ELECTROCHEMICAL INVESTIGATIONS OF THERMODYNAMIC
AND STRUCTURAL ASPECTS OF THE INTERFACE BETWEEN
TWO IMMISCIBLE ELECTROLYTE SOLUTIONS

by
HAILEMICRAEL ALEMY

A Dissertation
Submitted to the School of Graduate Studies
Addis Abapa University
in Partial Fulfiitment for the

Degree of Doctor of Philosophy in Chemistry

Department of Chemistry
Faculty of Science

February 1991

H A
C AL
341




To Menbere and Simrset




ADDIS ABABA UNIVERSITY
ABSTRACT

FACULTY OF SCIENCE
CHEMISTRY
Doctor of Philasophy
ELECTROCHEMICAL INVESTIBATIONS OF THERMODYNAMIC AND STRUCTURAL
ASPECTS OF THE INTERFACE BETWEEN TwO IMMISCIBLE ELECTROLYTE
SOLUTIONS.

by Hailemichael Alemu

Simple ion transfer across the immiscible water/o-nitrotoluene,
water/benzonitrile and water/o—dichiorobenzene interfaces has been studied
using ac and dc cyclic voltammetry. The stendard Gibbs energies of transfer
from water to the organic solvents for several ions have been determined. The
results are compared with theorstical velues calculated using the model of ionic
solvation. '

The transfer across the immiscible water/nitrobenzene interface of
transition metal (Fe, Co, Ni, Cu and in)-terpyridine complexes has been
studied using ac end dc cyclic voltammelry, linear sweep voltammetry and
absorption spectroscopy. From the voltammetric measurements and convolution
integral anslysis, thermodynamic and transport properties have been gvalualed.
The transfer behayviour of cuprous ion across the water /1,2-dichloroethane
interface facilitated by 2,2 -biquinoline hes been studied and the mechanisms
for the transfer process are proposed.

The structure of the electricel double layer at the waler /o-nitrotoiuene
and water/o-dichlorobenzene interfaces containing different base electrolytes
with different concentrations has been studied by impedance measurements. The
capacitance values obtained from experiments have been compared with the
values calculated from the Gouy-Chepmen theory. Analysis of the results has
indicated the absence of specific adsorption at the walter/o-nitrotoluene

interface.
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CHAPTER ONE

LITERATURE REVIEW




1.1 INTRODUCTION

in the first decads of this century, Nernst and Riesenfeld [1,2] began
their studies of the water/phenol/water interfaces in an altempt to model
biological membranes. Using glectrolytes partitioned in the iwo liguids they
observed the transfer of jons during the passage of current through the system.
They theorstically predicied, and experimentally demonstrated, the
accumulation and depletion of the transported ions at the interface depending
on ihe direction of the current and on the values of the transport numbers.
Their main interest was in delermining the transport number of an ion in
the organic phase. Following this innovative work, investigations of the
interface belween two immiscible electrolyte solutions, ITIES, raised special
interest in the area of physiology [3]). For severa) decades thereafter research
on ITIES was focused on the study of equilibria or steady state electrical
potential differences between aqueous and organic phases in the presence of
different electrolytes (4],

gauer and Kronman [5] investigated the ITIES by adding a picrate or
tetramethylammonium saits in the agueous phase. The potential differences
were interpreted as fonic adsorption potsntials. Such types of studies were
extended to show ihe dependence of the equilibrium polential differences on
the partition coefficients of salts dissolved between water and the organic
liquid [6]. However, 1the measured potential differences across the water
Joil 7 water interfaces did not show significant changes when the
concentration of the sails were varied in ong of the agueous components.
gonsequently, this observation had been ihe subject nf significant contention
for several years. Beutner {4,6] explained the phenomena in terms of the free
charge at the oil / waler interface, which aross as a consequence of unaqual
distribution of the fions across the interface, whereas Bauer (5,7,8],
Ehrensvard and Sillen [9,10] viewed the potential differences as adsorption




potentials or surface potential differences arising due 1o specific ionic
adsorption.

Dean et al. (11,12] demonstrated theoretically that Beutner's proposal
was correct and that the measured potential difference was a volta potential
difference (outer potential difference).

Kahiweit et al. [13,14] estimated the concentration gradient of different
jons in quinoline/HC! system and quantified many components of the membrane
potential by splitting it inlo a phase boundary potential and diffusion
potential.

Davies and Ridea! [15,16] determined surface and diffusion poientials
and justified the idea of Beutner by illustrating that the adsorption potential
would not be observable for a water /polar-organic solvent system since
interfacial double layers could be formed. They indicated, however, thatl this
polential would be inevitable if the organic solvent used were non-polar.
The resulls of these investigations settied the long-lived dispute of Beutner
and Bauer concerning the principle and origin of the electrical potential
differences at the ITIES.

tn the mid -1950's, new investigations on ITIES started under the flow
of current. A change in the interfacial tension of {TIES was observed during
the flow of current across the interface [ 17). This alteration of the interfacial
tension was believed to be due 0 electroadsorption. Il was assumed that it was
induced by the electric field arising 8t the electrode during the process of
current flow.

Watanabe et al. [18,19] studied electroadsorplion phenomena and
oblained electrocapillary curves for different systems. These authors observed
changes in the interfacia! tension with changes in the type of anions &nd cations
present in the systems. Blank and feig [20] did experiments to reveal the
difference between eleclrocapillarity and electroadsorption. In 8 subsequent

investigation Blank [21] studied the effects due to the flow of current across a




water /nitrobenzene interface in the presence of a cationic surface active agent.
He illustrated that the effect of electroadsorption was exclusively due to the
sccumulation or depietion of surface active electrolytes at the interface and
concluded that electroadsorption was due to migrational mass transfer control.

Dupeyrat and Michel [22,23] investigated the mechanism of
elactroadsorption at ITIES and drew a conclusion that the variation in the
interfacial tension as & function of applied potential couid not be described
only by electrocapiliary adsorption. A similar approach was Wilized by Jaos
el al. [24,25], who interpreted the shift of the interfacial tension during the
flow of current as being due to a difference in transport numbers of the cations
in both phases.

D'Epenoux et al. [26,27) also carried oul similar investinations and
accounted for the variation of the interfacial tension in terms of the change of
the ionic concentration in the interfacial layer due to the ion transfer bhetween
the two immiscible solutions. All these investigations on the electroadsorption
phenomena endorsed the interpretation introduced by Blank.

The electrical phenomena of the current-potential relationship st ITIES
were carefully examined by Gavach and co-workers [28,29]. These authors
showed for the first time that ITIES is polarizable when the salt dissolved in
the organic phase is hydrophobic and the sall in the aqueous phase is
hydrophitic. Afterwards these suthors investigsted the ITIES in much delail
{30-32). The overpotential of the ITIES was studied by splitting it into the ion
transfer overyoitage and the diffusion overvollage. The results obtained were
qualitatively identica) o those ablained for metal/electrolyle solution systems
under mass transfer control for the ion studied [31 .32). They also estimated
kinetic parameters for the transfer of tetraalkylammonium ions [33).

Guastaila [34,35) proceeded with the polarizability of ITIES with a
four-eleclrode set up and measured the currenl flowing across the ITIES as

a function of an applied triangular vollage wave. However, the obtained current




potential curves were severely distoried due to the absence of potentiostatic
control. These preliminary investigations on the polarization of the ITIES were
the basis which led to an improvement of the currently used glectrochemical
tachniques.

The contemporary interest on [TIES, that it could serve as d simple model
representing one-half of a biological membrane, and that il can have anslytical
applications, was initiated by Koryta et al. {36]). A comprehensive review of
the ITVES, comparing it to the metal/electrolyte solulion interface, was
presented for the first time [37) in 1979. In the same year 3 mathematical
relationship between the @alvani potential and the current for a charge
{ransfer reaction at ITIES was derived [38). The equilibrium conditions and the
Galvani potential difference across the ITIES was also examined Dy different
authors [39-42].

The irreversible ion transfer hehavior al ITIES for 3 single ion [43) and
for lwo jons [44,45) was treated by Melroy and Buck. These workers pointed
out the differences between tha process of jon transfer at ITIES and eleciron
transfer at the metal/electrolyte solution interface, namely : (i) diffusion and
migration of ions should be treated with the help of the Nernst-Planck
equation, (ii) because of salt equilibria, interfacial transport of ions of
opposite signs must be considered and (iii) partition equilibrium is a non-
linear ionic process that can lead 1o equations without analytical sotutions.

in the last two decades most of the investigations on ITIES were focused on
the development of electrochemical lechniques and cell designs.il has been
shown that most standard electrochemical techniques could be applied without
any complications, once @ defined and accurate potential difference could be
set up at the interface, and the iR drop in the organic phase could be properly
compensated.

An electrolyte dropping electrode (EDE) was designed and tested for
polarographic investigation of the ITIES [36,46] by Koryta et al.. Samec gt al.




[47-49] demonsirated that the charge transfer processes across ITIES could be
well obssrved using cyclic voltammetry with a four-elactrode potentiostat
coupled with a positive feedback for the glimination of the ohmic drop. A six
alectrods cell arrangsment was also proposed [S0] For most ITIES studies,
however, the four-elecirode potentiostal has been found to be salisfactory.
Other experimental mathods employsd for ihe plecirochamical invastigation of
the ITIES inciude : (1) the use of convoiution potential sweep voitammelry
(CPSV) as applied to the quantitative analysis of tha lingar swesp or cyclic
voltammetric data on fon or electron transfer [51,52]; (i) the use of three-
glectrode system with a hsnging electrolyte drop electrode [53]: (i)
potential-step chronopotentiometry [S4]; (iv).current scan polarography at
the ascending water electrode (AWE) [S5); (v) alternaling current cyelie
voltammetry [56]; (vi) ac impedance wilh a phase-seleclive ac polarography
[57): (vii) ac bridge impedance [S8); (viil) maximum hubbis pressure mathod
[59]; (ix) video image digitizing technique for measuring the interfacial
tension of & pendant (sassile) drop (60,61]), (x) fast parformance
galvanostatic putse method for the evaluation of both capacitance and ohmic
potential drop in the studies of the doublie layer and kineties of ion transfer
[62-64].

The classical streaming method has heen exiandad for the determinalion of
the potential of zero charge al ITIES [65). The technique of
chronopotentiometry with cyclic linesr current scanning was fully devsloped,
(both theorstically and experimentally), for the Investigation of fon transfer
sl ITIES 166-67). A polyviny) chloride/nitrobenzene gel electrode and an
agar /water gel elecirode was introduced for the analytical application of ITIES
[68). A hydrophilic cellulose membrane was employed to separala the aqueous
electrolyte phase from the organic phase in ITIES investigations [69]. A liquid
/ liquidmicroselectrode analogous 1o a metallic micro elactrode was developed
and used for the studies of facilitaled ion transfer and ion transfer kinetics




[70,71). Further a liquid/liquid multi-micro elecirode was designed and used
by employing 8 membrans with wall-dafined pore size [72]. Semi-diffgrential
cyclic vollammetry was applied by coupling a semi-differential transformer to
a four elactrode potentiostat {73]. An amperomelric deteclor based on 2
membrane stabilized ITIES was developed and tested in & flow injection syslem
for the delermination of jonic species [74). Very recently, a silver/silver
tetrapheny! borate reference eleclrode was introduced for etectrochemical
studies of ITIES [75].




1.2 10N TRANSFER AND [ON TRANSFER KINETICS

Simpte ion transfer is one kind of charge transfer process across ITIES
which has been thoroughly studied by many investigators. The phenamena of ion
transfer and ion transfer kinetics have been examined experimentally with the
aid of various electrochemical methods which have been discussed in the
previous part of this chapter. The purpose of this section is to mention the
different types of ions whish have been investigsted in a variety of
water/organic solvent systems .Details have been given in literature reviews
[37,76-84]. The rate of ion transfer across ITIES is fast enough to be
classified as reversible [83,84). in some instances, the kinetics of the ion
transfer have bsen determined. Studies of diffusion controlled ion transfer
allow the evalualion of diffusion coefficienis, the determination of
thermodynamic quantities such as standard Gibbs energy of transfer, and also

the analytical determination of transferable ions.

V.21 REVERSIBLE ION TRANSTER

The process of ion transfer is rather fast as shown by many
experimenial results. Under proper conditions glectrnchemical measurements
can be carried out for reversible diffusion controlled transfer process with
the help of eleciroanalyticel methods developed for metallic slsctrodes [47],
since the boundary conditions at ITIES can be approximated to those applicable
to the metal / electrolyte solution interface.

With a help of a four electrode potentiostat, and cyclic voltammetry
Samec et al. [48] studied the diffusion controlled reversible transfer of TMAY
ion across the water/ nitrobenzene interface. The transfer of ¢s* ion was also
investigated [48). The transferred ions showed reversible behaviour by

fulfilling the commonly used criteria for reversible charge transfer processes.




The transfer of the picrate ion was similarly shown to behave reversibly (49).
However, such invesligations for anions like €104, SCN™, and NO3~ showsd
only voltammetric peaks due to the transfer of these fons from the organic
phase lo waler, while the reverse peaks were accompanied by the simultansous
transfer of the base electralyle tetrabutylammonium ion (TBA*). The
introduction of a more hydrophobic base electrolyte like the calion of
crystal violet (CY*) in the organic phase gliminated this limitation and
enabled the studies of n-octoate, picrate, Jaurylsulphate, SCN™, Ci047,
{=, Br~ and NOz~, fons [85,86].

The water /nitrobenzene interface has received mueh attention for the
following reasons: the very low solubility of water in nitrobenzene (0,34 %
by weight); very low electrical resistance; relatively high solubility of
electrolytes; high dielectric constant (35), targe specific density (1.2
g/cm3) and low vapor pressure. As a consegquence many jon transfer
investigations has been made in this system. some of these inciude the transfer
of fifteen different alkylammonium ions [87] for which the reversible half
wave potentials ang the standard Gibbs energies of transfer have been
determined. Apart from these, other ions that have been studied include
acetyicholine and choline (88], dialkylviologen cations, tris-(2,27-
bipyridine) ruthenium (il) (89,90], and cy* jon, [86). For the anions ,in
addilion to the previous ones, tetrafloroborate (BF47), F7, 1047, €103,
Broz”, [91,92], I and its complexes ( 1z~ and Is™) (93], the acidic dye
bromophenol biue (BPB), bromocresol green [94]), and different types of acidic
and basic dyes [95), 12-tungstosilicate ([51W12040]4’){96], and very
recently,  Lhe 12-molybdophosphate ([PM032040}3“) and 18-
molybdophosphate ([P2M018062]6“) [97) have been investigaled across the
water /nitrobenzene interface.

Makrlik and Hung [98] studied the transfer of several univaient cations
(H*, Li*, Na*,K*, Rb*,Cs*,and TMAT ) and the diperylaminate (DPAT)




snion as a function of temperature in the range 5-65 OC and calculaled the
associaled changes in the enthalpy and entropy of the transfer. The resuits
indicated lhat the transfer of all ions from the aqueous Lo the organic was
accompanied by an entropy drop.

The transfer of ions al the water/1,2-dichloroethane (1,2-dce)
interface was also investigated by many workers. The transfer of the cations
tetraalkylammonium and Cs* and of the anions: Pi™, i04', 0104‘, BF4™, 1,
SCN™, and NOz~ was studied using different gleclrochemical techniques
[91,99,100]. Simiiar ion transfer studies for halides, their oxo-acid anions
and other polyatomic anions were also carried out [92].

Very recently Samec el al. [101] made revised experiments for the
transfer of alkali metal jons ( Li", Na*, K*, Rb*, and Cs¥ ) both al the
water /nitrobenzene and water/1,2-dce interfaces. These suthors claimed that
the values of the standard Gibbs energies of transfer from water to
nitrobenzene agree well with those data in the literalure, while their values
from water lo 1,2-dce deviate from the literature values. They have remarked
that the already reporled data should be amended.

The water/isobuty! methyl ketone interface was examined Dy
Koczorowski et at. [102] for the reversible transfer of TEAY,
tetrapropylammonium (TPrA*) and 17 ions. However the applicable potential
window of this system is too narrow to exlend the investigation to other ions.

solomon el al. [ 103] investigated the transfer of several ions at the
waler /acetophenone interface and demonstrated that this system does provide 8
reasonable polarization window; however, the mutual solubility of the two
phases imposes 3 limitation. The water/mixed-organic-soivents system, where
the organic mixiures were nitrobenzene and benzonitrile[ 104]); nitrobenzene
and benzene [ 102]; nitrobenzene and chlorobenzene [105) were also studied.
il has been suggested that studies of systems containing organic mixtures could

assist in fully understanding the ion and electron transfer mechanisms across




ITIES [84].
in addition to the above solvent systems, investigations of ion transfer

across the water/dichloromethane {106], water/chloroform [921 , water/o-

nitrophenyloctyl ether [107], water/o-nitrotoiune and water/benzonitrile

[108,109] (the latter two in the course of the present work) and, very
recenlly, the water/nitroethane [ 110] interfaces were carried out.

The transfer of acetylcholine, methyl viologen, cs*, Pi~, and €104~ fons
across a polyvinyl chioride+nitrobenzene gel/water interface were gxamined
by Marecek and Colembini [111]. These authors accounted for the observed
shift in the half wave potentials of the ion transfer in terms of the low values
of the diffusion coefficient of the ions in the gel phase, but other researchers
claim thet such variation arises mainly due to changes in the Gibbs hydration
energy rather than changes in transport paramelers [112].

Beblewicz et al. [ 113} sludied the increase in the polarization window
of electrified liquid interfaces due to salting out effects of the organic
electrolyte by varying the aqueous base elsctrolyte concantration This kind of
analysis could help in determining the optimum concentration of the base
glectrolyle to be used in order to provide the widest pnssible polarization
window.

Certain electroneutral species are capable of accepting protons to form
cations which may then transfer across the ITIES. Such transfers have been
detected for aniline [114), benzylamins, 2-phenylethylsmine and relsted
compounds [115], tetracycline, tetracycline derivatives, and terramycin
[116]. Such investigations have very important applications in pharmaceutical

analysis.
1.2.2  1ON TRANSFER KINETICS

Studies of ion transfer Kinetics were started by Gavach and Henry




[30,33]), who investigated the transfer of tetraalkylammonium fons 8cross the
water/nitrobenzene interface with the help of chronopotentiomstry. They
determined the kinetic paramelers of the transferred ions by employing the
theoretical treatment established for electron transfer at the metal/electrolyte
solution interface.

samec [ 117) attempted o elucidate the fundamentals of the kinetics of ion
and electron transfer processes 8t ITIES. Convolution potential sweep
voltammelry experimenis were carried oul to analyze the potential dependence
of the rate constant [S2]. The apparent rate constant was corrected for the
double layer effect using the capacity data and the Bouy-Chapman theory. From
the obtained resuit it was concluded that the corrected rate constant of Gs* ion
transfer was independent of the applied Galvani polential difference.

