simplest case in which the metal forms a
complex with a single ligand

M**(w) + L{o} = ML* (o)
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In most experimental investigations the concentration of the

metal ion in the agqueous phase is taken in exXcess of the

concentration of L in the organic phase, i.e.,

CMu(W) > CL(O) (28)

Hence only the diffusion of L and ML* in the organic phase need

be considered. From the flux balance at the half-wave potential

DY2 (0) Cywlo) = DH2(0) C,l0) (29)

The half wave potential is then expressed as

_ Iy RT DL(O)
Ao®ijzame = Aoy + 5n 10 s
- _gf In K2 (0) Cyor (W) (30)

L

L T

where A‘%mz+9 is the formal potentlgl for Jcn ffan%fpr whlch
includes the activity COfolCleﬂt berm P |

The value of the stablllty constanb, IQL”(Q) ran be ea51ly
calculated from Egn. (30) it we know, A ¢HLl‘,aSSUm1ng that y=1
and DU=Dmf*. We can also calculate the stability constant from the
shift of half-wave potential of both the uncomplexed and
complexed ion transfer. On the other hand Yoshida et al.[12)]
argued that the complexation occurs in the aqueous phase
following the transport of the ionophore from the organic to the
aqueous phase, even with ionophores (carriers) having low agueous

solubility, that is,

26




L{o) «%* L(w)
nL{w) + M?* (w) » ML (w) (31)

MLE (w) = MLZ {0}

The Galvani potential difference is given by

a,, 0 (0)
E 1n HLp

AW = AV -G I
o? P zZF Az (W)

(32)

Considering the formation of the monocomplex and for the
condition C*>>C, the diffusion of M* in the aqueous phase need

not be considered and at half-wave potential, the flux balance is

given by,
Cit (o) DYE (o) = c (o) D% (o) (33)
AO‘pV?..HLZ* = A 2t Foom In Ky £ o ln < in K z.{w) C.es (W) §4)

zF . 2 ZF : 3@(65 ‘a : '(E—F :
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The transfer of an ion <c¢an also be facilitated by ion
association, This 1s especially -true 1in solvents of low
dielectric permittivity where ion association is a common
occurrence. When this ion association in the orqan.ic» ?hase is
taken into account, the expression for the half-wave potential,

of ion i*, takes the form:
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A%y = A%eT + EL 1n 0, (WD} (0) + a (W) KD (o))}
i

- :‘.;%' In { (Y 00) + vy (o)) /y (W)} (35)
a.(w) is the activity of the anion or the cation of the supporting
electrolyte in the organic phase, K, the ion association constant
of the transferred ion witpwthe respective_ion of the supporting
electrolyte. The subscript ic indicates ibn associaﬁé.qfor the
facilitated transfer of an ion based on precipitate formation,

i.e.,

M (w) + X" (o) = MX (o} (36)

the standard Gibbs energy of transfer is given by,

AGy, 4x = AG,, ¢ + AG
Kop (W)
K,,(0)

tr. x"

= RT 1n (37)

where K, is the solubility product constant.
Accumulation of the precipitate at the interface can hinder ion

transfer [109]).
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3. ELECTROCHEHICAL HETHODS

The interface between two immiscible electrolyte solutions has
been investigated using electrochemical methods. There has been
a surge of electrochemical methods especially after Koryta [2]
described the analogy between metal/solution and liquid-liquid
interfaces and after Samec [39] introduced the four electrode
potentiostat with IR drop compensation, which took over for all
potential controlled experiments. The potentiostat consists of
two reference electrodes which serve to control or measure the
potential of the system and two counter electrodes which serve as

a source and sink of current.

3.1 Cyclic Voltammetry

Cyclic voltammetry is one of the most commonly used
electrochemical method for the analysis of Kkinetic and
thermodynamic parameters. In dc cyclic voltammetry ([(110] a
triangular dc voltage is applied to the electrochemical cell and
the current response is recorded as a function of the applied

voltage,

At the ITIES, charge transfer is usually very fast and the

process is reversible and diffusion controlled for which the

current is given by the Randels-Servick equation
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i = z¥3FAciD)*vV2 (F/RT) 2112y, (38)

i is the current (Ampere), A, area of the interface (cm?), D,the
diffusion coefficient (cm’sec’), v, polarization rate (volt
sec), C;°, bulk concentration of the ion i (mole dm3), x(at),the
current function tabulﬁggd by Nicolson;&ﬁ$p§ip (110] and, the

peak potential ( Ag¢p ) is related to the half wave potential by,

A% = A0, - 109 2 R

or, at 298k ,

0.0285

A:(pp‘l. = Agcpllzll. + _TZ—!_ (40)

where - and + stands for the negative and positive currents
respectively.