Melroy et al. [45,118,1 19] analyzed ion transfer kinetics obtained by
chronopotentiometry in relation lo the structure of the ITIES From their
observations they pointed out that the transfer coefficients do depend on the
potential and on the non-agqueous sypporting alentrolyte consentration, 2
behavior which is not common to a metal/electrolyte sofution interface.
Further, Samec et al. [120]) evaluated kinetic parameters for the transfer of
choline and acetylicholine cations across the water /nitrobenzene interface using
convolution potential sweep voltammetry. In order to single out the factors
which contrel the ion transfer kinetics they ysed a semiphenomeno\ogicﬂ
theory [120). This theory is based on the following assumplions: the
temperature dependence of the rate constant has the form of the Arrehnius
pquation; it is gssumed that ths reaction site is located in the outer Helmhoitz
plane (QHP); and it is presumed that 2 Bronsted type relationship exists
between the true activation Gibbs energy and the reaction Gibbs energy for the
jon transfer from the OHP in water to that in the organic solvent phase. The
yalues obtained of the charge transfer coefficient were accounisd for in terms

of an asymmetric potential energy barrier for the fon transfer step.




The kinetics of TMA*, and Pi™ ion transfer across the
water/nitrobenzene interface was investigated with the help of ac polarography
[57]. The results obtained demonstrated that both the observed rate constants
and the apparent transfer coefficient values are potential dependent. This
observation indicates that the double-layer cerrections alone could not explain
the potential dependence of the ion transfer at ITIES [84].

A new formalism for the analysis of the kinetics of ion transfer across
ITIES was presented based on the activated migration and diffusion transport
models for homogeneous media [121]. Two types of transfer coefficients were
defined namely, chemical and electrical. By employing a primitive diffuse layer
model, it was shown that the electrical component of the transfer coefficient is
strongly potential dependent. It was suggested that (i) the formalism of
homogeneous ion mobility can be applicable to the case of jon transfer at ITIES,
(ii) the commonly used transfer coefficient for electron transfer kinetics
cannot be used in the same way for ITIES, and (iii) the direct application of
glectron transfer theories of the electrode/electrolyte solution interface to the
ITIES seems to be incorrect.

Samec and Marecek [64] re-examined the transfer kinetits of some
tetraalkyltammonium ions with the galvanostatic pulse technique. The data
obtained indicated that, on crossing the interface, the ion must overcome a
symmetric potential energy barrier. Gurevich and Kharkhats [122] by
considering ion transfer as a transport phenomena, used a stochastic approach
and drew a conclusion thal there exists an aclivated step in which the shape of
the activation energy barrier is influenced by the applied potential.

Further work on the ion transfer kinetic was carried out by Samec et al.
[123] by taking into account the reorganization of the solvent molecules and
based on the model given in ref. 122. The results showed that the activation
energy of the transfer of tetraalkylammonium ions across the

water/nitrobenzene interface was found to be in the range between 20 and 30




N

kd mol~ 1.

Kinetics of salt extraction into high-permitivity oil phase has been
presented by Koryla et al. [124,125]. From such analysis an extraction
potential can be evaluated, provided the rate constants and the form of the
kinetic equation are known.

The kinetics of jon transfer across adsorbed phospholipid layers was
investigated by Cunnane el al. [126] by taking TEA* as a probe. The observed
decrease of the rate conslant of the ion transfer was explained in terms of the
work of pore formation. The kinetics of K* ion transfer at the waler/1,2-dce
interface has been recently analyzed by Kontturi et al. {127) These authors
observed Tafel slope of 40 mY/decade which corresponds o a value of B, the
transfer coefficient of the iransfer of the ion pair components from the
adsorbed state to the bulk of both phases, of 1/2.

Recently Girault [ 128] presented a general formalism which allows to
express the apparent rate constant as a function of the applied Galvani potential
difference, the standard rate constant and the charqge transfer coafficient. The

facilitaled transfer of K*

fon across the water/1,2-dce inlerface supported at
the tip of a micropipette was studied [ 71]. The apparent rate constant and the
apparent charge transfer coefficient were determined by analyzing quasi-
reversible steady state waves.

Wang et al. (129] examined the equilibrium Galvani potential difference
at ITIES and pointed oul some of the factors that infiuence the rate of ion
transfer. Yery recently a kinetic study of ion transfer facilitated by crown
ethers has been reported [ 130}, in which il has been observed thal the
potential dependence of the rale constant is highly sensitive to the stability

constant of the complax in the organic phase.




1.3. FACILITATED 10N TRANSFER

The number of iransferable ionic species across ITIES is limited by the
transfer of the base electrolytes dissolved in either of the two phases al the
exireme ends of the potential window. However, in the presence of a
hydrophobic ligand (ion carrier or ionophore) in the organic phase, lhe
transfer of hydrophilic fons from the agueous phase to the organic phase can be
facilitated if complex formation between the two takes place. The details of the
mechanism of complexation have been given in review articles [83,84].

The introduction of this idea to ITIES was pionesred by Koryta et al.
[49,131,132], who studied in their original work the transfer of alkali metal
jons facilitated by macrotetrolide nonactine, dibenzo-18-¢crown-6, and
valinomycin across the water/nitrobenzene interface. When the concentration
of the alkali melal ions in the agueous solulion was higher than that of the
jonophore in the organic phase, reversible transfer behavior was observed, but
these early investigations were limited by the transfer of the
tetraphenylborate (TPB™) anion in the posilive potential range. from such
sludies stability constants of the complexes formed could be evalualed.

The transfer of Ca2" facititated by synthetic neutral macrocyclic
polysther diamide (7,19-dibenzyl-2,3-dimethy}—7,19—diazo-|,4,10,13,16—
penta-oxacycloheneicosane-6,20-dione) was studied by Homoika et al. {133].
These workers applied the theory of CPSY lo analyze lhe partial Kinetic
controlled transfer process. The transfer of monovalent, divalent, and trivalent
cations facilitaled by the above ionophore was also observed Lo 8 jesser extent.

A Lheory for single scan voltammetry curves due lo assisled ion transfer
for the complex formed from 1:1, 1:2, or 1:3 cation to ligand ratios was
worked out [ 134]). Application of the theoretical results was illustrated for
the transfer of Li* and cal* ijons facilitated by the neulral macrocyclic
polyether diamine across the water/nitrobenzene interface. A continuation of




this work later appeared for the facilitated transfer of proton, alkali and
alkaline earth metal cations [135).

Makrlik et al. [ 136] reported proton transfer across ITIES facilitated by
2,4—dinitr0-N—picryl—i-naphthylamine. Na* and H* ion transfer across the
water /nitrobenzene interface facilitated by the presence of monensin (a
carboxylic isnophore) in nitrobenzene was studied by Koryla et al. [137) who
obtained two different associalion constants depending on the Na* fon and H*
concentrations.

The transfer of Mg2*, CaZ*, sr2* and BaZ* ions facilitated by a
macrocyclic polyether diamide (N,N"-di/(1 1“-ethoxycarbonyl)undecyi/-N,N"-
5-tetramethyl-3,6-dioctane diamide} was studied using differential pulse
stripping veltammelry with a hanging electrolyte drap electrode [138) This
communication revealed the analytical application of the method in determining
micro-molar concentrations of the metals.

The site of complex formation and dissociation between a metal cation and
an jonophore at liquid/liquid inlerface has remained a point of discussion
According to Koryta {37] complexation takes place in the organic phase in the
presence of @ hydrophobic carrier or jonophare, whereas Yoshida and Frejser
believe that the complex formation occurs in the aqueous phase, following the
transport of the carrier from the organic to the agqueous phase even with
jonophores having low water solubility [55,139]). In a latter communication
Koryta et al. [ 140] described the observed voltammogarams of ref. 139 to have
been due 1o, not facilitated ton transfer, but rather simple ion transfer.

The transfer of proton facilitated by dipicrylaminate, erythromycin B,
2,2 -bipyridine, the irreversible transfer of N12+by 2.,2’-bipyridine and the
reversible transfer of synthesized rare earth complexes with crown ether
across the water/nitrobenzene interface has been reporled [141,142]. The
transfer of transition metal ions susch as Fe(1l), Fe(ill}, Ni{11)} and Zn(11)

complexed by bidentate nitrogen ligands in the aqueous phase has been studied




by Homolka and Wend! (143]). These authars showed Lhal complexation of Ni( 1)
by successive molecules of ligands change the Gibbs energy of iransfer by
approximately the same yalue. Sinru et al. [144,145) examined the K+ ion
transfer al the water/1,2-dce interface facilitaled by urushiol ether and
dibenzo 18-crown-6. They formulated 3 mechanism whereby, for low K* ion
concentrations, the complexatlion reaction occurs in the aqueous phase,
whereas, for high concentration of K* ion, the interfacial region is the site aof
complexation.

The facilitated transfer of cd(il) by 1,2-bipyridine has been reporled by
Wang and Liu [146] who observed the peak to peak separation of the cyclic
voltammogrem of the compiex to be larger than the one expected for 8 simple
reversible behaviour. The {ransfer of alkali metals and alkaline earth melals
assisted by polyoxyethyiene ethers of Triton X (with flexible structures) was
investigated and the values of the Gibbs energy of transfer were reported
[147). Transfer of the H+ {on facilitaled by 18-crown-6 {[148] and by
acridine chloride [149] was also sludied. The transfer of trisbipyridine
\ransition metal complexes across the waler/1,2-dce interface has been
investigaled and the observed changes due to ligand dissociation and solvelysis
reaclions have been gxplained {150].The transfer of Li* ion facilitated by
mydecamycin was 8lso reported [ 151].

Liu and Wang [ 152} studied the {ransfer behavior of Co(ll) ion 8cross
the water/nitrobenzene interface facilitated Dby 2,2’ -bipyridine. They
interpreted the results oblained in terms of coupled chemicel reactions
occurring both in the aqueous and in the organic phase. However these authors
did nol pay attention te the possibie formation of Co(111}/2,2"-bipyridine
complex while working with air saturated soiutions.

yery recently Baruzzi and Wendl [153) reported the trensfer of Ni(11)
compiexed with some selected substituted ethylene dismines across the

water /nitrobenzene interface. These workers gave aclear avidence for the fast
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formation of tris-compiexes in the reaction layer of both phases and the
enhancement of the extraction of Ni(11) in the organic phase. Moreover the
obtained slability constants of the complexes in the organic phase are higher by
five orders of magnitude than those in the agueous phase.

in a recent publicatien the lransfer nehaviour of Pb{il) facilitaled by
polyethlyne glycols has been reported [ 154]. The transfer Gibbs energy and the
dissocialion constant of the compiex in the aqueous phase have been determined.




1.4 ELECTRON TRANSFER

The other lype of charge iransfer process occurring at ITIES is the
“transfer of electron(s) from one phass to the other due to the presence of redox
couples confined in each phase. This kind of charge transfer process has incited
great interest since il is believed thal it may shed some lighl to certsin
bicelectrochemical phenomena taking place al the membrane/elecirolyte
solution interface [77].

Electron transfer at ITIES was first detected by Guainazzi et al. [155]
who studied the reduction of aqueous Cu(ll) by tetrabutylammonium
hexacarbonylvanadate dissolved in the organic phase. Later, Samec [38] derived
the relationship belween the current and the Galvani potential difference due
to electron transfer at ITIES. In an ensuing investigation the electron transfer
reaction between hexacyanoferrale redox couple in water and ferrocene in
nitrobenzene was reported [156]. However st a later stage & revised
experiment on the above system [157) indicated the interference due to the
transfer of the ferrocenium cation with the electron transfer reaclion between
ferrocene in nitrobenzene and hexacyanoferrate(lll) in waler. Therefore
eleciron transfer reactions which have been reported for the system between
Fe(111)/Fe(11) or cu(ti)/Cu(1) redox couple in water and ferrocene or
acetyiferrocene in nitrobenzene [ 158] have lo be reconsidered,

Theoretical potential-time curves for eleciron transfer processes
proceeding at ITIES under galvanostalic conditions were derived Dy Makriik
[159]. A similar formulation for an eleciron transfer reaction preceding
homogeneous chemical resctions under the conditions of electrolyte dropping
elecirode was presenled [160] and the possible use of the theory of lingar
sweep voltammelery for a reversibie electron transfer was discussed [161].

A general theory of eleciron transfer atl ITIES was presenled by Girault
and Schiffrin [162]. in a subsequent work Geblewicz el al. [163] studied the




electron transfer between a very hydrophobic organic compound (lutetium
diphthalocyanine) in 1,2-dce and an aqueous hexacyanoferrate couple. Such
investigation was extended 10 tin(1¥) diphthalocyanine in the organic phase
[164). In this latter study emphasis was made on the imperiant applications in
redox phase transfer calslysis .

The electrochemical measurement of & photocurrent across the ITIES was
carried out using a ruthenium 2,2°-bipyrindinium complex and heptyi-4,4"-
bipyridinium di-cation [165,166). The observed photocurrents were
interpreted as either the result of the transfer of the photoexcited electron
between a sensitizer in one solvent phase and an electron acceplor in the other
solvent phase, or to the transfer of an ionic product of the homogengous
photoassociated eiectron transfer reaction.

Electron transfer at 1TIES studied by current scan polarography has been
reported {167]. In this study different types of redox couples have been
examined and their reversible half-wave potentials have been determined. Yery
recently, a theory for cyclic yollammetry of electron transfer at 1TIES has
been presenied [ 168]. The theory has been used to show how the voltammograms
yary when the ratios of the redox couples in both phases are changed.

From the abave literature review it is readily seen that the studies made
on electron transfer al ITIES are very few in number as compared to ion
transfer studies. The limitation is due 1o cerlain requirements which should be
salisfied for such investigations. These are: (i) the possibility of having strong
hydrophilic and hydrophobic redox agents in the respective phases; (ii) the
need to have both species eleciroactlive in the available potential window
with very close half wave potentiais; and (3) the non-interference of the redox
products with the process of the electron transfer (i.e. ths redox products

should not be transferable across the interface).
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1.5 THE DOUBLE LAYER AT ITIES

Another aspect of studies at the ITIES has focused on the structurs of the
double layer at such an interface. Elactrical doubls layers exist at all
boundaries betwsen two phases, one of which at leas! must be an fonic or an
slacironic conductor. The variation of the alactrica) potantial bsiween two
Hquids s closely related to the distribution of the fonic and dipolar components
across the liquid/iiquid inlerfaces [83]). The structurs of the double layar al
ITIES has remained a controversial lopic and quile @ large numbser of
invastigations have bsen carrisd out

in many respects the treatment of ths double tayer at ITIES s similar to
that of thes matal/alectrolyts solution intarface [79,80,83] The first
theoretical approach of the doubie layser at ITIES was presented by Yerwey and
Niessan as cited in ref 83 According 1o their modal tha intarface is
represented by a back-to-back diffuse double tayer with charges distributed in
the two phases. This theory was based on the Gouy and Chapman modal [ 169].

Analogous to Stern’s model {1691, Gavach et al. [170] introduced the
concapt of an ion-Tres layer betlwean the two immiscibis phasses, similar to the
inner layer at a metal/elsctrolyte solution interface, with two diffuse layers
penetrating the respective phases. This mode) is Known 88 the modified Verwsay-
Nisssen (MYN) model. A simple representation of this model is shown in Fig.
1.5.1.

The suthors of ref. 170 carried out interfacial tension measursments
using alkylammonium cations(C2 to Cs) and interprsted their results in lerms
of specific adsorption of the cations., In a subssquently work, interfacial
tansion mseasurements for different tatraalkylsmmonium fons lad 1o
gtectrocapillary curves comparable tothe curve obtained with the classical
mercury/aqueous solution system [171]. A further extension of ihe study led
the investigators to suggest that the fnterfacial charge distributions are only
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spread within the diffuse layers, showing a conlinuity of the electrical
polential across the central tayer [27).

Other workers [ 172} neglected the diffuse double laver approach and
proposed thal the slectric field is formed by ions of opposite signs specifically
adsorbed on the respective sides of the interface. A similar treatment based on
adsorption of ions up to a monolayer Llhickness was presented by Joos and
Bogaert [24].

In the last decade many investigations were carried out 1o analyse the
structure of the double tayer at ITIES by measuring the differential
capacitance. Samec st al. [S8] employed ac impedance measurements to estimate
the capacity of the water/nilrobenzene interface as a function of the Galvani
potential difference. These investigators observed thal the capacity of the inner
tayer at ITIES is greater than that of the inner layer at a metal/eleclrolvle
solution interface, and this was accounted for in terms of the smaller effective
thickness of the inner layer al ITIES. Furthermore the polential drop across the
inner compact layer remained constant and very close to zero when the tolal
paolential drop across the interface was varied. The invariance of the polential
drop across the compact Jayer had also been reported by Gavach el al. [171] and
Girault and Schiffrin [61]. The magnitude of the polential drop reported in ref.
S8 was, however, different from the values reporled by olher workers.

Reid et al. [173] measured the interfacial tension at the
water/nitrobenzene interface in order to test the applicability of the MVN
model. The comparison of the charges caiculated theoretically with those
determined experimentally indicated that the petenlial difference across the
interface 1s concentrated in the diffuse layers of each phase and that the surface
potential drop at the interfacial compacl layer is near to zero.

Homolka el.al.[ 174] measured the capacitance of the water/nitrobenzene
interface for different aqueous and organic base electrolyles. From their
observations they concluded that the formation of an ion-free layer althe




interface is associated with the presence of certain ions in the doublie layer.

Girault and Schiffrin [61] suggested thal the concept of an interfacial
compact tayer of oriented solvent dipele may not be valid due to mixed soivation
and interfacial mixing. These authors further indicated that the inner layer
thickness as obtained from measurements of surface excess of waler depends
upon the polarity of the organic solvenl and the nature of the electrolyle. The
thickness for most eleclrolytes corresponds to only a fraction of the solvent
monolayer. Figure 1.5.2 illustrates the mixed seivent layer model of ITIES.

The ac impedance method was used to study the water/1,2-dce interface
[175]. The behaviour of this system was found to be the same as that of the
water /nitrobenzene except for the difference in the degree of ion associalion
and the value of the capacitance minimum for a given base slectrolyte. Using an
impedance bridge and a two electrode cell arrangement, admittances of the
water/nitrobenzene system were measured for" blocked liquid/liquid interface”
(polarized interface) {176]. In a subsequent publication [177], the results of
impedance measurements at “unblocked interface” (non-polarized interface)
were presented. In both cases the authors claimed that the capacitance
calculated from experimental observations agreed well with the values obtained
from the Gouy and Chapman theory. Qualitatively very similar results were
reported independently by Osakai el al. [57] who used ac polarography for the
waler/nitrobenzene interface.