Some of the diagnostic criteria for the reversibility of ion
transfer are: the dependence of ip on v should be linear, the
peak to peak separation should be given by 60/|z! in mv where
= charge of the ion, the ratic of the anodic and cathodic peak

currents should be equal to one, i.e.,

Lp,q/ipe = 1
The dc cyclic voltammetric technique has been extended to the ac
mode by superimposing an ac voltage on the dec triangular ramp
{111, 112]. Either the fundamental or second harmonic ac response

is recorded as a function of the applied dc potential. AC cyclic
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voltammerty has a considerable advantage over the dc mode because
of 1its better response (improved wave shape, which makes
evaluation of a "p, easy, and discrimination against charging
current, which brings about better sensitivity). For a reversible
charge transfer the forward and reverse scans overlap with

half-peak width of 90/{z] (z is charge on the ion).
3.2 Flow Analysis

At the ITIES flow analysis can be done either using concentration
step (changing the flow of the carrier solution to the carrier
solution containing the ion to be studied) or concentration pulse
(injecting a small amount of the ion into the carrier stream).
In the wall-jet arrangement , a jet of solution issues from a
circular nozzle and impinges perpendicularly at the detector. The
counter electrode is placed remote from the wall-jet.

The General equation for mass transfer is given by [113]

gc_:D(azc+azc+azc

dc de ac)
dt Ox2 oy? dz?

Lo cc Ly o<
ax  vay TV a2

) - (V, (41)

where ¢ is the concentration (c (x,y,z.,t)), VeV, V, are component
of the velocity in the x,y, and 2z direction respectively. The
first term on the right hand side of Egn. (41) is the rate of
change of concentration resulting from diffusion and the second

term is the-rate of change of concentration due to convection.
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Since the mathematics is very difficult it is only in a few cases
that complete solution can be derived by introducing the
appropriate boundary conditions.

In the wall-jet arrangement when a solution flows over the
hydrophilic membrane a very thin layer is formed adjacent to the
surface (hydrodynamic boundary layer) in _yﬂich the ve%gg}ty
gradient normal to the surface is very large.. -
According to Gunasingham and Fleet {114] the boundary layer

thickness is given by

8,; = 5.8 n¥/ q1/2y3/exS/ey-3/4 (42)

where a 1is the diameter of the nozzig?ﬁ,thejikinematicg
viscocity;v, the flow rate.

Within the boundary layer there exists a diffusion layer,
adjacent to the membrane. The average thickness of this diffusion

layer is given by [114],

84 = 2.80D)7 al/z y5/12 RS/4 y-3/4 (43)

where R is the radius of the detector, and D,, the diffusion
coefficient of the ion in the aqueocus phase.
At the membrane stabilized interface, the current relation was d

derived theoretically for the flow injection system [115].
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consider the figure below

/kc
Organic phase Aqueous phase

——aq—

O3

C(o) T OgL T

Fig. 1. The Diffusion Layer

The water /oil interface is supposed to be at x=0, the membrane

extends to x=d and the steady state diffusion layer, 9, ,

extends from x=d to x=1. In order to get an operational
solution of the convective transport Hundhammer et al. [115]
assumed linear diffusion within the membrane and the region

attributed to §,.
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Using the boundary conditions

t=0 c=o0 ~o<x<d
C=Cb xrd
tE>»o
c(t) = cp - 5., () Xz 1
cC =0 Xt
c v W
So¥o = eXp(ZF{Agp-AL9°) |RT) =0, x=o0
CY w
c, = Cy x=d
and the flux balance
dc de
Do gt = lgf) x=o
dc dc
Dm(ﬁ)"w(—a?m) x=d

where Sm(t) is the unit step function defined as

Sq,(t) =0 for ostst,

and

Sep {(t) =1 for tE>t,

and tp is the length of the concentration pulse acting on the

the effective diffusion

sensor, and finally introducing

coefficient.