The thermodynamics of a polarized iTIES was presented and the difference
between the surface charge dsnsity of a polarized ITIES and that of a
metal/electrolyte solution interface was discussed {178). The difference was
sccounted for in terms of interfacial mixing and ion pairing at ITIES. In this
study [178), electrocapillary curve for the water/1,2-dce system was
obtained and it was in qood agreement with integrated capacitance dala as
measured from galvanostatic pulse gxperiment.

In a preliminary note [ 179] the use of the mean spherical approximation




Fig. 1.5.2. Mixed solvenl layer model at 3 polarisable (a), and non-polrisable (b),

water/1,2-dichloroethane inlerface. System (a) : KCI (w) TBATPB (o), system {b):

TBACI (w)/TBATPB {o).
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in the calculation of the double layer capacitance at ITIES has been discussed by
assuming that the ITIES consists of two ion and dipole mixtures facing each
other and separated by a hypothetical plane of contact, However the existence of
a fitting parameter limits the applicabilily of the procedure.

A study of the impedance of the waler/1,2-dce interface was carried oul
in the presence and absence of Pi~ ion in the organic phase [180]. It was found
that the capacity of the polarizable interface has a higher value than the one
calculated from the Gouy and Chapman theory. The observed discrepancy was
believed to be either due to the surface charge {ransfer reactions or to the
limited applicabilily of the Gouy and Chapman theory.

Silva and Moura [ 181] measured the impedance at the water/nitrobenzeng
and water/1,2-dce interfaces to confirm the possible existence of a surface
charge transfer process of very low rate, which was indicaled by the results of
other workers [175,180]. From their findings they concluded that it is not the
surface charge transfer which causes the appearance of a semi-circle al the
high frequency region of the impedance plot, but rather the impedance of the
Luggin capiiiaries of the reference eleclrodes. very recently [182], this
phenomenon has been fully scrutinized and the origin of the experimental high
frequency arlifacts has been discussed. 1t has been clarified that the main cause
of the observed high frequency dispersion is the high value of the resistance of
the Luggin capillery in the organic phase. 1t has been recommended that the
application of a silver/silver telraphenylborate reference electrode in the
organic phase could obviste the problems. The construction of a four-electrode
potentiostat/voitage clamp of novel design has also been reported very recently
[183]. Its simple construction, low noise, and good frequency response has
peen suggested to be suitabls for use in ac impedance measurements,
particularly with high resistive systems.

Fast-galvenostatic pulse method was applied to the study of the electricel
double layer st ITIES [184]. In this study the MYN model was used and the
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following assumptions made : (i) the approximations of the Poisson-Boltzmann
pquation by Gouy and Chapman are removed: and (i1) the boundary bstween ths
space-charge region and the inner layer is considered to be diffuse rather than
sharp. In a further work, the applicability of the above method for the
gvaluation of the ohmic polential drop, the minimization of the resistance
inside the refsrance electrode connected lo the organic phase, and the
introduction of a computer controlled puise was fully described [63].

Koczorowski [ 185] delermined the voita and zero chargs potentials al
ITIES . These data provide useful information for the analysis and modeling of
the electrical double layer at ITIES.

The structure of the water/nitrobenzene interface was further studied in
the presance of 1-1 and 2:2 alectrolyles [ 186) Tha capatitance of the intarface
was evalualed as a function of potential difference. Al zero surface charge a
comparison was made with a theoratical capacitance taloulated using tha mean
spherical spproximation for a model consisting of two fon and dipole mixtures
facing sach other. The results were intarpreted in terms of ion penstralion into
the inngr tayer which is believed to be a function of jon sojvalion.

A differant approach of the double layer structure was presented by
Torrie and Valleau [ 1871 who claimed, from the results of their fonte Carlo
simulation, thal the MYN thsory is misisading and 1thsl it presents
quite an unrealistic structure of the ITIES.

Other more sophisticatsd double layer theories [188,189]) of the ITIES
have shown that ihe Gouy and Chapman theory does fail at high surface charge
dansities. Samec et al. [ 190] also abssrved certain diserepancies with the MVYN
theory from capacitance measursments of the water/1,2-dce system.
Eventually the absence of an ion free laysr (inner laysr) at the water/organie
solvent interface is 1ikely, as shown by surface excess measursments (61]. A
similar investigation has been carried out very recently, st the waler/1,2-dce
interface in lhe presence and absence of a transferring ion [191]. In this study
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the double layer capacity and the Warburg cosfficient for the system containing
only the supporting electrolytes as well as with added transferabie fon (TMA*)
have been determined. The observed decrease in the double layer capacily in the
presance of TMA* fon is, however, opposite to that observed in ref. 180.

In summary, the amount of information cotlected during the last two
decades has helped to elucidale to a certain extent the struclure of ihe
electrical double layer at ITIES. From the above review il is evident that
measuremants of interfacial tsnsion and capacilance have provided access to
important interfacial quantities,

The use of the Gouy and Chapman theory has indesd confirmed thal the
Galvani potential difference betwesn the two phases is spread entirely within
the two hack 1o back double laysrs. Ths theory gives very good approximate
capacitance values for very low electrolyte concentrations. The MYN theory has
been appliad by many researchers [192] and it has besn pointad out thal tha
mode! can be usad provided that fons are allowed to penetrate into the inner
layer over some distance. The inner layar is thus picturad as partly populatad
by orfented solvent molscules and parlly by disarrayed soivent molecules with
jons present in it [83]).

The interface on the other hand is regarded as a mixed solyent layer, no
mors than two or three moleculsr diamster thick, which lons from both sides
can penetrate partially [178]. Girault [193] suggested that the expression
"inner layer", which is linked to the Stern Jayer in ths classical doubls layer
mods! of metal/elsctrolyte solution inlerfsce, is not an appropriate term for
ITIES. it has been indicated that, at the present time, there is a fundamantal
difficulty in modsling the interface of ihe mixed solvent region using the
methods of molecular dynamics {84).
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1.6 GIBBS ENERGY OF IONIC SOLYATION

Since the Gibbs ensrgy of fon transfer at ITIES s the difference of the
solvation fres energiss of an ion in the two phases, it is assential to have
theorslical sstimates of the values of the solvation free energy in order {0 make
comparisons with expsrimantal results.

For many years there has been considerabie interest in the bshaviour of
slectrolytes in aquaous, nen-aquaous and mixad solvants with & view to
investigate changes in the solvation of ions. The solvation process for a soluts,
according to Ben-Naim and Marcus {194,195}, is its transfer from a fixed
point in vacuum (an ideal gas phase ) to a fixed point in the solutfon, [l is
considarsd thal the solution is infinitely dilute; thus solute-soluts intaractions
are absent, To understand and quantify the solvation process, the sum of all
structural and enargy changss occurring in the system when ions pass from the
gassous phase into the solulien have to be determined {196]. lon soivent
inlaractions are divided into electrostatic, non-alsctrostatic, and specific
chemical.interactions{ 197].

currenl theoriss of ionic solvation ara conventionally classified as
discontinuous and continuous models [ 198-200]. In the discontinuous modsl the
environment of the jon is considerad to consist of individual particles with the
real or a simplified structure of the solvent. The ordinary procedurs in such
caleutations s to ind the free snergy of interaction of sn ion with N moiscules
whose spatial configuration is fixed and then to determine the optimum
configuration which corresponds to the minimum snergy of the system. In the
continuous mode! the solvent is regarded as a continuum of given dielsctric
constanl 1.6.,the fonic environment is viewed as a structureless dislectric
continuum,

The simplest continuous modsel of ienic soivation was first proposed by
Born as cited inref. 201, who regarded the fon 8sa rigid sphere of fixed




radius, with a uniformly distributed charge and immersed in @ continuous
medium of dieleclric constant. The solvalion energy calculated using this model
is not satisfactory except for rough estimates . There are two obvious fiaws in
this model [202). In the vicinity of an ion the solvent may be oriented by the
electric fieid of the ion, and its dielectric constant there will be much lower
than the bulk value (dieleciric saturation). A further uncertainty arises in
using the crystallographic radii of jons in solution.

Webbs [203] presented a model of ionic solvation aimed al meaking two
corrections to Born’s theory. His theory was based on two points : (i) the
dielectric constant near the ion is less then that of the bulk solution, end {ii)
the solvent undergoes compression near the ion, thus an altowence must be made
for the work used up in this process. The resulls of the solvation free energy of
individual ions oblsined in this way are higher than experimental values.
However the theory is principally of interest because of its analysis of the
continuous dietectric model applied to polarization problems in electrolyte
soJutions. It also gives a method of calculating the variation of dielectric
constant with field strength.

The first attempt to carry out calculation of the free energy of solvation
based on the discontinuous model was made by Bernal and Fowler [204], who
considered the fres energy of solvation as a sum of the energies which arise due
to ion-dipole interaction, the Born term for the primarily solvated complex
and from the electroslatic energy of the solvent molecules. The calculated
vatues from this theory were, however, incorrect due to certain missing terms
such as ion-solvent repulsion ete.

The other approach of the discontinuous theory was by Eley and Evans
[20S]). The solvation energy was considered to have five components, namely,
(1) the energy associated with the transfer of solvent moiecules from the bulk
lo the gas phese, (ii) the dissociation energy of solvenl molecules, (iii) the
energy which arises due to the coordination of the gaseous ion with the soivent




molecules, (iv) the energy due to cavity formation, and (v) energy related to
the condensation of uncomplexed solvent molecules. This mode! (structural
theory), however, suffers from the mixing of heat and free energy terms and as
a consequence it introduces an ambiguity in the calculsted free energy values.

Gould and Laidier made calculations on the basis of both the discontinuous
and continuous models {206,207). In spite of the fact that their discontinuous
model was greatly over-simplified, the agreement between theoretical values
and experiment values, were reasonable. On the other hand their continuous
model treatment had helped in the interpretation of the main trends of the
solvalion energy.

Beveridge and Schnuelle [208,209] solved the elecirostatic problem of 8
multipole in the centre of a spherical cavity surrounded by a shell of solvent
molecules. Abraham and Liszi have successfully applied this modei to the
calculation of the energies of solvatlion of a number of simple ions in agqueous
and non-aqueous solvents [199,210-212]. The continuous model of Abraham
and Liszi has two kinds of approaches.

(a ) One-layer continuous model: The model considers an ion of radius a
surrounded by an organized, dielectrically saturated, solvent layer of thickness
(b-a); beyond this organized layer lies only the bu'k solvent. The breakdown
of the total energy involved is accomplished by regarding the solvation process
gs carried oul in two slages. These are creation of a cavity in the solvent, and
insertion of an ion from the gas phase into the cavily. The associated energy
terms are thus: (i) the energy needed to meke an appropriste cavily in the
bulk solvent; (ii) the energy required to reorgantze the solvent molecules
round the cavity into various layers; (iii) the electrostatic energy of
interaction of the jon with the solvenl in the layers and with the bulk solvent;
(iv) the non-electrostatic energy of interaction of the ion with ils near
neighbour solvent molecules, and (v) some correction term for different

standard states. The non-ionic solvalion energy inctudes the energy terms of




8D

(1), (i), (iv) and (v). Its value is calculated from an empirical squalion
pased on the assumption thal it is equal lo the free energy of solvation of a non-
polar gaseous solule of the same size as the fon in gquestion. By combining the
slactrostatic and neutral coniribution, the solvalion free anergies of several
jons in different solvents of varied polarity have been calculated and very good
agreement with exparimental values hava besn oblainad.

(b) Two-layer model: In this model the electrostalic energy conlains a
term due to the interaction of the ion with tha first layer; a sgcond term
containing the dielectric constant of the second layer; and a third term due to
the contribution of the bulk solvenl oulsids tha Jayers.[199,213]. The
solvation ensrgy calculated with the heip of this mode! agree well with the
observed ones However thts model shows no marked improvement over Lhe one
layer model.

The ather continuous modal is due to Marcus {214], which is similar in
many respects to the model used by Abraham and Liszi {210]. 1L involves the
cavity in which the ifon is situated in the watar, a complelely immobilized first
hydration shell, and then surroundings, in which, on the ong hand, the
structure of the water is modified, and, on the other, the water behaves asa
dielectric conlinuum. According to this model the transfer of the fon from a
fixed position in the gas phase to a fixed position in water is consldered as
procesding in three stages: (1) the fon is discharged; (1i) it is transferred as a
neutra) specias having the same siza as the (bare) ion in the sotution; and (111)
il is recharged up to its original charge. This model has been tested only for
water, bul the calculated values of the hydration energiss for several fons are
in excellent agreement with experimental data. The model also enablss the
sstimalion of hydration energies of multivalent ions.

The very recenl theorstical approach known as the non-local
glactrostatic theory [215-217) refers o the continuum models, bul the
effective paramelers nesded for calculation are chosen by analyzing the solvent




structure, That is, an allowance for the non-linear dieleciric effects, as well
as analysis of ihe correlation between the solvent polarization veclors at small
distances with the help of a non-locai electrostatic theory, are made. According
to this model the solvalion energy has two com ponents, namely the glectrostalic
and the solvophobic, in which the latler arises gue lo cavity formalion and
entropy effects. These two contributions depend upon the size of the ion ungder
consideration. For small ions the electrosiatic coptribution dominates. With the
increase of ijonic size, lhe electroslalic lerm decreases, and becomes
comparable to the rising solvophobic contribution. This theoretical model
furnishes physical expressions for a qualilative understanding of the fealures
of ionic solvation; however, for quantitative estimations the method is impeded
by the lack of information on the delails of non-local screening in liguids.

In summary , the above models are some of the most relevant theoretical
approaches to estimaling the free energy of solvation. It is worth mentioning
that there are also other types of models which have not been raised here due to
their restricted applications. As an example the quantum chemical theory of
solvation [218] is regarded as the most modern but, because of its complexity,
the necessity of many approximations and simplifications, it is applied to only
limited systems. The Abraham-Liszi's relation has proved to be very useful and
convenient for practical applicalions. The predictive power of the mode! has
been used effeclively by meany authors; however, it is criticized for its
inability to fully explain the physical principles and for its utilization of a
step-wise profile for the dielectric copstant.
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THEORETICAL
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2.1 THERMODYNAMICS OF THE ITIES

The electrochemical behaviour of 1TIES depends on the ionic composition
of the two electrolyte solutions. I\ is characlerized by different types of
polarisabilitiss depending on the gxtent 10 which il is permeable to the charged
species present in the system (17

(i) ideally polarisable interface:- When the system contains @ strongly
hydrophilic electrolyte of the type 81A1 (e.g, LiC1) dissolved in the aqueous
phase and & strongly hydrophobic electrolyle 1321f'.2 (e.q, telraphenylarsonium
tetrapheny!borale) dissolved in the organic phase, then the properties of the
ITIES become analogous to thal of a polarisabie eleclrode, i.e., charged species
cannot pass through the interface [1,2).

(i) Non-polarisable interface:~ When the system contains at teasl one
common ion in both phases( e.g, TBAC] in the agueous phase and TBATPB in the
organic phase) which can {reely passes across the interface, such an interface
is called non-polarisable {1,2).

In a system consisting of water (phase &) in gontact with an immiscible
organic solvent (phase 8) and containing an ion | of charge Z, which is
transferred from one phase to another, the condition for gquilibrium can be
stated as follows. The electrochemical potential of the jon in phase o« must be

the same as thal in phase 8 [ 3], That is
i{e) = i(B) (D

B = ﬁi[” (2.1.1)




A

Using the definition of the electrochemical potential this can be rewritten in
the form (3]

000 s RTing, + 256% = w0+ RTIna® v 26 (2.1.2)

where 1> %, and u;°’B stand for the standard chemical potentials of the fon 1 in
phase ¢ and 6 respeclively, aio‘ and aiB are the activilies of the ion i in the

two phases, ¢°‘ and ¢B are the tnner potentials of i in the respective phases and
R,F,T stand for the gas constant, faraday constant and temperature

(K),respectively.

From Eq.(2.1.2) one can derive the dependence of the Galvani polential
difference belwsen the two phases on the activities of the ion in the two phases
[2]. Thus,

A% = 0% - o° = (u® - w, %) /7 + (RT/TF)Ind a’ra® (2.1.3)
- %00 + (RT/ZF)InC a’/a®
where AO‘G¢° is the standard Galvani potential difference defined as:
8%8° = (w0 - N F = (86, %% /7 (2.1.4)
where AGL"’O")ﬁ is the standard Gibbs energy of transfer of the fon i from
phase ¢ to phase 6. £q.(2.1.3) shows Lhat the Galvani potential difference can

be calculated from the values of the standard potential and the aclivity of any
fon participating in the gquilibrium distribution,



A8

for an electron transfer reaclion at ITIES of the lype
01(00 + R,(6) = R(x) + 02(0) (11)

where 01, R1, 02, and R2 represent the oxidized and reduced forms of the

species in the respective phases, the equilibrium condition is
i, + i = W, + W (2.1.5)

and the equilibrium Galvani potentisl difference is [4,5]

0 N o B8 o 6
2% = A%0,0 ¢ (RT/nF)ln[(aRl a02 )/(aol aR2 )] (2.1.6)

where n stands for the number of transferred efectrons. The standard Galvani
potential difference Ao(ﬁcbe(’ is related to the standard potentials of the redox

couptes [4,5],

>, 0 _ 0, 0.8 _ 0,00 _ 0.8
A7gh, = (u121 + W, Ho, He, )/ nF (2.1.7)
- 0 - OIB - 010( 54 Q
= AG° /nf = E 05/R e my T AT,
where EO'GOZ/RQ and Eu'aoum are the standard potentials of lhe redox

couples in phase 0 and phase ©, respectively (both related to the same
reference electrode in each particular phase {e.g., the standard hydrogen
electrode 1) [4].




2.V 1 NON-POLARISABLE INTERFACE
(i) ITIES Reversible with Respect to Single lon.

For a syslem containing MX1 and MX2 electrolytes (e.g, TBACI and

TBATPB) in the aqueous phase and organic phase respectively, as shown by the
following scheme [1,6]

mhxT Mty (111)
(o) (8)

the interface is reversible with respect to the common cation M* under the

following conditions;

o, o0 0, O3B
AG »>» 0, AG LX2

<<
LX 0, and

o, o8 0, o0 ,
AG L.X2 ¢ &G L ¢ 4B LX1

At equilibrium the Galvani potential difference at the interface is given by the

Nernst-Donnan potential equation {1,7],
8% = A%0° . ¢ (R1/E)in(a_%7a %) (2.1.8)
- %0, o+ RO S0,
when [M*1% = [M*)°,

A = A% ¢ RT/ENNGr, 2775 = a0 (2.1.9)

. S




£q.(2.1.9) is frequently used in the investigalion of }TIES.
(i) ITIES Reversible wilh Respect to Both lons.