p=1/(8;/Dp,+d/ D)
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They showed that

2
in (£¥? i) = 1n {zFraceo(—-L.} -2
xi/2 4Dt

(44)

The steady state current according to [115} is given by

i,, = (zFAC°D)/1 (45)

The steady state current is more convenient for

the effective diffusion coefficient,
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4. BEXPERIMENTAL

The electrolytic cell employed consisted of a Ag/AgCl/Cl” ( sat'd
KCl) reference electrode immersed in 10 mM MgsO, agueous solution
and the second reference electrode, also Ag/Agcl/Cl (sat'd KCl),

was connected to the nitrobenzene phase by mglig_of a Luggin.

capillary inside which a water (Sat'd KCl) /nitrobenzene (CVTPB)

interface was formed.

The base electrolyte for the aqueous phase was 10 mM MgSO, and 10
mM CVTPB for the organic phase. Twice distilled and deionized

water was used throughout the experiment.

All chemicals were reagent grade (except MgsSO, which was GP grade)
and were used without further purification.

Stock solutions of 10mM NisQ,, 10 mM CdSO,, and 10mM FeSQ, were
prepared and used by dilution as required. The Ni(bipy)3?' complex
was prepared by mixing NiSO, and bipyridine in 1:3 mole ratio in

water.

For the study of facilitated transfer, 10 mM 2,2'~bipyridine was
prepared in nitrobenzene containing 10 mM CVTPB. Nitrobenzene
(BDH) was purified by washing first three times with 0.1N ﬁgx%
followed by 0.1N KOH for neutralization; finally it was washed

with distilled water until it become neutral. The washed
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nitrobenzene was distilled under reduced pressure and only the
middle of the distillate ﬁas collected and stored for use.

CVTPB was prepared by mixing NaTPB and CVCl in methanol and the
precipitated CVTPB was filtered off and washed with distilled

water until it was free from Cl°. m.pt 114-115 °¢,

The membrane used was the hydrophilic dialysis membrane PT-150 or
PT-325. A disk of 1.5 cm in diameter was cut and immersed in 10
mM aqueous sclution for half an hour. The thickness of the dry
and swollen membranes were (10 * 3) and (20 t* 3) um for PT-150

and (20 + 1 & 41 * 1) um for PT-325.

The swollen membrane was mounted on a PTFE menbrane holder using
an o-ring and tightly screwed in place. After filling the inner
compartment with the organic phase, the membrane was dipped into
the aqueous phase. Fig. 2 depicts the cell arrangement for the
flow analysis with the wall-jet arrangement. In the organic phase
Pt wire was used as a counter electrode while the counter
electrode in the aqueous phase was stainless steel which also
served as the jet inlet. This was properly placed so that the
solution impinged perpendicularly and uniformly at the membrane,
or the working interface, which had an area of 0.25 cm?. For
voltammetric experiments under stationary conditions a Pt counter
electrode was used in the aqueous phase. A block diagram of the
system used for flow injection analysis is shown in Fig. 3. The

carrier solution, which at the same time served as a supporting
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Fig. 2 Wall-jet electrochemical cell

1, aqueous “reference electrode: 2, organic reference

electrode; 3, organic counter38lectrode; 4, outlet; 5, Jjet

inlet which at the same time serves as the aqueocus coun

ter
electrode; 6, membrane; 7

+ aqueous phase; 8, organic phase,
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Fig. 3 Block diagram for the system flow injection analysis.
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electrolyte, was positioned at a height of 1/2 meter and the flow
rate was controlled by gravity. The solution of the ion to be
investigated was injected in to the carrier stream with a sample
loop of 25pl capacity. For the continuous flow analysis two
aspirator bottles, one filled with the carrier solution and anther
filled with the carrier solution containing the ion to be
investigated, were positioned at the same height, The flow of the
carrier solution was changed into the carrier solution containing
the ion under investigation using a three way stopcock. All tubing
was made of polyethylene. The w/nb interface was polarized using
a signal generator (MP1052 Electroanalyzer, Mckee Pederson Inst.),
through a home made four electrode potentiostatic circuit with a

feed back loop for IR compensation.

The 5nmv peak-to-peak sinuscidal voltage, which was superimposed
on the triangular voltage, in the ac cyclic experiment, was
generated by a Tektronix FG-501 frequency generator. In the ac
experiments, the potentiostatic current output was fed to a PAR
model 5204 lock-in analyzer and the inphase component of the
current was recorded against the applied dc potential. The block
diagram of the electronic arrangement for the ac cyclic
voltammetry experiment is shown in Fig. 4. In the dc cyclic
voltammetric experiment the current output of the potentiostat was

directly connected to the x-y recorder.
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Fig. 4 Block diagram of the electronic set up for the ac cyclic
voltammetry experiment
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The basic cell arrangement used in all the experiments was:
Ag/AgCl/KCl (sat'd}/CVTPB/membrane/ 10mM MgS0,/AgCl/Ag

All experiments were done at a laboratory temperature of 2113°.
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5. RESBULTS and DISCUSBION

Throughout the study 10 mM MgS0, was used as a supporting
electrolyte in the aqueous phase while 100, 10 or 0.1 mM CVTPB
was used in the organic phase (nitrobenzene). The potential
window was limited by the transfer of Mg # and/or TPB" in the
higher potential region and SOJ* and/or CV+ in the lower potential
region. The potential window was about 500 mv. Fig. 5 shows the
de¢ and ac cyclic Voltammograms for the base electrolytes. When 10
mM 2, 2'-bipyridine was present in the organic phase no
facilitated proton transfer was observed up to pH 5. However,
when the pH was lowered to 4.5 theafacilitaggd trqnsfer:oflf.was
noticeable. Since the pH of investigated transition metal ion
solutions and that of the carrier solution was 6, H' transfer

could not occur.

5.1. Flow Injection

In the flow injection analysis 25 pl of the ion to be studied was
injected into the carrier stream (supporting electrolyte). The
injected sample forms a zone which is then transported towards
the wvoltammetric sensor, i.e., ITIES where the facilitated
transfer of the metal ion occurs. The magnitude and shape of the
observed peak is dependent on the -kinetics and thermodynamics of

the complex formation as well as on the transport processes,
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Fig, 5 DC (a) and AC (b) cyclic voltammograms for the base
electrolytes. Adqueous phase 10 mM MgS04, organic phase 10 mM CVTPB
in nitrobenzene. a4




5.1.1. I-V Characteristics

The dependence of current peak height on the applied potential
(Egppe) Was studied for the facilitated transfer of Fe?, cda % and
Ni%* and complex ion transfer of Ni (bipy)3”. Tables 1 and 2 show

the values of iP for different applied potentials.

The plot of current peak height versus the applied potential for
the transfer Fe %' facilitated by 2, 2-bipyridine in the organic
phase is shown in Fig. 6. An S-shaped curve with a half wave
potential, the most important qualitative feature of the curve,
of 275 mV was obtained. Quantitative analysis of the transferring
metal ion is also possible from the dependence of the current
peak height on its concentration at a constant potential in the
limiting current region {9].

The transfer of Cd* facilitated by 2, 2'-bipyridine is plotted in
Fig. 7 and has similar features to that of Fe®, with a half wave

potential of 310 nv.
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Table 1 Dependence of ip on the applied potential for the
facilitated transfer of iron (II). (0.1 mM FeSO, aqueous phase and
10 mM 2, 2'-bipyridine with 10 mM CVTPB in nitrobenzene).

E/ mV ip/lO'7 Ampere
175 0.25

200 0.30

225 0.70

250 2.0
275 5.65

300 7.6

325 8.5

350 9.2

375 . 9.3

Table 2 Dependence of ip on the applied potential for the
facilitated transfer of Cadmium (II). (1 mM CdSO, aqueous phase
and 10 mM 2, 2'-bipyridine with 10 mM CVTPB in nitrobenzene).