For a 1:1 valent electrolyte of the type MX dissolved in both phases as
represented by Lhe following scheme {1,71,

MrxT || Mt (1¥)
() (8)

the Galveni potential difference (gistribution polential) is expressed by the
equation [ 1,4], '

SIS A°‘B¢°X_>/2+(RT/2F)m[(ynﬁyx_"‘)/(7H+°‘yx_5)]
(2.1.10)

which is independent of salt concentration, and the supply of a charge from an
external source cannol result in a changs in 6GB¢ (4]. The standard Galvani

potential is given as

x ,0 _ 0o, 2B _ 0, -6
A B¢ MY 1/72F( AG LX AG LM ) (2.1.11)

21.2  [DEALLY-POLARISABLE INTERFACE

If asyslem is composed of a strongly hydrophiiic i:1 electrolyte M1X1 in
phase ¢ and a strongly hydrophobic 1:1 glectrolyte M2X2 in phase 8 as shown

helow,




st

MX, N omx, (v)
() (8)

corresponding to the following condition regarding the standard Gibbs energy of
transfer

0, -0 0, -0
AG Wt and AG L, » 0

and

A% S0 ang m5°'tx2_°“>ﬁ 0

then there exisls a potential window in which A&Blb is controlled by the
electrical charge in the eleclrical double layer rather than by the activities of
the ions. Such an interface has the properties of an ideally polarisable
electrode in which the interface behaves as 8 capacitor (4], For equsl volumes
of the two phases and yi%= riﬁ the Galvani potential difference can be given as
[4,8],

| /RTIA% ° F/RT)AZ °
A0(6¢ : ;RT/2F)ln( nx‘exp(F RTIA™ 50 X, + nﬂzexp( /RTIA ab 1, )

_ & 40 B L0
nﬂtexp( F/RT)A b M, + nﬁzexp( F/RT)A 50 My

(2.1.12)

where n; stands for the number of moles of the i species in the system.

213 FACILITATED 10N TRANSFER

in the presence of @ hydrophobic ligand (L) in the organic phase and a




metal cation (MZ*) in the aqueous phase the cross transfer reaction is

Mty 08— MLmZ+’B (VD)

For a I:1 melal calion (M*) to ligand ratio the stabilily constant Km* of the

complex in the organic phase (B) is represented by the squation,

6

5 0
ML* )

= (2 ) (@ +ar (2.1.13)
The Galvani polential difference between phases ¢ and 6 for a reversible

facilitated transfer is [1,4) (see £q. 2.1.8),
&0( h = AO‘ ¢U + (P\T/F)ln(aG a(’ ) (2.1.14)
8 g% 1+ m+/ 9 p+ A

Substituting £q.(2.1.13) into £q.(2.1.14) leads to

o, A L0 ' 8 B &
A B¢ = A B¢ w+ (RT/F)In(a ML+/Km,ra L2 H+) (2.1.19)
Thus, the faciiitated lon transfer depends on the magnitude of the slability
constant and of the igand concentration in the organic phase [ 4].
Experimentally, in using the technigue of voltammetry, certain

conditions have to be imposed in order to solve the equations for AO‘B¢W or

AO‘B¢°. Thus two important cases are considered [1,4]

(1) 1n the case of very high concentration of the metal ion in the aqueous
phass () and very low concentralion of the ligand in the organic phase (6),
ins electiric current due to fon transfer from the squsous to the organic phase




and back is controlled by diffusion of the ligand to the ITIES and by diffusion of
the complex formed from the ITIES, or by the reverse processes. The free metal
jon in the aqueous phase is considered constant. At the half-wave potential the
following condition applies provided the chemical reaction processes are rapid
with fast ion transfer [4,5], —

)l/'z(aﬁ

6 _ (nB 3172 ;8
(D = (0" @ ), (2.1.16)

LM* Lr1+)x=o
where D stands for diffusion coefficient. The reversibie half-wave potential

difference ts then given by the equation [4,5],

%0, = D%, (Ri/enal(0% 708, D260, ) -

(RT/F)ln(KHL+a°‘M+) (2.1.17)

and thus the stability constant of the comptex in the organic phase can be
determined.

(i1) For very high concentration of the ligand in lhe organic phase and
very low concentration of the meta! fon in the aqueous phase, the concentration
of the ligand is considered to be constant. In this case the rate determining
steps are the diffusion of the free metal ion from the aqueous phase to the ITIES
and of the complex to the bulk of the organic phase from the ITIES (and vice
versa for the reverse process). The reversible half-wave potential difference

is given by the relationship (4,51,

80, = D%y ! (RT/FNN((0%, /08 V200 7)) -
(RT/F)In{Ky +ab) (2.1.18)

From Eq. (2.1.18) it can be seen that the stability constant of the complex in




LY. T

the agqueous phase can be obtainad.
2.4 DETERMINATION OF STANDARD GI1BBS FNERGIES OF TRANSFER.

The standard Gibbs energy of transfer of ah fon i from pure solvent & 10
pure solvent B1s defined as the differenceof the standard Gibbs energy of
solvation of 1 in the two phasss. This thermodynamic quantily is normally
determined from solubility experiments and is different from the Gibbs snergy
of partition, which refers to the transfer frem the solvent ¢ to solvent B when
{he two solvents are mulually saturated with sach other (9]

The standard Gibbs energy of transfer of individual fons are not
accessible to a direct measurement unless an extra thermodynamic assumption
is made. The most often used is the “tetraphenylarsonium tetraphenyliborate
(TPASTPB) assumption”, which states that the standard Gibbs anergigs of
transfer of TPAs+ cation and TP8~ anion are gqual in any pair of solvents [9].
This assumption 1s based on the facl that the cation and the anion are
symmetrical species of much the same size and shape with the chargs "buried”
under the phenyl groups. Thus, the samse standard Gibbs energy of transfer from
an arbitrary solvent o to another solvent & holds for both ions [10].

AGO’t’O(-)B(TPAs“) ) AGO,LO(—)B(TPB‘) B ”2(AGO,LGH>B(TPA9TPB)) (2.1.19)
on the basis of this assumption a scale for standard Gibbs energqiss of partition
of fons from ons solyent 1o another can be obtained.

In voltammetric expsriments, the TPASTPBR assumption can be employed
in order to gel absolule valuss for the standard Galveni potential of fon
transfer, If TPASTPB is used as the base elscirolyls in the organic phase and
L12504, OF LiF in the agueous phase, the voltammogram will be limited by the
transfer of TPAs* cation and TPB~ anion at the negative and positive ends of the




-1 B

potential window respectively. Thus the zero point of the Galvani potential can
be fixed from the relationship

Cx Cx _ x _
(A B¢V2,TPA5++A B¢:/2,Tpe-')/2“-’3 g0 =0 (2.1.20)

Theoretically AGOL'O‘_)B can be estimated from the standard Gibbs
snergiss of solvation of an ion in the two solvents:

Ae°t'°‘"5 = AG" - AG°

s h (2.1.21)

whers AG°S and AG°h are the standard Gibbs energy of solvation and hydration

of the ion respectively. According to Abraham and Lis2i (11,12], AG°S may be

sptit into an electrostatic term and a neutral term

ONESN AG°, (2.1.22)
where AG°n, the neutral term, is the Gibbs energy of solvation of a non-polar
gaseous solute of the same size as the ion of inlerest. In the ons-layer
continfuum modsl the electrostatic enerqgy term AG® refers to an fon of radius
a and dielectric constant € = 1, surrounded by a solvent layer of thickness
(b-a) and distectric constant E1 and immersed in the bulk solvent dislectric

constant €4 11 1s given by:

A%y = [NCZe) 27¢8e®) 1L 7€)~ 11C1 7a)-C1 /D)) +[(1/€g)- 1]1 /D)

(2.1.23)
where N is the Avogadro number, e® s the perimitivity of vacuum, a is the
radius of the fon, and b fs the solvent molecute radius plus a. In €0.(2.1.23)




.86

the first term is determined by the interaction of the ion with the first layer,
and the second term is due to the long range potarization of the bulk of the
tiquid. AG°BI for ions which are fully hydrated in the organic phase is calculated
using the two-layer model in which a fully hydrated ion ina wel organic

solvent is surrounded by a layer of waler molecules. This is given by

£GP = [N(Ze)Q/(BﬁEO)][[(i/‘El) - 1){C178) - (1/b) + [(17€)-1](1/b)-
(176)] + [(1/7gg)-1]17¢) (2.1.24)

where €,=2, b-a=1.6 A (radius of Hp0 molecule). in £q.(2.1.24) the first
term yields the contribution from the first layer; in the second term, €15 the
dietectric constant of the second layer (£q=(€4*€.)/2=29) and (c-b) is the
thickness of this second layer. The third term gives the contribution of the bulk
solvent oulside the layers. The neutral contribution of the soivation energy is

given by
AG°, = ma + ¢ (2.1.25)

where m and ¢ are constants the values of which are known for several solvents

[11]. Eq.(2.1.25) is valid for ions of radius less than or equal 10 3 A. For a3
A, A6°, can be obtained using the data collected by Abraham [ 13].
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2.2 THE ELECTRICAL DOUBLE LAYER AT ITIES

An elecirochemical system is an impedance o a perturbing elecirical
signal with a small amplitude. The electrical behaviour of an interface can
therefore be represented by an electrical equivalent circuit, a circuit of
resistors and capacitors that pass current with the same amplitude and phase as
the real system would under the same excitation [14,15}.

A purely sinusoidal vollage can be expressed as (4],

g = Esinwl (2.2.1)
and
W = 2nf, (2.2.2)

where E is the amplitude of the ac voltage and ( is the conventional frequency in

hertz. The sinusoidal current is analogously represented by the relationship
i = Isin(wt + &) (2.2.3)

where 1 is the amplitude of the ac current and & is the phase angle which is
conslant for a given frequency.

in the classical impedance measurement, a small sinusoida} vollage or
current signal is appiied to an electrochemical interface and the elecirical
current or voltage response is measured. From ihe complex vottage (E) and the
complex current (I) the complex impedance (Z) can be determined as { 14],

7 =E/] (2.2.4)

For a liquid / liquid electrochemical system the simplest circuil which can




represent the whole cell is;

C1 Ez E3
| | . ||
i | b
R, R, R R,
— AW — WA — WA — WA
Z1 22 ‘ 23
A l B C

where A and C stand for the counter-electrodes and lead contributions lo the
overall impedance and B represents the electrochemical interface. !n practice
the impedances of A and C can be ignored by employing large surface area
glectrodes.

In an ideal potentiostalic arrangement, the circuit becomes,

C2
]

RS RS
Z




i{ the interface is ideally polarised it can be represented as a pure
capacilor, and the Nyquist plot (the imaginary cemponent of the impedance Z”
ys lhe real component 7’) will ba & perpendicular lins displaced from the
origin by lhe value of the solution resistance. For an interface which is not
ideally polarisable the shape of the Nyquist plol bscomes dependent on the
impedance Zp {14-16].

1o is often considered as a combination of a charge transfer resistance,
Rei, and a Warburg impedance, Z,,. The laler fs related to the impedance
associated with the finite rate of diffusion. The relative magnitudes of Ry, Zy
and Co determine the shape of the complex impedance plot, When the rate of
transfer is slow, Rey is grealer than I, andasa rasull ong oblains a paraliel
RG circult giving a semi-circle, On the other hand, {f Rey << 2y, then a parallel
2,, and Cp circuit exists. As shown in Fig. 2.2.1 both types of behaviour can
exist in a Nyquist plot as the ratio of Ry and Z,, can be frequency dependant. At
high frequencies the kinelic contro} delermines the impsdance bghaviour and
the impedance plot is shown by 8 semicircie. As the measuring frequency
decreases, the mass transfer control becomes more important and the impedance
plot is characterised by a line with a slope of 45°, a typical case of the
Warburg impedancs [ 14,17].

For a fast, diffuston controlled, fon transfer process,
(o) ——= X2(8)

wherse 2 15 the charge number of ths ion ¥, the impedance Zo becomes the
Warburg impedance [ 17].

2, = 1y = (1-J)s01/2 (2.2.5)
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Y ¢ B

Rzgions of

Fig. 2.2.1. Nyguist plot which shows the frequency dependent charactar.

mass Lransfer and kinetic conirol are found at high and low frequencies. respectively.
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where ¢ is a characleristic parameter of the faradaic process and is given as

s = [4RT/(ZF)2AC0(2D) 172] cosh2[ZF( &% 4-8%; 0120/ 2RT]

(2.2.6)

where A is the interfacial area, C0 is the bulk conceniration, D is the diffusion

coefficient, and A°‘B¢ 12 is lhe reversible half-wave potential. 7

become [ 17],

™~
.
i}

17 cos8 = Rg+Z XI(X+1)Z+1)7!

]

~
S
D
1]

2] sind = ZX(X+ 1)I(X+1)2+1]7!

The capacilive reactance . is given by,
2. = 1/6C
and the parameler X is expressed as (17]
¢ = (2770022 = 2600

1f X>»1 (high frequency limit), then

. - - =32
7 = RerZ X1 = Rg+(2026)7 00

and 77 = (wC)”]

The plot of Z”ys 7" is not very infoermative. On the other hand,

frequency limit), then

and 7 then

(2.2.7)

(2.2.8)

(2.2.9)

(2.2.10)

(2.2.11)

(2.2.12)

if Xt (low
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7 = Ry + Iy2'" (2.2.13)
and 77 = 1'-Rq (2.214)

The impedance plot is a straight 1ine with a  slopeof 1 . Rg can be evaluated
from the high freguency limit of £g.(2.2.11) and the value of X and C can be
obtained from £qs.(2.2.7) and (2.2.8).

In the ac impedance lechnique @ sinusoidal voitage of small amplitude (=
5 mV peak lo peak) and frequency ranging from 10 Hz to t KHe is superimposed
on a small triangular vollage pulse (continuous method) or conslant polential
(point by point method). The alternaling current flowing through the interface
is analysed as a funclion of the dc potential £ by means of phase sensilive
dotection. The in-phase 1(00) and quadrature 1(90°) components of the current
signal are transformed into the impedance 7 and the phase shift according the
relationships [ 18],

21 = e/100%2 + 1(90%2))'"

(2.2.15)
§ = tan '[1(90%)/1(0%)] (2.2.16)

In ihe modified Yerwey-Nisssan Model the Galvani potantial difference is
the sum of three components [19],

%0 = 4%, - o (2.2.17)
At Y Y 6 _ .0
S(0% - 0%y + (8%, - 4% + (0%, - ¢°,) (2.2.18)

where ¢2 -4 = A¢2. represenls the potential drop in the diffuse laysrs of both
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phases, respectively and ¢0(2 - ¢B

9" A%@I, stands for the potential drop
across the inner layer.

From eleclroneutrality requirements [4,19],

L (2.2.19)

where qo‘ and qB are the surface charge densilies on bolth sides of the interface.
In the absence of specific adsorption in the inner tayer, the double layer
capacity C can be expressed as a series combination of the inner layer capacily
Ci and the diffuse tayer capacities C and CB [4,20,21],

1

¢! = ¢ 5 (2.2.20)

1, -ty
i Co ¢

o A & & O 8
where €, = dg /dA g Coe = dq”/dAg E,and Cq = da /dAd 9
Using the Gouy and Chapman relalionship for a symmetrical (z:2) eleclrolyte
the surface charge densities are [4,20,21],

%= - 2A°‘smh(zm¢°‘2/2Rr) (2.2.21)

P =- ZABsinh(ZFA¢02/2RT) (2.2.22)
and -

A8 _ (oppe®Bp0yi2 (2.2.23)

where Eo:(B) is the permilivity of the solvent, and the capacity of the diffuse
layer of sach phase is [4,20]

Cp = —aqo‘/amﬁ‘2 = (zFAO‘/RT)cosh(zm¢°‘2/2m) (2.2.24)




R X T

Cp = -an/aa¢Bz= (ZFAB/RT)cosh(ZFA¢Bz/2RT) (2.2.25)

Using £9.(2.2.19) the foliowing relationship can be oblained (4},

£ =(RT/2F 1 (€8008/6%00:09 Y 2ep(- 27 /2RT(A -0 o DI/ 1+

(€898 %012 gxp(zr /2RT(A0<B¢-AO<B¢1))]] (2.2.26)

If A“B¢§~ conslant, then A¢°§ and A¢BQ can be calculated as the funclions of

A% 9. By substituting the values of A4%, and s, into £q.(2.2.24) or (2

respectively the thearetical diffuse double tayer capacitance can be gstim

2.25)
aled.
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3.1 SIMPLE 'ON TRANSFER STUDIES

Numerous electrochemical studies of ion transfer across immiscible
water 7organic soivent inlerfaces have been made in the past. The erganic
solvents that were studied were mainly nilrebenzene and I,fZ-dichloroethane
{1]. The tmportance and appiications of such investigations in the fields of
chemistry and biology have been fully described elsewhere [1,2). The
importance of fon transfer studies across such systems lies in the improvement
in the understanding of the processes occurring at the interfaces, collection of
thermodynamic and kinelic dala for the transfer, development of new
electroanalytical tools, and improyement in the understanding of liquid/iiquid
extraction processes. However, certain difficuities are encountered in extending
such studies to many other water/organic solvent systems. This is due to the low
dielectric constant of most organic solvents that are immiscible with water
resulting in very low conduclivity of electrolyle solutions. As a result the
systems which were investigaled so far are few in number. Thus a search for
organic solvents which satisfy the above requirement is pssential if the field of
liquid/1iquid electrochemistry is to be to widened.

in the present work the organic solvents chosen were o-nitrotoluene,
benzopitrile and o-dichlorobenzene. o-nitrotoluene has a fairly high dielectric
constant (£,=27.4), low solubility in water (0,065%8w) and higher density than
water (1.16 g cm~1) [3]. On the other hand benzonitrile is a strongly polar
aromatic solvent which dissolves many organic substances, anhydrous inorganic
salts and organomelallic compounds. A number of electrochemical investigations
have been carried oul in benzonitrile [4]. This solvent enables voltammetric
investigations o be carried out over a wide potential range. It has a relatively
high dielsctric constant (25.2 al 15 0C), low miscibilily with water (0,28w
benzonitrile in water and 1 Bw water in benzonitrile) {3]. 1t is not a strongly

coordinating solvent as seen from its Gutman donor-acceplor number of 15 [4].




o-dichlorobanzena is a stable solveni for many organic salls as compared with
halogenated alkyl solvents and possesses SoMeE excellent characteristics as a
solvent in synthetic and extraction processes [3). It has a diglsctric constant of
9.93 (at 20 °C), with density of .31 ¢ crmn-3 and very low miscibility with
water (0.02%w o-dichlorobsnzens in wéter and 0.31%w water in o0-
dichiorobenzens).