E/mV ip/10'7 Ampere
175 0.1
200 0.2
225 0.3
250 0.4
275 0.8
300 2.0
310 3.2
320 4.5
330 6.3
340 6.4
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Fig. 6 Dependence of current peak height on the applied potential
difference. Carrier stream 10mM MgSO4, Injected sample, 25 ul of 1.0

mM FeSO4 in 10mM MgSO4. Organic phase 10 mM 2,2' dipyridine + 1omM
CVTPB in nitrobenzene.
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Fig. 7 Dependence of current peak height on the applied potential
difference. Carrier stream 10 mM MgS04. Injected sample 25u]1 of 1.0

mM CdSO4 in 10mM MgS0O4. Organic phase 10 mM 2,2' dipyridine + 10mM
CVTPB in nitrobenzene,

48




Table 3 and 4 shows the values of ip for different applied
potentials for Ni (bipy)32+ and Ni®*. an attempt to study the

facilitated transfer of Ni? using 2, 2'-bipyridine in the organic

phase resulted in very poor I-V characteristics with a hardly
discernible half-wave potential (Fig. ga). On the other hand the
transfer of Ni (bipy)a% showed an S shaped curve with a half wave-
potential of 265 mV (Fig. 8b). Based on the magnitude of the
successive stability constants (Table 5) we can assume that the
complex investigated 1is the tris complex. This was further
confirmed by the findings of Homolka and Wendt ([96]. These
authors, in their studies of multi-complexed ion trangggy,olei”
with 2, 2'-bipyridine using 1:3 Ni? to 2,2'-bipyridine mole ratio

observed the transfer of the tris complex only.

The experimentally obtained half-wave potentials for Fe?, cd %
and Ni (bipy)f+ are nearly similar. Thus the assumption that in
all cases the tris complex is transferred seems to be justified
in view of the fact that the charge and size of the complex ions
are very similar. The peak potential for the transfer of cd®
appeared at a more positive potential by about 40 mv. If it were
due to the transfer of the bis complex it would be expected to
appear at a more positive potential by at least 170 mV than that

of the tris complex (14,96].
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Table 3. Dependence of peak current ip on the applied potential
(E,,) for the complex ion transfer of Ni(bipy);* (0.1 mM
Ni(bipy),®** in 1omM MgSO, aqueous phase and 10 mM CVTPB in
nitrobenzene).

E/mV i /10 "Ampere
175 0.1
200 0.2
225 0.5
250 1.2
275 4.1
300 5,2
325 5.3
350 5.4

375 5.4

Table 4, Dependence of peak current (ip) on the applied potential
(E,,) for the facilitated transfer of Ni®*. (1 mM NiSO, in 10 mM
MygSO, aqueous phase and 10 mM 2, 2!' bipyridine with 10 mM CVTPB
in nitrobenzene).

E/mV i_/107Ampere
225 " 0.10
250 0.25
275 0.50
300 0.60
325 0.70
350 ' 1,10
375 1.20
400 1.30
425 1.50
450 1.50
475 1.80
500 2,00

50




Since the replacement of two water molecules by one bipyridine
molecule from the respective hydrated transition metal ions
change the standard Gibbs energy of transfer of the complex by
170 mv or more. Therefore, the wave for Cd? transfer is ascribed
to the transfer of the tris complex. The appearance of the peak
at a more positive potential could be due to the much lower

stability constant of the tris C4%' complex (Table 5).

Table 5: Successive Stability Constants for the Complexes of
Fe?*, Ni?* and cd® with 2,2'-bipyridine [116].

Ion Fe?* NiZ ca*
log Kk, 4.3 7.1 4.3
log k, 3.7 6.8 3.5
log ks 9.5 6.2 2.6
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5.2. Kinetic and Thermodynamic Behavior

The thermodynamic and Xinetic behaviour was studied by the
analysis of the current-time response to an injected sample of

the respective ion and by ac and dc voltammetry.

Figures 9 and 12; show the current-time response to an injeqped
sample of 25 pl 10 mM Ni®* and Fe?*, Cd? and perchlorate ion at a
potential within the ‘limiting current region (320 mv). The
current-time behavior for the transfer of Ni¥ shows a very broad
peak indicating that there might be kinetic control by slow
formation of the complex. The same behavior was observed in the
complexation reaction rate study of the Nim'witp_z,Z'—bipyridine
in aqueous solution {117], which was found to be more than 1000
times slower than that of Fe® and ¢d®. For monodentate ligand
substitution reaction of the divalent agquometal ion the rate of
substitution is in most cases determined by the outer-sphere
association constant and the water exchange rate of the outer-
sphere complex as affected by charge and size of the metal ion
and crysalfield stabilization energy . The rate determining step
is usually the the first coordinate bond formation of the ligand.
For multidentate ligand substitution reaction, depending on the
nature of the multidentate ligand and metal ion the rate
determining step can shift from the first coordination reaction
to some later chelation step. Steric effects may become important
in ring closure reactions as well as in the initial coordination

step
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Fig. 9 Current time behaviour for the facilitated transfer of Ni(II). Carrier stream 10mM
MgS0O4. Injected sample 25 pl 10 mM NiSO4. Organic phase 10 mM 2,2'-bipyridine + 10mM CVTPB in
nitrobenzene,




(119, 120]. For Ni¥, Fe® and c€d*® the rate of substitution
reaction of the aquometal ion with 2,2'-bipyridine follows the

order [117)]

Ni?* < Fe? < cg?

This reactivity sequence parallels that observed for the water
exchange rate for the metal ion [117]. The poor I-V curve for Ni?
(Fig 8a) 1is also indicative of the slow kinetics of the
complexation. Furthermore, the kinetically controlled transfer of
Ni®* was studied using ac cyclic voltammetry. In the ac
voltammogram the forward and reverse scan did not overlap and
different peak potentials were observed. For a reversible
transfer at least the forward and reverse peaks should have the
same Ep values. Ac cyclic voltammogram was run at different

frequencies (Fig. 10). The plot of i_ Vs @* (Fig. 11) shows a

P

linear dependence. For a reversible transfer a linear dependence

of ip on the square root of the frequency is expected,
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Fig. 10 AC cyclic voltammogram for the facilitated transfer of
Ni(II) at different frequencies (a) 10 Hz (B) 15 Hz (c¢) 20 Hz (d) 30
Hz (e) 35 Hz. Sweep rate 12 mv/sec. Aqueous phase 10 mM NiSO4 in 10
mM MgSO4. Organic phase 10 mM 2,2'-dipyridine + 10 mM CVTPB in
nitrobenzene.
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On the other hand the facilitated transfer of Cd* and Fe?* showed
different behavior from that of Ni?*, The i-t curves (Fig. 12],
with fairly sharp peaks, indicate that the transfer of these ions
is not kinetically controlled. The peaks for these ions have
similar shape to that of perchlorate which is Xknown to be
diffusion controlled. The diffusion controlled..reversible
transfer of Cd”‘ and Fe? can easily be inferré& fréﬁ the

overlapping forward and reverse ac peaks and the half peak width

(=45mv) .,

Ac cyclic voltammograms for 10mM Fe® and Ni?* in the aqueous and
10mM 2,2- dipyridyl in the nitrobenzene phase is shown in Fig. 13
and Fig 14. In both voltammograms two peaks are observed one at
280 mv and the other at 485 mv. The ac cyclic voltammogram for
the complexed ion transfer showed one peak only at a potential
very close to the peak at 280 mv. Therefore, it can be concluded
that the peak at lower potential (280 mv) is due to the tris
complex while the second peak at higher potential could be due to
the bis complex of the metal ions. A similar result was obtained
for the transfer of Cd®* (Fig. 15). The relative stability
constants for Fe? and Cd? can be deduced from the magnitude of
their current peak heights. Based on this the relative stability
of Fe?*-bipy complex was found to be higher than that of the bis
complex., This is in agreement with the stability constant of the

complexes in aqueous phase (Table 5). The relative stabilities of
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the successive complexes for cd?' deduced was not in agrecment

with the literature data (Table 5).
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Fig. 12 Current-time behaviour for the facilitated transfer of
Cd(II) and Fe(II). Cl0Q, is used as a reference. Carrier stream 10 mnli
MgSod4 in to which 25 ul of 10 mM CdSO4A and FeS504 was injected.
Organic phase 10 mi{ 2,2'-bipyridine + 10nM CVTPBR in nitrobeonzens,
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Fig. 13 AC cyclic voltammogram for the facilitated transfer o
Fe(II). Agueous phase 1mM FeSO4 in 10mM MgSO4. Organic phase 10 m
2,2'-dipyridine + 10 mM CVTPB in nitrobenzene. £f=35Hz, sweep rat
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Fig. 14 AC cyclic voltammogram for the facilitated transfer of
Ni(II). Aguecus phase 10 mM NiS0O4 in 10 mM MygSO4. Organic phase 10
mM 2,2'-dipyridine + 10mM CVTPB in nitrobenzene. £=35Hz, sweep rate
12mv/sec.
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As can be seen from Fig, 15 the Gurrent peak magnitude is larger
for the tris complex while the literature value of the stability
constant is smaller than that of the bis complex. The magnitude
of the peak current for Ni**-bipyridine bis and tris complexes are
similar, in reasonable agreement with the 1literature values

(Table 5).