In the present work, the transfer of several lons across the immiscible
liquid/liquid interface was investigated using water and the above organic
solvents, The results of the gxperimentally determined standard Gibbs snergies
of transfer are compared with theore"i:'ica11y calculated values.
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3.2 COMPLEX 10N TRANSFER AND FACILITATED 10N TRANSFER
STUDIES

There has been appreciable interest in the bidentale and terdentate
analogues of the pyridiné molecules as ligands for lransition metal complex
formation. These compounds are Vvery similar lo the biologically important
heterocyclic ligands such as the porphyrines and pyrines {[5-8].

The chemistry of the terdentate ligand Z, 2" .2 -terpyridine (1; terpy)

and its metal complexes has been investigated widely (see, for example, ref. 5

and references cited therein). The ligand readily forms stable one-to-one and
one-to-1wo (metal to ligand) complexes with transition metals. This ligand and
its derivatives have been widely proposed as analytical reagents for the
detection of metal ions in biological and other samples, as photometric reagents
and as masking agents. Their metal chelates are also used as redox indicators
[9-11]).

Numerous studies on the photochemical, photophysical, glectrochemical
and kinetic properiies of many transition metal-terpyridine compliexes have
been carried out [ 12-19]. Some complexes of terpyridine have been reported as
effective catalysis for the electrocatalytic oxidation of alcohols, aromatic
hydrocarboens and olefins [20-23); a&s oxygen transfer catalysts for the
oxidation of thiosulphate to sulphate [24]; and as catalysts for the hydrolysis of
fluorophosphate esters (25).




Tha complexes of some transition metals with terpyridine have atiracted
altentions as photosensitizers, the redox properties of which satisfy the
thermodynamic requirements for the photodecompostion of water [26,27].

Although very few complex ion lransfer studies were made using
transition melal complexes of bidenlate nilrogen containing ligands [28-30], no
terdentatle ligand complexed metal transfer has up to now been invesligated.
Complex ton transfer studies al ITIES can provide informslion about the relative
stability of complexes, the lype of complexalion, transport and thermodynamic
paramelers. Phase transfer of complexed transition metal ions is also very
frnportant in solvent extraclion processes, which are frequently used in
hydromeltaliurgy, melal axiraction, and metal winning. in the first part of this
work the transfer of the lerpyridine complexss of Fe2t, Fed+, Co2¢, Cod+, Ni2*,
702+ and Cu2* across the waler/nitrobenzens interface is discussed.

The nitrogen base ligand 2.2 -biquinolineg (2) shows remarkable
selectivily towards Cu* ions (31]). In the presence of other metal cations the
ligand forms coloured complexes selectively with Cu*. This is understood to be
due lo the steric hindrance of the substiluent qroups on the carbon atoms

adjacent to the ring nitrogen atoms [31,32].

The characteristics of the Cu(1)-biquinoline. complex in various non-
aqueous solvents have been studied by several investigators {33-35). The ligand
i{s used for spectropholometric micro-detection and quantitative determination

of Cu*. Il also serves as masking reagenl for the separalion of other metal ions




in the presence of Cu*, Yarious anions can be extracted into immiscible solvents
as an ion-pair with cu(1)-biguinoline chelate. Based on this principle, the
extraction and photometric determination of colorless anions and anionic
complexes can be conducled [31].

Mo work has been reported on the transfer of Cu(1) facilitated by
biquinotine across ITIES. Thus a study has been made on biquinoline-assisted

transfer of Cut across the water/ i,2~dichloroethane interfacs.




3.3 THE ELECTRICAL DOUBLE-LAYER AT ITIES

The electrical double-layer st the ITIES has been investigated by many
workers using various electrochemical methods (see refs. 1,2 and 36 and
references cited therein). The most frequently used technique is the ac
impedance measurement. Such studies have so far been made mainly on the
water /nitrobenzene and water/1,2-dichloroethane interfaces. The gquantity
which can be obtained from the impedance measurements and which is related to
the double layer structure is the interfacial capacitance. Extension of such
studies to other solvent systems seems to be very important since it can
contribute to the general understanding of the structure of the electrical double
layer at liquig/tiquid interfaces.

In the present investigation, the electrical double-layer at the waler/o-
dichlorobenzene,and water /o-nitrotoluene interfaces has peen studied using
different types of supporting glectrolyles. The double-layer capacitances were
measured at different concentrations using the ac impedance technique.The
results are compared with those of the water/nitrobenzene and water/1,2-

dichloroethane interfaces.




Roferences

® N o s

10.
1.
12,
13,

14,

15,
16.
17.
18.
19,
20.

A S

Y Marecek, Z. Samec and J. Koryla, Advances in Colloid and interface
Science, 29 (1988) 1.
H H. Girault and D.J. Schiffrin, Electroanalytical Chemistry, A.J. Bard Ed.,
vol. 15, Marcel Dekker [nc., New York, 1989.
J A. Riddick and W.B. Bunger, Organic Solvents, Wiley and Sons, New York,
1986.
K Kadish and J. Anderson, Pure Appl. Chem., 59 (1987) 704.
E.C‘ConstMﬂe,Adv.Inorg.Chenw,Radiochem.,30 (1986) 69.
W.W Brandt, F.P. Dwyer and £.C. Gyarfas, Chem. Rev., 54 (1954) 959.
E.C. Constable, Polyhedron, 2 (1983) 551.
f.p. Dwyer and D.P. Mellor, Chelating Agents and Melal Chelates, Academic
Press, New York, 1964.
DW. Fink, J.¥. Pivnichny and W.t. Ohnesorge, Anal. Chem., 41 (1969)
833.
S$. Hadsovic, B. Nikolin and p. Stern, fur. J. Pharmacol., | (1967) 15,
J.L. Lin, L.F. Chang and M. Satake, Bull. Chem. Soc. Jpn, 56 (1983) 2739.
M.C. Hughes, D.J. Macero and J.M. Rao, tnorg. Chim. Acta, 49 (1981) 241,
D.E. Morris, K.W. Hanck and M.K. DeArmond, J. Elsctroanal. Chem.,
149 (1983) 115,
5. Musumece, E. Rizzarcslii, $. Sammartano and R.p. Bonomo, J. tnorg.
Nuc!. Chem., 36 (1974) 853.
J. Prasad and D.B. Scaife, J. Electroanal. Chem., 84 (1977) 373.
J.M. Rao, M.C. Hughes, and D.J. Macero, norg. Chim. Acta, 16 (1976) 231,
J.M. Rao, D.J. Macero and M.C. Hughes, lnorg. Chim. Acta, 41 (1980) 221.
T. Saji and S. Aoyagui, J. Elsctroanal, Chem., 58 (1975) 401,
T. Saji and S. Aoyagui, J. Electroanal. Chem., 108 (1980) 223.
B.A.Mnyer,M.S.Thnmpsonand1ﬂd.Myer,d.Am.Chem.Socu




21,

22.
23.
24,
25.

26.

27.

28.

29.
30.
31.

32.
33.
34.
35.
36.

T8

102 (1980) 2310.

M.S. Thompson, W.F. DeGiovani, 8.A. Moyer and T.J. Meyer, J. Org. Chem.,
49 (1984) 4972,

M.S. Thompsaon and T.J. Meyer, J. Am. Chem. Soc., 104 (1982) 4106.

M.S. Thompson and T.J. Meyer, J_ Am. Chem. Soc., 104 ( 1982) S070.

M Chandra, K.F. 0'Driscoll and G6.L. Rempel, J. Mol. Catal., 8 (1980) 339.
1. Wagner-Jaureqg, 8.E. Hackley, T.A. Lies, 0.0. Owens and R. Proper,
J_ Am. Chem. Soc., 77 (1955) 922.

Y W.D. Chen, K.S.Y. Santhanam and AJ. Bard, J. Electrochem. Sac.,
129(1982)61.

Y W.D. Chen, K.5.Y. Santhanam and A.J. Bard, J. Etectrochem, Soc.,
128(1981)1460.

7. Samec, D. Homolka, VY. Marecek and L. Kavan, J. Etectroanal. Chem.,

145 (1983) 213.

D. Homolka and H. Wendt, Ber. Bunsenges. Phys. Chem., 89(1985)1075.

£. wang and Y. Liu, J. Electroanal. Chem., 214 (1986) 465,

K.L. Cheng, K. Ueno and T. Imamura, Handbook of Organic Anatytical
Reagents, CRC Press, Florida, 1982.

G.F. Smith, Anat, Chem., 26 ( 1954) 1534.

R T. Pfisum and W.W. Brandt, J. Am. Chem. Soc., 77 (1955) 2019.

J. Hoste, Anal. Chim. Acta, 4 {1950) 23.

J. Gillis, Anal. Chim. Acta, 8 ( 1953) 97.

7 Samec, Chem. Rev., 88 ( 1988) 617.




CHAPTER FOUR

EXPERIMENTAL

L T6




4.1 CHEMICALS AND PREPARATION OF REAGENTS
411 SO VENTS AND THEIR PURIFICATION

The erganic solvents used in these studies were purified using the
methods given in [ 1,2].

Benzonitrile (bn)- The commercially obtained benzonitrile (BDH, 98%)
was washed successively with concentrated hydrochtioric acid { MERCK), water,
saturated potassium bicarbonate solution and finally twice with water. This
pre-wash treatment was for the removal of isonitriles and amines which are
the common impurities in this solvent {1,2). The benzonitrile was then pre-
dried with calcium chloride. The caicium chloride was decanted and the
benzonitrile was transferred to a distiliation apparatus containing phosphorous
pentoxide. it was distilied under reduced pressuce. The middle half of the
distillate was stored over finely divided activated slumina and withdrawn as
required.

0-nitrotoluane (o-nt)- The main impurities of o-nitrainluane ars
believed to be o-and p-nitrophenols {1]. 0-nitrotoluene (MERCK, Schuchardt)
was washed several times with concentrated sulphuric acid MERCK) until the
acid layer becams colouriess, then washed twice with 208 sodium hydroxidse
solution, and finally washad soveral times with water until & nautral pH was
obtained. The soivent was pre-dried over calcium chloride, followsd by
distillation from phosphorous pentoxide at reduced pressure. The middis half of
the distillate was stored over activated alumina and kept in the dark to avoid
exposure to light.

| ,2-dichlorosthane (1,2-dce)-The common impurities found in 1,2~
dichlorosthane ars water, hydrogen chioride as well as other chlorinated
hydrocarbons [2]. The commercially obtatned 1,2-dichlorosthans (Fluka,
798%) was purified following the procedure used for o-nitrotoluene.




Table 4.1.1

_78

Selected Physical Properties of the Organic Solvents 2,

_ Solyent
Propertly bn 1.2-dce g-deb nb 0-nt
Density (p) 1.01 (150¢) 1.25 1.31 1.2 1.16
(gem=3) (20 9C)
Yiscosity (n) §.45 0.887 1.32 217 2.37
(gm=-1s1) (25°0C)
Diglectric Constant (&) 25.2 10.37 9.93 3478 27.4
(25°0C)
Refractive Index (np) 1.53 1.44 165 155 1.5%
(25°9C)
Solubility in water (&) 0.2 0.81 0.02 0.19 007
(w/v)
Solubility of Ho0 in sotvent | 0.19 0.31  0.24
(w/v)

8 Taken {rom { 1,3].




Nitrobenzene (nb)- The same purification procedure as for o-
nitrotoluene was adopled for nitrobenzens (BDH)).
0-dichiorobenzene (o-dcb)- (Aldrich, 993 spectrophotometric grade)
was used as recefved without further purificatien.
Throughout the experiments an all-glass doubly-distilled water was
ulilized for the preparations of ali inorganic stectrolyte solutions,

4.1.2 CHEMICALS AND PREPARATION OF REAGENTS

Crystalviolet letraphenyiborate (CYTPB) - was prepared by mixing
equimolar amounts of crystalviolst chloride (cvel),(Aldrich), and sodium
tetraphenyiborale (NaTPB) (Fluka), both dissolved in methanol (Anatar ,BDH).
After evaporating the solvent, the CYTPB was extracted with benzene (Analar,
BDH) and precipitated from the benzene solution by addition of n-hexane
{speciroscopic grade, MERCK). The melting point of the obtained violel powder
was 114-1150C.

Tetraphenylarsonium tetraphenyiborate (TPASTPB) - was prepared by
mixing equimolar aqueous solution of telraphenylarsonium chloride (TPAsC))
{Fluka), with an aqueous solution of sodium NaTPB. The white precipilate was
washed several limes with water and then recrystiliised twice from acetons
(Anatar, BDH).

Tetraphenylarsonium tetrakis( 4-chlorophenyl)borats (TPASTPBC1)-was
prepared by mixing equimelar aqueous solution of TPAsC! and methanol solution
of potassium tetrakis{ 4-chloropheny!)borate (KTPBCI) (selectophors, Fluka).
The white precipitale was filtered and washed thoroughly with water and
recrystaiiised twice from acetons.

u-nitrido-bis triphenylphosphorus)S.3-como-bts( undscahydro-1,2-
dicarba-3-coballa-closododecabor )ate (PNPDCC) - was prepared by mixing
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equimolar amounts of acetone solutions of PNPCI (4] and CsDCC. CsCl was
precipilaled and filtered out of the solution. The acelong was evaporated at
reduced pressure unlil an orange residue was lefl, which was then
recrystallised twice from n-propanol (spectroscopic grade, MERCK). Yellow
needles of PNPDCC were finally obtained with melting point of 186~ 186.5 CC.

u-nitrido-bis(triphenylphosphorus) tetraphenylborate (PNPTPB) and
tetraphenylarsonium 3,5~ como - bis (undecahydro—I,2—dicarba—3—cobalta—
closododecabor ate (TPAsDCC) - were prepared by following the procedure used
for the PNPDCC. Ce e

t e
L
LIS

Tetrabutytammonium tetrapheny?i;be:rf{tfég (‘TBATPE)-(Flukd, 99%). was,

4 4
toce 4 ‘_(tc

used as received.

[ Cog, :
[ LI [N Coox
< St

1,504 (BDH), LiCI (Fluka, water frée), UiF: (B0H) were cecrystallisse * |
from their supersaturaled agueous solutions for _;:"ert:jn:fﬁéd@{;jc;e;'m:ejé;sq;r;:e’:rnzgnzts.
NaCl04 (BDH), Nat04 (BDH), KSCN' (BDH},-sodiym picrate (NaPi BDM), :

Lo .

tetramethylammonium chioride (THMAC), BDH), tetraethylam}nbhium chloride .
(TEACI,  BDH), tetrapropylammonium  chloride (TPrACH, Fluka),
tetrabutylammonium chloride (TBACH, Fluka), tetrapentylammonium chioride
(TPACL, Fluka), 2 27,2 -terpyridine (Fiuka, 99%), 2,2 -biguinotine (Fluka,
99%), Co504 (Analar, BDH), InS04 (Analar, BDH), FeS04 (Analar, MERCK),
Feo( 504) 3 (Analer, MERCK), CuS04 (Analar, BDH), NiS04 (Analar, BDH), CuCl
(Fluka), ,30% Ho0p (MERCK), NaOH (BDH), CaCly (BDH), KHCO3 (MERCK),
Po0g (BDH) were used as such withoul further purification.

slock solutions of the base eleclrolyles were prepared at concentrations
of 10 mM and SO miM and then diluted as required. CYTPB, PNPDCC, TPASDCC,
TBATPB, TPASTPBCI and PNPTPB were usad independently as base glectrolyles
in the organic phase, whereas TPASTPB was mainly employed to fix the zero of
the Galvani potential difference. LiC1, LiF, and LioS04 were used as
hase electrolyles in the aqueous phase.

For all studied electrolytes, stock solutions were prepared at a




concentration of SO mM and diluted as necessary, immediately prior to use. in
ihe case of the complex-ion transfer studies, solutions of the metal cations
were prepared in the aqueous phase together with the complexing ligand
terpyridine outside the electrochemical cell. The ligand was found to be very
slightly soluble in waler, but in the presence of transition metal ions it
s‘eamly forms coloured solutions. The prepared metal lo ligand ratios were S:1,
2:1, 1.1, 1:2, 1:3, 1:48nd }: S. When it was necessary to avoid air oxidation of
the solutions fresh solutions of the complexes were prepared daily wunder
nitrogen atmosphere. When excess amaumaf[Cn(_terpy)Q]*Z' was required, it

LI
¢,

was prepared by ox!d\smg the solution nf ee’f'z ond tel pyﬂdme thh IOZ H?OZ o

: sr(‘

AAAAA

in all experiments, the organic and the aqUeuus phasr Were equ Ilb“ajed w1th o
each other before use. The measured Galvani; ;:soienhal mfferences are aqueous
with respect to organic. All mqasurementb VWers ., made at !aheratory

L

temperature of 22+ 1 9C.

4.1.3 MEASUREMENT OF pH

A Phillips pH meter (PW 941 8) with a combined glass eiectrode was used
for pH measurements. The pH meter was calibrated for every set of experiments
using standard buffer solutions of pH 4 and pH 7. All pH measurements were

carried oul at room temperature 2211 0C.

4.1.4 UV/VISIBLE ABSORPTION MEASUREMENTS

The absorplion messurements of the complex species were carried out

using a computerized Beckman Model DU-65 spectrophotometer. One centimeter




L g

Fig. 4.1.1. Diagram of the cell used for Lhe measurement of the point of zero charge at
ITIES. (a) Aqueous solution; (b) organic solution; (¢c) agueous tetrabulylammanium
bridge. (1) Jacketed aqueous solulion reservoir; (2) No pressure inlet; {3) salurated

calomel reference electrodes; (4) sireaming elecirode reservoir,




B

path length quartz cuvettes were empioyed. The measurements were carried out

at room temperature, 22+ °C.

4.1.5 N[A.FU/?[/;#A/I OF POTENTIAL OF ZFRO CHARG T

The streaming jet method was used for the potentia) of zero charge
measurement. The cell used was similar to that gescribed in ref. 5 and is shown
in Fig.4.1.1. The streaming jel was made with the aqueous sotution. The
reference electrodes used were calomel electrodes. The solutions employed were
1O mM LiCl, 10 mM TBAC! in water and 10 mM TBATP8 in o-nitrotoluene. Due
to very low solubility of TBATPB in o-dichlorobenzene the experiment was nol
carried oul for this solvent system. The cell was thermoslated and the

temperature was kepl at 22 °C. The cell arrangement »as as shown below (51

SCE| 1O mM TBACH w)| 10 mM TBATPB(O}|¢ 10 mM LiCl{w)!SCE
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42 ELECTROCHEMICAL CELL ARRANGEMENTS

As shown in Figure 4.2.1 and 4.2.2 the electrochemical cells employed in
these studies contained four electrodes and were generally similar to that used
'by samec et al. [6). Cell (I) was mainly used for the simple ion transfer
studies of the dc cyelic experiments whereas cell {(11) was employed for the ac-
impedance experiments.

cell (1) had an interfacial area of 0.283 cm2, with aqueous and organic
compartments of S cm3 volume respectively. The twe current supplying and
withdrawing counter electrodes were circular Pt gauze {10 mm diameter)
positioned parallel with respect to the interface in both phases. The potentisl
difference at the interface was monitored by means of two reference electrodes
connected via Luggin capillaries to each phase. The reference electrodes in each
phase were immersed in agueous solutions of the corresponding base
electrolytes. A Ag/AgCl electrede served as the reference electrode for both
phases, and was repeatedly renewed by anodic polarization in 0.1 M KCI
solution with a current density of © mA/cm?2 for twe hours.

cell (11) had an interfacial area of 0.69 cm?, with volumes of 0.5 cm3
(organic) and 2 cm3 (aqueous). The two current supplying and withdrawing
counter electrodes were similar to those of cell {1). The reference electrode
ysed in the aqueous phase was either 2 Ag/AgCt electrode immersed directly in
to the solution (when LiCl was empioyed &s the base electroiyte) or 8 calomel
electrode (when LioS04 or LiF was used as 8 base electrolyte) connected
with an agar bridge to the test solution.

Prior to each experiment the cell was washed with a soiution of chromic
acid, then with acetone and doubly distilled water and finally dried in an oven.
This washing procedure was used also to clean the glassware in every

experiment,
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schematic representations of the interfaces are presenied as follows.

Ag|AgCl] 10 mi TPASCI(w) | 10 mM TPASTPB(0)] 6] 10 mi Lic1(w)]AgCl|Ag

Ag|AgCl| 10 mM TPASCI(w)} 10 mM TPASTPB(0)|6]5 mM Li2504(w)l305

where, 6 is the inierface under investigation.




4.3 ELECTRONIC INSTRUMENTATION

The electronic set-up used for the d¢ cyclic experiments and impedance
measurements are represented by the block diagrams of Fig. 4.3 %) and 4.3.2. A
four electrode potentiostat with automatic IR compensalioﬂsimilar to that
described in ref. 6 was constructed and employed. ToO regulate the proper
compensation of the phmic drop across the interface, the current output of the
potentiosiat was connected o an oscilloscope { Tektronix Model 501

For the dc cyclic and linear sweep voltammetric experiments, linear and
triangular vollage ramps were supplied from a scan qgenerator (YS6 72, Bank).
The current oulput of the potentioslal was connected directly to a slorage
oscilloscope ( Tektronix Model 5441) and an X-Y recorder (LLOYD Instruments
PLC-3).

For the ac-impedance experiments the superimposed sinusgidal potential
was of magnitude AE=5S m¥ peak to peak and was fed from a frequency generator
(Tekironix F6 501) while the triangular vollage ramp (S mYy/s) was generated
using MP-1502 Electroanalyzer (McKee Pedersen Instruments). The current
output of the potentiostal was connected to the input of 8 Tock - in analyzer {PAR
Mode] 5204) which was used for the continuous measurement of the in-phase
and quadrature components of the ac-current. The outputs were detected using
the storage oseilloscope and X-Y recorder. The real and imaginary parts of the
impedance were then calcutated from the in-phase and quadrature components
using an ATAR! (1040ST) microcomputer.

A simple RC paraile circuit was used to test the frequency response of
the potentioslal and the Jock-in analyser. The observed impedance spectra of
the dummy cell were @s expected. The values of the resistance and the
capacitance were accurately determined from the impedance plot at Rep/2 using
the equation [7):

0= 1/(Re C) (4.3.1)
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5.1 SIMPLE ION TRANSFER STUDIES

S0 JON TRANSFER ACROSS THE IMIIISCIBLE  WATER/0~NITROTOLUENE
INTERFACE

Figura 5.1.1 shows dc cyclic voilammograms obtained at the water/o-
nitrotoluene interface for 10 mM base electrolyles of LiC) (a), LIF (b), and
Li2504 (c) in the aqueous phase and 10 mM PNPDCC in the organic phass. As can
be seen from the voltammograms the potential windows are reasonably wide,
allowing the sludy of the transfer of almost all ions which were invesligated
across the water/nitrobenzene or water/1,2-dichloroethane interface (1.2}
Comparison of the potential windows of the yoltammograms iliuslrates that the
potential 1imit in the negative potentlal range is controlled by the transfer of
¢1- (a), F-{b), and by either 5042 0r PNP* jons (c), whereas, in all cases, the
positive range is limited by the transfer of Li* [3]. The maximum polarization
window is observed for the electroiyte couple LipS04 / PNPDCC.

Fig. S.1.2 compares the potential windows of base electrolyles oblained by
using 10 mM LiCl in the agueous phase and 10 mM PNPTPB (d) or PNPDCC (e)
in the organic phase. For the yollammogram shown in (d) the positive and
negalive potenlial ranges are limited by the transfer of TPB~ and Cl~
respeclively. These comparisons were made in order to see lhe degree of
polarisability of the waler /o-nitrololuene inlerface by applying different base
glectrolyles.

Ac and dc voltammograms for the transfer of €104 and THMA* ions across
the water/o-nitrotoluene interface are shown in Fig. S.t.3. The ac
voltammograms wers recorded from the in phasa component of the ac current. As
seen from the dc voltammograms the forward and reverse psaks are separated by
60 mV indicating the reversible behaviour of the ion transfer. The reversibilily
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fig. 5.1.1. Comparison of the dc voltammograms of the base electrolytes : 10 mM LiCl
(a), 10 mM Lif (b); and S mM 119504 (€} in the agueous phase and 10 mM PNPDCC in o-

nitrotoluene. Sweep rate = 10 mV s
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Fig. 5.1.2. Comparison of the dc voltammograms of 10 mM LiC} in the agueous phase
and 10 mM PNPTPB (d), and 10 mM PNPDCC (e) 1n o-nitrotoluene.
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Fig. 5.1.3. Dc (a), and ac (b), voltammograms for the transfer of 0.1 mM €104 and

TMA* across the immiscible waler/o-nitrotoluene interface. Ac sweep rate = 5 mV 57!

dc sweep rate = 25 mY s [, and [ = 70 Hz.
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of the process is also apparent from the peaks of the ac voltammograms which
show half-peak width of 90 m¥ {4,5].
The dependence of the peak current i, on the square root of the sweep rate and

concentration was checked by using the Randles-Sevcik equation (4],

)1/2 V2 r

[, = 0.44637%2FAC°(F/RT) "“p "D (5.1.1)

where A is the interfacial area {(cm2), Cb is bulk electrolyte concentration
(mole dm=3) and - is the sweep rate (Y s,

Figure 5.1.4 illustrates the plots of I vs /2 for the transfer of TEA*
al different concentralions and Fig. 5.1.5 shows the dependence of Ip on
concentration at various sweep rates. In both cases linear dependence is
observed. From the slopes of the plols the diffusion coefficient of TEA* jon in
water D, was evaluated. The calculated average value of D, obtained from I, vs
y'2 and I, ys Cbis 1 2%10-5 ¢m2/s and 1.1x10°5 ¢cm?2/s, respectively. This
result is comparable with the value {hat can be calculated from the conductivily
dala at infinite ditution ( Dy = 8.7x10°8cm2/s ) [6].

The half-wave potentials Awodam of the transferred ions were determined

from the peak polentials &Wortp of the dc voltammograms from the relalionship

[2];
Aw0¢p = AWO¢V21 0.0285/|1] (5.1.2)

where (+) and (-)stand for the positive and negative current peaks,
respectively. Alternalively Awo¢1/2 values were direclly measured from the ac

peak potentials and related 1o the standard Galvani polential difference using the
equation [ 3]
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Fig. 5.1.4. Dependence of peak current jp on the square root of the sweep rate (w/2)

for the Lransfer of different concentrations of TEAY across the water/o-nitrotoluene

interface.
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Fig. 5.1.5. Concentration dependence of the peak current jp for the transfer of TEAY

across the water/o-nitrotoluene interface at different sweep rates.
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A" b = AWD¢° + (RT/ZF)ln(Dw/DO)1’?(70/yw)-(RT/zF)1n[1+
Ko,0C0 (70)2 (D% 7 D) 172 (5.1.3)

where Yo 15 the single ion aclivity coefficient, D°, and K%, are the diffusion
coefficient and the association constant of the ion pair, respectively, Cb0 is the
bulk concentration of the organic base electrolyte and o is ihe degree of
dissociation in the organic phase,

The ratio of the aclivity coefficients of the ions was assumed to be unity
for the concentrations (0.1 mM) used in these experiments. The contribution
due to ion association in the organic phase was found to be very small and thus
was nol considered.

Table S.1.1 lists the diffusion coef(ficient of the studied ions together with
their radii and hydration energies. The diffusior coefficients of the ions in o-
nitrotoluene were calculated from estimaled values of ion conductivity A% and

from the relationship (61
0; = (RTA%)/{Z{IF? (5.1.4)

The single ion conductivities in o-nitrotolueng Were calculated sccording to the
method of Coelzee and cunningham [8]. The method of evaluatien is based
indirectly on tetraisoamylammonium tetraisoamylborale as @ reference
electrolyte, and assuming that Walden’s product holds for the reference
elecirolyte in the solvent.

The values of the standard Bibbs energies of transfer A8° Lrw—m-nl were

determined from Aw0¢° according 1o equalion (2.1.4). Details of the

experimental results are shown in Table 5.1.2.
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Table 5.1.1

Diffusion coefficients of ions in water (D) and in o-nitrotoluene (Dy-nt}, ionic

radii and hydration energies (AGHP) of ions used in the calculations.

0

lonic radii ABy Dy, x 106 Dot X 106
(nm) (kJ mol~1) (cm2s1) (cmZs1)
lon a b c
TMA* 0.258 -200.8 1.9 4.0
TEA* 0.310 -171.5 8.7 3.6
TBA* 0.383 -135.1 5.2 2.6
TPAs* 0.397°¢ 5.6 2.4
Li* 0.094 -479.5 10.3 5.6
Cl04 0.245 -196.6 17.9 4.4
104 0.254 ~190.6 14.5 4.3
SCN- 0.195¢d -254.8 17.5 4.7
N0z~ 0.19% - 253.1 19.0 5.3
TPB- 0.386¢ 5.6 2.4
Ct- 0.181 -286.3 20.3 7.6
F- 0.133¢ 14.7 4.1

afrom {7] unless shown otherwise.

b calculated from conductivity data of [6].
¢ Calculated according to [8].

d From [9].

e Calculated from molar volumes using the Stearn-Eyring formulia [10].




Table 5.1.2

e e L=

peak polentials, AYgb, half-wave polentials, A%.bi2, standard Galvani
potential differences, A, 40, and standard Gibbs energies of transfer of ions,

AGO o oblained experimentally for the water (w)/o-nitrotoluene (o-nt)
system. '

Ton Aoy / Y A¥ i 7 Y AWGO /Y AGO WO /K mol~!
TMA* 0.130 0.102 0.087 8.4
TEA* 0.035 0.007 -0.005 -4.8
TBA* -0.160 -0.188 -0.197 -19.0
TP As* -0.228 -0.257 -0.256 -24.7
Lit 0.270 0.242 0.222 21.4
€104 -0.115 -0.087 ~0.069 6.7
1047 -0.110 -0.082 -0.066 6.4
SCN- -0.160 -0.132 -0.115 111
MO -0.220 -0.190 -0.170 16.4
TPB- 0.228 0.257 0.256 -24.7

c1- -0.250 ~0.222 -0.202 19.5
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For comparison theoretical AG ¥ 7*™ values were evalusted from the
equations of Abraham and Liszi. The rasults of the calculations are given in
Table S.1.3. The computations were carrisd oul using the vatues of the hydration

gnsrgies (&Gh") shown in Table S.1.1. Dstails of the calculations are presented
in Table 5.1.3.

A comparison of the expsrimental and theorstical values of AGOLPW"O‘"t for
selscted fons is given in Table S.1.4. As can be seen from the table the
experimental valuss of AG® =200 1ig in between the theorstically calculated
vaiugs for fully hydrated and non-hydrated ions. Particular mention may be

made of 6%, Y70 for the 1047, 1047, and TBA* fons, the experimental values
of which are very close to thoss theorstically calculated assuming no hydration
in the organic phase. By contrast, the experimental valuss of A6’ W0 for
TMA*, TEA*, Li* and Ci- ars closs to the theoretically calculated values assuming
the fons are hydrated in the organic phase. Thess considerations appear to favor
the retention of water of hydration in the organic solvent on transfer from the
agueous phase. independent spactroscopic evidence might be necessary in order
to undersiand the stale of jons in water-saturated organic solvents that ars
immiscible with water. However, the resulls obtained in this study could have
very important consequsnces for the understanding of the kinstics of ion
transfer.

The resulls of the water/o-nitrotolusne syslem have in part been

reported in ref. 11.




Table ©5.1.3

04

Theoretical calculation of standard Gibbs energy of treznsfer of fons AGﬂtrW—w‘“l

(kJ moi~1) for the water/o-nitrotoluene system based on the model of Abraham

and Liszi.

3 b
lon a6, A% ac% ac% 0™ ac%,  asd,  ad% as% o™
TMA* -193.7 7.9 -185.8 196 -2126 7.9 -2046 0.8
TEA* -166.0 -1.2 -167.2 9.0 -181.2 -1.2 -182.4 -6.3
TBA* -138.8 -17.7 -156.5 -16.7 -150.5 -17.9 -168.2 -28.4
Li*+ -460.2 30.0 -430.2 539  -4989 -30.0 -468.9 152
0104 -202.3 9.7 -1927 8.6 -222.3 9.7 -2126 -114
05 -197.9 85 -1895 67 2156 85 -207.2 -120
SON- -245.0 164 -228.6 30.9 -270.1 16.4 -253.7 3.5
NOs~ -245.0 16.4 -2286 292 -270.1 164 -2537 -4
Cl- -260.8 183 -242.5 484  -287.8 183 -269.5

21.4

a Calculaled for non-hydrated ions in the organic phzse. b Calcutated for fully
hydraled ions in the organic phase. AGS, Calculated using data for nitrobenzene
(m=-3.217, ¢=10.19) [7]. AG% calculated for non-hydrated ions in the
organic phase using the radius of o-dichlorobenzene (r=0.286 nm) [7],
ABY,w—0-nt obtained afler adding 4.61 kJ/mo! to the sum of AGO and AG?), values

{on molar scale).




Tahle 5.1.4

Comparison of the experimental and theoretically calculated (from the Abraham

and Liszi model) values of standard Gibbs energies of transfer of selected ions

from water 1o o-nitrotoiuane.

lon A% 0 (exp.)/kd mol-! AG%, M (theor )/kJ mol™
(a) {b)
TMA* 8.4 19.6 0.8
TEA* 4.8 9.0 -6.3
TBA* -19.0 -16.7 -28.4
Li* 21.4 53.9 15.2
Cl04 6.7 | 8.6 ~11.4
104 6.4 5.7 -12.0
SCN- 1,1 30.9 3.5
c1 19.5 48.4 21.4

a Calculaled for non-hydraled ions in the organic phase.

b Calculaled for fully-hydrated ions in the erganic phase.
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S 1.2 /ON TRANSFER ACROSS THE IMIISCIBLE WATER/BENZONITRILE INTERFACE

Figure 5.1.6 shows the dc cyclic voltammegram for the transfer of Cl104
across the water/benzonitrile interface when LiCl and TBATPB were used as base
electrolytes in the water and benzonitrile phases, respectively. The jon transfer
was found to be reversible, as seen from the peak separation of 60 mVY. This was
also found to be the case for the other ions investigated, up to sweep rates of

vs the square root of the sweep rate ([ 112y for

100 mY¥/s. The dependence of |,
a given concentration of four jons, as well as those of I, vs. the concentration of
these ions at a given sweep rate, were found to be linear. Such dependencies are
shown in Fig. 5.1.7 and 5.1.8, respsclively.

From the L\.Owtbp the values of L\.Owtb,,g and A°w¢° were subsequently
determined. Table 5.1.5 lists the diffusion coefficient of ions in benzonitrile

estimated from ref. 8.

Table 5.1.5

Estimated diffusion coefficient of ions in benzonitrile.

lon TMA* TEA* TBA* TPAst 104 Cl04 Pi- TPB~

D; 106 (BN) 65 5.8 4.3 3.4 7.0 7.1 53 3.4
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fig. 5.1.6. Cyclic voitammogram far the transfer of 1 mM CIO4_ across the

water/benzonitrile interface ( —— }; supporting electrolytes 10 mi TBATPB in BN
and 10 mM LiCl in water (---).
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Fig. 5.1.7. Peak current 15 vs square root of the sweep rate (ui72) for 0.8 mM Cl04 ,

104, TMA* and Pi~
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Fig. 5.1.8. Peak current loy_s“concenl.ral.ions of C104', 104_, TMA* and Pi~ al a sweep
rate of 40 mv s™1.
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The ratio of the activity coefficients was assumed to be unily, and ion
association in the organic phase was not considered. 1t has been shown from the
resulls of solubility sxperiments of the same system [12,13] that use of ion-
pair formation constant K, and the ion size parameler in the extended Debye-
Hickel equation for the calculation of activily coefficienls does not significantly
affect the AGY,. values.

In Table 5.1.6 the details of the experimental resulls are given. For
comparison, AGO Lr*"’-’b" values obtained from solubility experiments {13]
together with theoretically calculated valtues are presented in Table S.1.7.

([t is seen Lhat there are some discrepancies between lhe two experimental
resulls. However, it should be noted that the vollammelric experimenls were
done on mutually saturaled soivents, whereas the sotubility measurements were
carried oul in the pure dry solvents. Hence the observed difference belween the
two experimental resulls is not unexpecled. The discrepancies is seem lo be
much larger than those observed in the nilrobenzene/water and 1,2-
dichloroethane/waler systems [2]. This may be due to the slightly higher mutual

solubility of water and benzonitrile. However, as in the previous system

~{waler/o-nitrotoluene), the voltammelrically oblained AG? W= values tie in

between the theoretically estimated values.
The above resulls of the waler/benzonitrile system have been

reported in ref, 14,




Table 5.1.6

Peak polentials, AW, half-wave potentials, AY,b-, stendard Gaivani
potential differences, A%.4°, and standard Gibbs energies of transfer of ions,

AGY | W bn optained experimentally for the water (w)/benzonitrile (bn)
system. '

lon AV /¥ INAIYA. Av® /v 86%Y T /kd mol!
TMA* 0.108 0.080 0.072 6.9

TEA* -0.008 -0.037 -0.042 -4, 1

TBA* -0.155 -0.184 -0.187 -18.0

TPAs* -0.183 ~0.212 -0.216 -20.8

Cl04 -0.090 -0.062 -0.050 4.8

104 -0.069 -0.041 -0.029 2.8

Pi- 0.034 0.063 0.068 -6.6

TPB- 0.183 0.212 0.216 -20.8

TPBCI™ 0.200 0.229 0.223 -22.5




Table 5.1.7

Comparison of experimental and theoretical values of standard Gibbs energies of
transfer of ions for the water/benzonitrile system,

lon AGP 0 (exp.)/kd mol-!  AG%"™ (theor,)/kJ mot-!
3 b ¢ d

TMA* 6.9 2.5 18.6 0.8
TEA* -4, -4.8 8.1 -6.4
TBAY -18.0 -17.4 -28.5
TPAs* -20.8 -35.3

104 4.8 13.2 7.5 -11.3
104 2.8 6.3 -11.8
pi- -6.6 0.4 0.6 -14.4
TPB- -20.8 -35.3

a From the present experimental resuits,

b Fram the sotubility data of [ 14].