When the solution of the metal ions (Fe* and €d®) were first
brought in to contact with the organic phase containing
2,2'-bipyridine, the peak at higher potential increased and
decreased rapidly while the peak at lower potential (i.e. for the
tris complex) increased steadily until a final value was reached.
This shows that the transfer takes place by successive
complexation of the metal ions. This was further confirmed by
studying the transfer behaviour of these ions at different
switching potentials. First the voltammogram was run in the
potential range of the tris complex only and the peak current did
not change with time; however, when the potential range was
extended to where the bis complex transfer occurs the magnitude
of the peak current of the tris complex increased. Therefore it
can be concluded that the tris complex is formed from the bis
complex by the addition of one 2,2'-bipyridine moiety when the

bis complex is transferred to the organic phase.
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Fig. 15 AC cyclic voltammogram for the facilitated transfer of
CA(II). Agqueous phase 0.1 mM CdS0O4 + 10 mM MgSO4; Organic phase 0.1
mM 2,2'-dipyridine + 10 mM CVTPB in nitrobenzene. f=35Hz, sweep rate
l2mv/sec.
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The transfer of the Ni(bipy),” complex was also studied using
single sweeéﬁ-voltammetry {Fig. 16). The current peak height
versus the square root of sweep rate (uv*) (plotted in Fig. 17)
showed a linear dependence up to v= 150 mv/sec. This indicates
the diffusion controlled transfer of the complexes up to a sweep

rate of 150 mv/sec.Using the theory for linear potential.

weep

voltammetry at the stationary electrode [112), the diffusion

coefficient D ;2+ in water was evaluated to be 2x10°° cm?/sec.

Ricbipy)
from the peak currents corresponding to the transfer of Ni(bipy)f’
from aqueous to the nitrobenzene phase. The value of the
diffusion coefficient obtained by us was smaller compared with
that of Homolka and Wendt (7.5x%10°° cm®/sec.) {96] in the membrane
un-stabilized ITIES.This is clearly due to the slow diffusion

inside the membrane.

For the case C, » C  the half wave potential of Ccd® facilitated
transfer increased with decreasing metal ion concentration (Table
6). Evaluation of a stability constant was not possible because
the mathematical treatment of the diffusion problem Iis
complicated; in addition, since three complexes are formed the

knowledge of at least two stability constants is required.
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16 Single sweep voltamﬁbgrams for the transfer of
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phase 0,1 nM Ni(bipy)32+ complex in 10 mM MygsO,. Organic phase
10 mM 2, 2'-bipyridine + 10 mM CVTPB in nitrobenzene.
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As can be seen from Table 6 the half wave potential was
independent of the ligand concentration, for the case C, > C
because the more stable tris complex is formed. On the other hand
the facilitated transfer of Fe? with 2,2'-dipyridyl showed no
shift in the half wave potential when the concentration of the
mgtal ion (FQ“) was changed (see Table 7). We presume that the
complexation reaction occurs at the interface. The differénce in
behavior between Cd* and Fe? could be attributed to the
difference in their stability constants. The stability constant
for Fe? with 2,2' bipyridine is 10* times greater than that of

cd® (Table 5).

Table 6 Dependence of E,, on the concentration of cd®. (The
transfer of Cd* facilitated by 2, 2'-bipyridine dissolved in 10

mM CVTPB nitrobenzene),

Metal ion concentration/mM E,./mV

a) 0.1mM 2, 2'-bipyridine (bis complex)

0.10 560
1.00 525
10.0 500

b) 100 mM 2, 2'-bipyridine (tris complex)
0.01 325
0.10 320
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Table 7. Dependence of E,;, on the concentration of Fe?. {The
transfer of Fe?* facilitated by 2, 2'~bipyridine dissolved in 10mM
CVTPB nitrobenzene, tris complex).

Metal ion concentration/mM E,,»/MV

a) 0.1 mM 2, 2'-bipyridine

0.10 330

1.00 325
10.0 325
b) 100 mM 2, 2'-bipyridine
0.01 325
0.10 320

Based on our general experimental observations we propose the
following reaction scheme for Fe® and Ni?* facilitated transfer.
surface reactions M(w) + L{o) = ML(w)
ML(w) + L(o) = ML,(w)
ML,{w} + L{o) = ML,(w)
Partition equilibria ML(w) = ML(o0)
ML, (W) = ML,(0)
ML; (w) = MLz(0)
Before the start of the electrochemical experiment all species
are present at low concentrations and we assume that ML(w) is the
dominant species.On sweeping the potential in <the positive
direction the complex ions are transferred in the order of their
respective sizes: first ML,**, then ML and MIL® at the most

positive potential. Because of the high concentration of ligand
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in the organic phase the MLs2+ concentration will increase
continuously from cycle to cycle while the ML22+ concentration

passes through a maximum.

Ac voltammetric studies of the facilitated transfer of Ni%', with
0.1 mM 2,2'bipyridine showed no peak even at  Thigher
concentrations of the metal ion. This could be due to the slow
reaction kinetics discussed previously. Yoshida & Freiser [118]
observed similar behavior, when they were studying the Xinetics
of the transfer of Ni?* facilitated by the stronger ligand 1,10
phenathroline. They observed no peak, for the transfer of Ni-

(phen)? complex, even at a higher Ni?* concentration (10 mM).

The transfer of the conplexed ion, Ni(bipy)3”, showed no shift of
the half wave potential when the concentration was changed. And
the peak current increased with increasing concentration of the

complex in agreement with theory.
The half-wave potential for the facilitated transfer of Ni?, Fe?

and Cd”, evaluated using perchlorate as a reference ion, are

given in the following Table.
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Table 8. Half-wave potentials (of the tris complex) for the
transfer of 1mM Ni®*, Fe? and cd® facilitated by 10mM

2,2'=bipyridine.

Metal ion AJ¢1R/V
Ni® | -0.208
Fe?* A -0.215
ca® -0.175

Another important result is the peak separation between the
successive complexes. For Ni% and Fe? the peak separation between
the bis and tris complex was similar (AE= 0,.2v). This amounts to
a change in the standard Gibbs energy of transfer between the
successive complexes,AAG®, of 38.6 ki/mol. In their studies of
Ni~bipy complex ion transfer, Homolka and Wendt ([96] found
equally separated peaks (between Ni(bipy)?*, Ni(bipy)zz+ and
Ni(bipy),®) by about AE«0.17v (AAG° = 33 kJ/mol). This change in
standard Gibbs energy of transfer is brought about by the
replacement of two water molecules by one 2,2'-bipyridine
molecule. The higher AAG’  in our case, compared with that of
Homolka and Wendt, could be due to the slow diffusion inside the
membrane (9]. The peak separation for Cd¥-bipy complexes,
however, was much bigger, AE=0.275 v (AAG° =53 kJ/mol) and the

details of the transfer mechanism should be studied further.
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6. CONCLUSION

The transfer of Cd? and Fe® facilitated by 2,2'-bipyridine

2+

and the complex ion transfer of Ni(bipy)," were studied using flow

injection analysis. The transfer of these jons is reversible and

diffusion controlled. On the other hand the transfer of Ni%

facilitated by 2,2'-bipyridine is kinetically controlled.

In the facilitated transfer of the divalent transition metal
ions the transfer of the bis and tris complexes were within the
potential window of the ac and dc cyclic voltammogram. The peak
at lower potential is presumed to be due to the tris complex
while that at the higher potential to be due to the bis complex.
The transfer mechanism for Fe? and Ni?*, with 2,2'-bipyridine in
nitrobenzene, appears to be a complex ion transfer while that of
cd* seems to be a facilitated ion transfer. Further study is
required to elucidate the transfer wmechanism of Cd%* and to
explain the high value of the change in standard Gibbs energy of
transfer between the tris and bis complexes (53 KJ/mol). For Ni%
and Fe? the change in standard Gibbs energy of transfer between
the successive complexes is in reasonable agreement (38.6 KJ/mol)

with the reported values (33 KJ/mol).
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