¢ Calculated for non-hydrated ions in the organic phase (on molar scale) using
the radius of chlorobenzene, r = 0.2769 nm, and the dala for nitrobenzens
m=-3.2165,¢= 10.1899 (7)),

d Calcutated for fully hydrated ions in the organic phaseon malar scale.
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S.1.3  [ON TRANSFER ACROSS THE IMH11SCIBLE WATER/a-DICHLOROBENZENE
INTERFACE

Figure 5.1.9 shows dc cyclic voltammogram obtained for the system
water /o~dichlorobenzene using LioS04 and PNPDCC as base electrolytes in the
water and organic phase, respectively. As can be seen from the voltammogram
the available potential window is wider than those of the previous immiscible
systems studied during the course of this work.

Figure 5.1.10 iltustrates the ac cyclic voltammograms for the transfer
C1047, Pi-, TEA* TBA* and TPA* fons across the water/o-dichtorobenzene
interface. At low sweep rates (5-100 mY) all the investigated ions showed
reversible transfer behaviour.From the peaks of the ac voltammograms, the
AW hyp values were directly obtained and used to determine the AW 40 values.
Due to the low dietectric constant of o-dichlorobenzene ion association in the
organic phase was considered and the extended Debye-Hiickel theory (6] was
employed for the evaluation of the activity coefficients. These latter guantities

and the degree of dissociation o were calculated from the following ‘wo equations

(6]

-logy® = A(CO0)'/2/ (1+Ba(Coex)!/2) (5.1.5)
and
Koy = (1-0:)/C0 ()2 (5.1.6)

where A and B are parameters in the Debye-Huckel theory whose values are
dependent on temperature and dielectric constant of the solvent. (For o-
dichlorobenzene, the values of A and 8 are t1.6 mot=1/2 11/2 (deg K)3/2 and 9.32
x 107 cm=! mo1-17211/2 (deg K)!/2). K9, is the association constant of the base

etectrolyte in the orgsnic phase, and a is the ion size parameter.
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Fig. 51.9. Dc cyclic voltammogram of the base electrolytes at the immiscible

water/o-dichlorobenzene interface. Eleclrolytes: 5 mM LioS04 {ag.) and 10 mM

PNPDCC (organicld, sweep rate = 10 mV 571,
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Fig. 5.1.10. Ac cyclic voltammograms for the transfer of 0.1 mM Cl04~, Pi~, TEAY,
TBA* and TPA™* ions across the water/o-dichlorobenzene interface. f = 35 Hz, sweep
rate =5 mV s,
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By assuming that the activity coefficients of the cation and the anion of the
base electrolytes are the same [ 3], the values of «and y® were calculated from
the above two equations using an iterative technique. For the calculations, the
jon size parameter a was taken from refs. 3 and 15. Due to lack of data
pertaining to o-dichlorobenzene, sssociation constants were estimated from
known values in 1,2-dichloroethane and 1,1-dichloroethane [ 181

Table 5.1.8 lists the values of A¥ybyn , A° ¢ and AGO i ¥07deb |n Table

S.1.9 a comparison is made of the experimental resulis with theoretical values.
As can be seen from the table it seems that there is a fair agreement belween the
experimental resuils and the theorelical AGOW—9~dcb values calculated for non-
hydrated ions. The transfer of the tons across the interface without an hydration
shell is lhus indicated.

Table S5.1.10 shows the experimenlal resulls of the presenl syslem with
{hose reporled by Kihara el al. [17]. As shown in the lable, lhese workers have
reported two values of haif-wave potential for a given ion when crystal violel
telraphenyiborate and tetraphenylarsonium dipicryiaminale were used as lhe
organic base electrolytes. Thus it is not possible to make direct comparison
belween Lheir data and the present resulls, However there is @ general
agreement in the trend of the magnitude of the half-wave polentials.

in Figure S.1.11 is depicled the dependence of A¥ by ¥s /a8 as shown
for the latraslakylammonium ifons investigated. 1 is seen that thers exists a
linear relalionship. This linear dependence could be a lool lo eslimale A%edip
values of other letraalkylammonium ions whose transfer across the liquid/liquid

interface may fall oulside the workable polential window.




Table 5.1.8
Half-wave potentials, AW by, standard Galvani potential differences, AYy4°,
and standard Gibbs energies of transfer of ijons, AGO W—>0-db obtained

experimentally for the water (w)/o0-dichlorobenzene (o-dcb) system using
Lio504 and PNPDCC as base electrolytes,

fon AVWodio 7V AW 0 /¥ AGOw->0-dcb 7k mo) !
TMA* 0.218 0.268 26
TEA* 0.059 0.105 10
TPrA* -0.088 ~0.042 -4
TBAY -0.185 -0.141 - 14
TPeat -0.331 -0.291 -28
TPAs* -0.324 -0.288 -28 8
Cl04 -0.199 -0.224 24
N0z -0.391 -0.414 40
Mn04” -0.135 -0.148 14
Pi- -0.057 -0.088 9
TPB- 0.324 0.288 -28

8This value was obtained from solubility experiment [ 16].




Table 5.1.9

T T D

Experimental and theorstical values of standard Gibbs energies of transfer of

ions for the water/o-dichlorobenzensg system.

lon AGOH-bn &f’trw-'b“(theor.)/kd mol-!
{exp.)}/kJ mol-!
a b ¢
TMA* 26 26 7
TEA? 10 13 -3
TPrA* -4 -1 -15
TBA* -14 -15 -27
TPeA*t -28 -28 -39
Cl04" 24 15 -5
N0z~ 40 37 8
Pi- 9 7 -9
a From the present experimental results.
b Calculated for non-hydrated fons in the organic st3se {en mol 17 scale).

¢ Calculated fo fully hydrated ions in the organic phase (on mol 1-1 scale)
The radius of o-dichlorobenzene, r=0.2769 nm, and data for chiorobenzene,
m=-3.307,c=9.9616 were used for the calculations { 7]
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Table 5.1.10

Comparison of half-wave potentials ( AW b ) for the transfer fons across the
water /o-dichlorabenzene interface obtained from voltammetric experiments.

ton a“’otp@/ Y

3 b C
THAY 0.218 0.120 0.060
TEA* 0.059 0.000 0.010
TPrA* -0.088 -0.160 -0.140
TBA* -0.185 -0.270 -0.250
Clo4 -0.199 -0.220 -0.230

a From the present experimental results,

b From ref. 17 using crystal violet tetraphenylborate as the arganic base
ploactrolyte.

C From ref. 17 using tetraphenylarsonium dipicrylaminate as the organic base
glectrolyts.
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fig. 5.1.11. Dependence of Lhe half-wave polential &ID],Q on the inverse of the ionic

radius 1/a of tetraatkylammonium ions.
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5.2 COMPLEX-1ON TRANSFER AND FACILITATED 10N TRANSFER
STUDIES

0.2.V TRANSFER OF TRANSITION 11ETAL ~TERPYRIDINE COMPLEXES ACROSS THE
WATER / NITROBENZENE INTERFACE

Cobalt-Terpyridine

Figure $.2.1 shows the ac and dc voltammograms of the supporting
electrolyte and of an air-saturated solution of Co-terpyridine in a 5:1 metal to
ligand concentration ratio across the water/nitrobenzene interface. In the
absence of the ligand no transfer of the metal cation was observed across the
interface. From the above voltammograms three distinct peaks can be seen which
correspond to the transfer of different species. All the peaks show reversible
transfer behaviour. It is sgen from the ac vellammogram that the peak at more
negative potentials (peak 1) and the peak at more positive potentisls (peak III)
show half-peak widths of 45 mY corresponding to the transfer ofe+2 charged
species, whereas the peak at the centre (peak II1) has & half-peak width of 30
mY indicating the transfer of a +3 charged complex. This is also apparent from
the dc voltammogram™s forward and reverse peak separations.

Figure 5.2.2 shows the transfer behaviour of complexas which were
prepared from !:1 and 1:2 (Co-ligand) ratios of an s&ir saturated aqueous
solution. When the ligand concentration in the solution was increased from @
ratio of 5:1 to 1:1, the ac current of peak III decreased, whereas that of peak I
was highly enhanced. As shown in the figure, for a 1:2 melal:ligand
concentration ratio, pesk 111 disappeared completely followed by a considerable
decrease in the height of peak II and an increase in the height of peak I.

The transfer behaviour of the complexes which were prepared under a
nitrogen atmosphere in 1:1 and 1:5 ratios are compared in Figure 5.2.3. For the
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Fig. 5.2.2. Comparison of the ac vollammograms (f = 20 Hz) of { —— ) 0.1 mM Co2*

0.1 mM Lerpyridgine, and (---) 0.1 mM Co2*, 0.2 mM Lerpyridine, + 5 mM Lis504 in Lhe
aqueous phase, and 10 mM PNPDCC in nilrobenzene. Sweep rale =S mvV s~ !, pH 6.5,
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fig. 5.2.3. Comparison of Lhe ac voltammograms (f = 20 Hz) of ( =) 0.1 mM Co2*,

0.1 mM lerpyridine, and (=--) 0.1 mb Co2*, 0.5 mM lerpyridine,+ 5 mM LioS04 in the
aqueous phasse; organic phase as in Fig. 5.2.2. Solutions prepared under nitrogen

almosphere. Sweep rate = 5 mV 51




L -

1-1 ratio.il is seen that peak I1, which is due to the transfer of a +3 cherged
species, has vanished completely (rom the vollammogram. Under this condition,
peak 11T appears or disappears, depending on the metal lo ligand concentration
ratio. for a 1:1 ratio, peak 111 was noliceable, but when the concentration of the
1igand became high, this peak disappeéred.

ror furlher identification of the transferred species absorption
experiments were carried out. Figure 5.2.4 shows the absorption spectrum of 8
fresh solution of the complex (0.1 mM Co2* end 0.5 mM terpyridine} which was
prepared under nitrogen atmosphere. The free terpyridine absorbs in the region
of 290 nm which is sufficiently far {rom the absorption maxima of the complex
(fig. 5.2.5). The spectrum of the complex of Fig. 5.2.4 has bands in the visible
region at 553, 505 and 445 nm, which correspond to those reported in the
Viterature [ 18] for the complex [Co( terpy)o)2*.

Figure 5.2.6 illustrates the ac voltsmmogram for the transfer of Co-
terpyridine complex prepared ina 1:5 ( metal:1igand) concentration retio in the
presence of 10% Hy0o. It can be seen thal the current due to peak I1 (of the +3
charged complex) is much larger then that of peak I indicating the oxidation of
the +2 complex to a +3 state. Addition of a few drops of 0.1 mM Co2* solution to
the elecirochemical cell resulted in an increase of peak 1 and a decrease of peak
II. As shown in Fig. 5.2.7, the gbsorption spectrum of the Ho0o-oxidized
solution of the complex displays peaks at 338 and 278 nm, which correspond 1o
the characteristic absorption of [Colterpy)ol3* [ 19].

Based on the above results the observed pesks, namely peak I, and 111 were
assigned to the transfer of the [Co( terpy)ol2*, and [Cof terpy)]12% complexes,
respectively. This is also ascertained from thermodynamic considerations. The
[Co(terpy)}2* complex, which was detected only in the presence of excess metal
ion or in 1:1 ratio, is believed to be more strongly solvated in waler than the
[Co{terpy)p)2* complex. Therefore its transfer peak should be expected 1o

sppeer at more positive potentials than that of its di - }igand
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fig. 5.2.4. Absorption spectrum of an aqueous solution of the complex containing

mM Co2% + 0.5 mM terpyridine prepared under No atmosphere.
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Fig. 5.2.5. Absorplion spectrum of an aqueous solution 0.5 mM terpyridine.
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Fig. 5.2.6. Ac Voitammogram of 0.1 mM CoZ* and 0.5 mHM terpyridine after oxidation of
\he solution by 108 HoOg (---), and after addition of a few drops of 0.1 oM Co2* to

the aqueous phase in the electrochemical cell {
LigS04 (aqueous), and 10 mM PNPDCC (nitrobenzene). Sweep rale = s my sl =20
Hz.

} . Supporting electrolyte: S mM
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Fig. $.2.7. Absorption spectrum of an aqueous solution of the complex containing 0.
Co2* + 0.5 mM terpyridine + 10 & H02.
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analogue. Peak II corresponds to the transfer of the +3 charged complex
([Co(lerpy)q]3*). Ils appearance can be atlributed to the oxidation of either

Co2+ to Co3* or [Co(terpy)sl2t to [Co( terpy))3* according to the following

scheme:
Co2+ (ag) - e~ = Co3* (aq)
+ 2 Terpyridine “ “ , + 2 Terpyridine
[Co(terpy)pl2t -8~ = [Co(terpy)o]s*

The variation of the peak current due to the transfer of the Co-lerpyridine
complexes as a funclion of pH was studied for an air satlurated solution of a 1
(metal:ligand) concentration relio (Fig. 5.2.8). In the pH region between 5 to
8, all three peak heights remain unaffected (as compared lo Fig 5.2.2), and the
intensity of the ac current peaks is in the order: peak 11> 1> 1I1. The observed
large current of [Co(terpy),]3* is probably due to its charge. As shown in the
figure, an increase in the pH to a vaiue of 11.4 results in the disappearance of
peak 111, and a decrease in the peak intensities of 1 and II. At this pH, the
relstive decrease of peak 11 is much greater than that of peak 1. The elimipation
of peak I11, and lhe decrease in the peak intensities is probably associated with
the dissociation of the compiexes due to attack by OH™ ions. This dissociation is
much mors pronounced for [Co(terpy))2* (pesk 11T}, since the OH- can easily
attack the central metal from the vacated position, and 8 rupture of the
nitrogen-metal bond may take place [20]. At such high pH, the stability of the
complexes is in the order [Co(terpy)ql2¥ > [Co(terpy)qldt » [Colterpy)]2*. Al
fow pH (pH = 2.7), the intensily of the peak currents is in the order of I > 11>
111. The current density of peak II (of the trivalent complex) decresases,

whereas peak I1I does not show appreciabie changes. on the other hand, psak I
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exhibits snhancement in the current density. This may be caused DY the
reduction of the co3* compliex which is fayorable at low pH [21].

The pH dependence of the dissociation of melal-terpyriding complexes has
peen well studied [20], and 1L is believed that both OH™ and H* can facilitate the
dissociation by attaching themselves to the melal fon and 1o the basic nitrogen of
{he ligand, respectively. The observed voltammetric results show clearly the
affect of pH on these complexes, and their stability. in al} the studies, shifts in
peak potentials due to pH variations were notl detected, nof was proton-assisted

transfer of the ligands.

tron-Terpyriding

The transfer of Fe2+-terpyridine complex across the water /nitrobenzene
interface showed a single peak which corresponds 10 the transfer of
[Fe( terpy)2)?*.species, irrespective of the metal:ligand concentration ratio
{(i.e. sither 6Xxcess ligand or 8xcess metal). As shown in Fig. 5.2.9, the
absorption spectrum of an aqueous solution of the complex revesied bsnds at 552
{maximum peak) and 610 nm, with a broad shoulder in the range 475-500 nm,
which are cheracteristic of [Fe (terpy)ql2* [22]. it has been reported [22) that
the complex [Fe{terpy)]2* can be detected spectroscopically, but that it
disproportionstes rather rapidly. its presence (during the time scale of the
yoltammetric gxperiments) was not detectsed in this investigation.

Figure 5.2.10 iliustrates the ac and dc yoltammograms for the transfer of
the complex [Fe(terpy)2]2+ as recorded during the initial stages of the cycles.
The transfer of [Fe(terpy)2]2+ yields well defined yoltammograms; however,
interfacial instability was yisually observed during the initial sweseps. This
effecl was reflected in {he d¢ voltammograms DY the appesrancs of 8 shouldsr
near the peak for the {rsnsfer of the complex. This shoulder decreased gradually
upon repeated cyciing, and disappeared completely after about twenly cycles, at
which point the interfacial instabilily also disappearsed. This behaviour was
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Fig. 5.2.9. Absorption spectrum of an aqueous solution of the complex containing 0.1
mi Fe2* + 0.1 mH terpyridine




134 ..

N -’

—

e ———

i | J L i 1 1. 1 | |

-0.40 -030 -020 -0.10 (.00 0.10
ORY,

Fig. 5.2.10. Ac and dc cychic voltammograms for Lhe transfer of IFe(ter‘py)Q}?*

across Lhe water/nitrobenzene interface. Agqueous phase: 0.1 mt fel* and 0.1 mH
terpyridine in 5 mM LipSO04; organic phase (10 mM PNPOCC; 1 to 6 show the first
slage of the experimental cycles and (a) is after 20 cycles. Ac sweep rate = 5 mV st

and d¢ sweep rate = 10 mv 57!




found to bs very rsproducible, As can be seen from the above figure the ac
voltammogram is insensitive o such behaviour. The observation of interfacial
instability at the water /nitrobenzene interface has previously been rgported by
Nakache el al.[23]. There are lwo known effects which cause hydrodynamic
instabilities of interfaces [24]. The first one is the existence of a non-uniform
interfacial surface lension {Marangoni effect) which causes & macroscopic
movement in at 1east ong of the phases, and as a resultl a friction occurs on the
interface. The second one 1s due to the existence of fres glectric charges (e.g.
jons or elactrons) adsorbed at ihe interface which is common in liquid/}igquid
systems with a fial charged interface. In the present system, not much can be
said about the observed phenomena since }ittle is undarstood about the changes in
the interfacial tension and the physical mechanisms controliing interfacial
instability. [24]).

The peak due to the transfer of the [Fe(terpy)o)3* complex was found to be
very weak and appsared al the same potential as that of [Co (terpy)2]3+. Apart
from this peak, another peak, corresponding to the transfer of a +2 charged
species appeared al 8 psak potential which malched that of ihe transfer of
[Fe(terpy),]2*. It has been reporied that direct addition of terpyridine to a
solution of Fed3* results in a rapid reduglion and the formation of
(Fe(terpy)o)2+ [25). The second wave could therefore be atiributed to the
transfer of [Fe(terpy),)2+.

Nickel, Copper, 8nd Z2inc-Terpyriding

Figure 5.2.11 compares the ac voltammograms for the transfer of the
terpyridine complexes of Ni2+, Zn2*, and Cu2* for a metal:1igand concentration
ratio of 5:1. The peaks which are seen in the positive polential region are due 10
the transfer of the mono-1igand compiexses, whereas the peaks in the negative
region correspond 10 the di-1igand complexes. ANl the transfer processes exhibil
diffusion-controlied reversible pghaviour. 1t 1s seen that the Ni2* complexes
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Fig. 5.2.11. Ac cyclic voltammograms for the transfer of Cu{—), Ni (---), and In

( -o- )-terpyridine complexes across the water/nitrobenzene interface. Agqueous

solution containing 0.5 mfl M2+ (M2% = Cu2*, Ni2* or 7n2*) and 0.1 mM terpyridine + 5

mt LinS04; organic phase .10 mM PNPDCC. Sweep rate = 5 mV s-t, f =20 Hz.
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show predominantly the transfer of the [Ni(terpy)s)2* complex, while the
[Ni(terpy)}2* peak appears 2s 3 shoulder even though the cempiexes were
preparad from 8n §XC835 amount of Ni2* fons. On the other hand, the transfer of
In 2+ complexes shows the opposite behaviour, with a relatively larger transfer
peak of [Zn( terpy)]2* than that of [Zn(terpy)o)2*. The transfer peak of ths Cu2*
complex is completely dominated by [Cu( terpy)]2* , with a peak gurrent dsnsity
which is thres times larger than that of [Zn{tarpy)]2*. For complex solutions
which were prepared from excess ligand concentration, transfer peaks which are
exclusive to the di-ligand complexes were observed for all thres metal
complexes. The relative stabilities of the complexes may be inferred from the
corresponding peak current densities; accordingly, for the mono-ligand
complexes, the foilowing ordsr is observed:

[Cu(terpy)]2* > [Zn(terpy)]?* > [Ni(terpy))2*
fFor the di-ligand compiexes, the order is:
[Ni(terpy)ql2t > [Zn{terpy)ol2t > [Cu( terpy)ql 2.

Table S.2.1 presenis the stability constants of the moONo and di-iigand
{erpyridine complexss of some transition metals as reported inref. 22. in
general, the values are in fair agreement with the order given above, with the
gxception of the reversed order of the mono-Hgand complexes of Ni2+ and Zn2*.
The half-wave potentials of the transferring compliexes were read from
the peak positions of the ac voltammograms and the standard Galvani potential
differences were then evaluated. In calculating the AY0 values, it was
assumed thatl the activity cosfficients of the complexes were the same in both
phasgs and ton pair formation in the organic phase was neglected. The diffusion
cosfficients of the complexes in the aqueous phass were calculated using




Table 5.2.1.

Slability constants of metal-terpyridine complexes [22].
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Metal ton log KL log KyL2
Cu2t 13.0
Ni2* 10.7 21.8 (B5)

In2+ 6.0




convolution potentisl sweep voltammetry (CPSY). CPSY has been empioyed for
the data processing of linear sweep yoltammograms of charge transfer processes
[26-28]). According to this technique, diffusion-conirolled reversible current

potential curves are analysed using the equation :

{(mg - m)/m by = (Dy/D) /2 expl -2F (AW - AW ) /RT] (5.2.1)

where m represents the convoluted current and my is the limiting convoluted

current which is expressed by

figures 5.2.12 and 5.2 13 {llustrate plots of the convolution current
(m), and of the logarithmic value (Y = logi(mg - m)/m)} as a function of the
potential for the transfer of [Cu(terpy)}2* and [Cu( terpy)o)2* compiexes from
water to nitrobenzene, respectively. The analysis of the convolution curves were
made from the linear sweep voltammograms of fig. 5 2.14. In the presence of
large excess of terpyridine the initia} concentration of Cu2t was taken as the
buik concentration of [Culterpy)pl2*, assuming thet all of the Cu2* ions were
complexed. Similarly, for the concentration of the [Cu(terpy))2t complex, the
concentration of the ligand was used assuming that all the ligand molecules were
consumed in the complex formation in the presence of five fold concentration of
Cu2*,

The reversibility of the \ransfer process can be further checked from the
plots of Y vs A%ed which give straight lines with reciprocal slopes of 30 mY.
The limiting velues of the convoluted current for [Cu(ler‘p\/)]2+ and
[Cu( terpy)o)2* were determined from the convolution integral curves 8s My
=37.8 pA s¥2 and 13 uA s1/2, respectively. From these values the diffusion

coefficients of the compliexes in waler Were evaluated 8s Dy =8.1x10®cm2s7!
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Fig $52.12. Piot of the convoluled current, m, and of ¥ vs. the potential for the
transfer of (Culterpy)pl2* across the waler/nitrobenzene inlerface. AQueous phase:
0.1 mM Cuyl*, 0.5 mM terpyridine, S mh LioS04; organic phase: as in Fig. S5.2.11.
Sweep rale = 10 mV 571
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Fig. 5.2.13. Plol of the convoluled current, m, and of Y ys. the polential for Lhe
transfer of [Cu Lerpy}z" across the water/nitrobenzene interface. Aqueous phase: 0.5
miM Cu?*, 0.1 mM terpyridine, 5 mM Lin504, organic phase: as in Fig. 5.2.11. Sweep

rate = 10 mV s~
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and D,=3.8x1070 em2 s~} for the mono and the di-ligand species, respectively.
similarly, the diffusion coefficients of the other complexes were Vcalculated
from the values of the limiting convoluted current. The diffusion coefficients of
the complexes in the organic phase were computed by employing Walden's ruie
{6].

D, = (Dyny )/ M, {5.2.3)

where n,, and n,are the viscosities of waler and nitrobenzene, respectively.

Tabie 5.2.2 lists the diffusion coefficients of the complex ions in waler,
the half-wave potentials, the standard Galvani potential differences and ths
standard Gibbs energy of transfer from water to nitrobenzene. in Table 5.2.3 the
AGo (- #=b values of the mono and di-ligand complexes are tabulated and their
absolute differences, A]AG?W-0] are compared.

It is interesting to note that the AG® " values of the di-1igand
complexes of o2+, Ni2*, 2n2+. and Fe2* are, within experimental error, equal
to each other‘(—29 {0 -31 kJ mol~! ), and hence independent of the nature of the
central metal ion. The same holds for the di-1igand complexes of Co3* and Fed*
(-11 kJ mol=1 ). Comparison of the AGO W=nb values for the mono and di-ligand
complexes of Ni2+ and Co2*, respectively, indicates clearly that the exchange of
three waler molecules in the inner coordination sphere by one molecule of
terpyridine alters the Gibbs energy of transfer by about 49 kJ/mol. The
configuration of the mono and di-complexes of these metal cations are well
known in that théir inner coordination spheres have octahedral structures [29]).
This implies thal each }igand molecule has been substituted by three water
molecules. in a similar work Homolka and Wendt [30] oblained the AAG? ]
value for Ni2* compiexes to be 33 kJ mol-1 for the exchange of two water
molecules by a molecute of bipyridine. Based on hese observations and from ihe
view point of structura} similarity between bipyridine and terpyridine, it is
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Table ©.2.2.

Diffusion coefficients Dy, half-wave potentials, A¥obin, standard Galvani
potential differences, A¥ 40, and slandard Gibbs energies of iransfer of the

complex ions from water to nitrobenzene, AG® Lr“'"“b.

Complex lon Dy, X 108 AY b A0 /7 ¥ AGO | Wonb
(cm2s71) (v) (V) (kJ mol=t)
[Col terpy)]2* 7.8 0.108 0.103 19.9
(Col terpy)q)? 4.0 -0.150 -0.155 -29.9
[Co( terpy) )3t 5.0 -0.033 -0.037 -10.7
[Ni(terpy))2* 8.1 0.100 0.094 18.1
[Ni(terpy)ql2* 5.3 -0.154 -0.160 -30.9
[Zn{terpy)) 2 7.6 0.084 0.078 15.1
[zn{terpy) )2 5.3 -0.156 -0.162 -31.3
[Cu(terpy)]2* 7.8 0.056 0.051 9.8
{Cu( terpy)ol2* 3.8 -0.144 -0.149 -28.8
[Fe(lerpy)ol2* 4.0 -0.148 -0.152 -29.3

[Fe(terpy)o)d* 5.1 -0.032 -0.038 ~-10.9
2
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Table 5.2.3

standard Gibbs energies of transfer of metal cations, compiex ions and changes
in the Gibbs snergy of transfer, &lAGﬂtrW'mblacross the water/nitrobenzene

interface .
Metal fon  AGO 0P Complex lon AGO | ¥->nb AJAGO W00
(xJ mol-1) (kJ mo)-1) (xJ moi-1)

Co2+ 69.3 [Co(terpy)])?* 19.9

[Co( terpy)o)2t -29.9 ) 49.8
Ni2* 70.0 [Ni{terpy)]2* 18.1

[Ni{lerpy)ol2* -30.9 ) 49.0
In2+ 64.5 [Zn{terpy)]2* 15.1

[Zn(terpy)ol?* -31.3 ] 46.4
Cu?* 59,2 [Cu( terpy)]?* 9.8

[Cuterpy))2* -28.8 } 38.6

[Col terpy)q)?* -29.9

[Co( terpy)q)3* -10.7 ) 19.2

(Fe(terpy)pl?t -29.3

[Fe(terpy)p)3* -10.9 ) 18.4
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possible to conclude that every pyridine moiety contributes to the change in the
Gibbs energy of transfer by sboul 16 kJ mol~1.

Figure 5.2.15 shows a linear relatisnship between ihe standard Gibbs
energy of transfer values and the number of pyridyl units in the complex, for
the Ni-bipyridine and Ni-terpyridine complexes. For the former, the values
reported in ref. 20 were tsken. Extrapolation of the linear piot to zero ligand
(i.e. for the uncomplexed Ni2+ ion) leads to 8 value of approximstely 70 kJ/mol
for the standerd Gibbs energy of transfer of Ni2* across the water-nitrobenzene
interface. This agrees well with the similarly extrapolated value for Nij2+
reported in ref. 29. For Co2*, In2*, and Cu2*, sufficient data are not available to
warrant an extrapolation; however, tentative estimates give values in the range
between 70 snd 50 kJ mol~! (see Table 5.2.3). These values are not
unreasonable when one compares them with the values of other divalent cations
reported in the literature. For examptie, the AG® 0P of Mg2*, Ca2*, Sr2*, and
Ba2* are reported to be 71.4, 68.3,67.2, and 63.3, respectively {31]. The
present method of extrapotation may thus provide an estimate of AG0. vsalues
for ions that transfer across an interface al potentials that fall well beyond the
available potentisl window for given solvent systems.

The observed anomaly in the AGO . value of {cul terpy)}2* as compared to
the value of the analogous mono-ligand complexes of [Zn(lerpv)]:2+ and
[Ni( terpy)]2* might be explained in terms of structural differences and number
of water moiecuies involved in the inner coordination sphere. It has been
indicated that the {Cu(lerpy))?* complex possesses 3 distorted trigonal
bipyramidal geometry of five coordination of the type [cu(terpy ) Ho0)212*
{29]. Such lype of coordination has also been reported for the mono-!igand
complex of 7n2* which is believed to have a distorted sguere based pyramidal
structure [29]. However the observed difference in the AG° . value of this
comptex from the rest is not that much pronounced. In general varistions in the

AGS. values of the complexes reflect differences in the number of water
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Fig. 5.2.15. AGOLr{W_)O) of Ni-bipyridine and Ni-terpyidine complexes v3. the number

of pyridy! units. (A) from ref. 30; (@) Lhis work,
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molecules of the inner sphere as well as lhe geometrical structurse of the

complexes.

part of this w_ork nas been reported in ref. 32
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5.2.2 TRANSFER OF CUPROUS 10N ACROSS THE WATERZ 1, 2-DICHL OROE THANE
INTERFACE FACH ITATED BY 2,2~ BIQUINOLINE

Figure 5 2. 16 shows the dc voltammogram obtained in the presence of 1
mM Cut m the aqueous phase and 0.1 mM 2,27 ~biquinoline (biq) in the organic
phase using 10 mM LiCl and TPAsTPBC] as base elecirolytes. In the absence of
the 1igand or the metal ion no transfer of charged species was delected. Thus the
observed peaks of the voltammogram correspond to the transfer of Cut
facilitated by biquinoline. As can be seen from the voltammogram the separation
belween the forwsrd and reverse peaks is 60 mY and the peak potential was
found 1o be independent of scan rate in the rangs 5-100 my/s. A 60 mY shift in
the half-wave potential was also obssrved for {sn fold change in the
concentration of Cu*. As shown by Fig. 5.2.17 both the positive and negative
peak currents are tinearly dependent on the squars root of ths scan rate. The
peak currents were also found to be proportional to the concentration of
biquinoline in the organic phase. This impliss that the observed bshaviour
fulfils the criteria for a reversible transfer of a monovalent cation present in
excess in the aqueous phase and facilitated by a ligand present al low
concentration in the organic phase and forming a 1:1 complex [33]. Ths
mechanism of the transfer process from the agueous to the organic phase is:

1) diffusion of the ligand to the interface.

2) complex formation between a ligand moleculs and Cu* ion at the interface in a
1:1 ratio.

3) transfer snd diffusion of the complex into the bulk of the organic phase.

4) reaction of the complex with more iigands, if thermodynamically possible.

The reverse of this sequence occurs during the return sweep. Since the
size of the ligand is very simiiar to that of the complex, it is possible to assume
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of 1 mM Cu* transfer across the waler/1,2-DCE

Fig. 5.2.16. Cyclic voltammaogram
phase. Base

interface facililated by 0.1 mM 2.2 -biguinoline in the organic
10 mM LiC! {aq. pH 4.5) and 10 M TPASTPBCI (organic). Sweep rate
f Cut.

electrolytes:
20 mV 5~1. {---) voltammegram of the base electrolyte in thepresencéo
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Fig. 5.2.17. Dependence of the peak currenls on the square root of the sweep rate.

{1) positive peak current, {2) negative peak current. Concentration of electrolytes: 1

mM Cu* (ag.) and 0.1 mM 2,27 -biquinoline {organic).
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that the diffusion cosfficients of the ligand and the complex are the same in the
organic phase. Thus the half wave potential due to the facilitated fon transfer is
axprassed as [33],

A¥obip = DYetop+ - (RT/IENN KOy + - (RT/ZF)In a0y (5.2.4)

whare A0 y+ is the standard galvani transfer potential of the metal ton,
k() + is the stability constant of the complex in the organic phase and alWlyy+
is the activity of the metal ion in the aqueous phase. Equation S.2.4 can be used
for calculating the stability constant of the compiexation reaction. This requires
the knowlsedge of the standard gaivant potential difference of the Cu* ion which is
nol easily accessible from axperimental measuremsnt . Therefore the value of
AW H0  was determined from standard Gibbs energy of tronsfer which was
calculated theoretically using the model of Abraham and Liszi (7,34]
considering & "naked” cu(1) species in the organic phasa. for the Cu* jon, AY 40
= 0.57 Y and the value of 100 K(°)ML+ was calculated to be 12.2.

The effect of excess ligand concentration on the behaviour of the facilitaled
jon transfer was 3iso invesligated. Figure 5.2 .18 shows a vollammogram
recorded after several axpsrimental cycles in the presence of 0.1 mM Cu* in the
aqueous phase and 2 mM biguinaline in the organic phase, raspeclively. At the
beginning of the experimental cycles 8 Very high positive current was observed
which decreased gradually with time and reached a imiting value. Development
of a pink colour in the organic phase was also apparenl wilh an increase in
conlacl time. As shown in the figure a positive current peak corresponding to the
facilitated transfer of Cu* is observed, whereas in the reverss scan, no nagative
peak current is seen. However, at faster sweep rates ( > 100 mY s71), a
negative peak current was datected. This indicates that the transfer process ¢an
he followed by further complexation reactions to give higher complexes in the
organic phase. The voltammetric response observed in Fig. 5.2.18 is
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characteristic of an CEC mechanism, i.e, the ion transfer is preceded by @
preequilibrium and followed by further complexation [35,36]. The proposed
reaction sequence is:

CuCly™ () ——p Cu*(w) + 2C17 (w) (5.2.5)
Cuttw) + Loy = [CuLl* (o) (5.2.6)
[Cull* (o) + L(o) —>  [Culol* (o) (5.2.7)

The reaction of £q. (5.2.7) is irreversible and this explains the changes with
sweep rate observed in lhe reverse 5can. However further work is required lo
slucidate the details of the mechanism.

In summary, the transfer of cu* facililated by biquinoline strongly
depends on the melal fon and 1igand concentrations. At Jow 1igand and high metel
ton concentrations Lhe transfer shows a reversible behaviour with the formation
of (CuL]* comptex. On the other hand in ihe presence of excess ligand and low
metal ion concentrations the transfer becomes irreversible due to the relatively
fast formation of [Culol* complex.
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5.3 ELECTRICAL DOUBLE LAYER STUDIES

The structure of the electrical doubie layer at the water/nitrobenzene and
water/1,2-dichloroethane interfaces has besn studied by impedancé
measurements {37-44]. In the present work experiments were first performed
for the above systems using LiC} and TBATPB as base electrolytes in order to
check the proper functioning of the instrumentation and method of measurements
adopted. The resulls of the impedance measurements (capacitance data) are
shown in Table 5.3.1. It can be sesn that the values of the capacitance minimums
of water/nitrobenzene and water/1,2- dichloroethane are approximately 9.6 and
7.1 uF cm-2 ,respectively. These values are in very good agreement with the
results of same systems reported in the literature as 9.5 and 7.5 uF cm2
respectively [38,39,44]. The potentials of the capacitance minimums for
water/nitrobenzene and water/1,2- dichloroethane are in the range 0.04 t0 0.06
y and -0.01 1o 0.01 Y respectively. These are also within the range of the
values reported as 0.030 to 0.060 ¥ [37,40,45]) and 0.00 to 0.0l Yy {39,44]
for water/nitrobenzene and water/ | ,2-dichloroethane interfaces, respectively.
As it is mentioned in chapter three, impedance measurements were carried out
at the water/o-nitrotoluene and waler /o-dichlorobenzene interfaces and the

results of the investigations are described as follows.

531 The Waterso-Nilrotolusne Inlerrace

Figure 5.3.1 shows &cC voltammograms of the in-phase and quadrature
components for the system 10 mM LiCH w) and 10 mM TBATPB(0-nt). Impedance
measurements were carried out within a potential range where charge transfer

can be neglected. The in-phase and quadrature co_mpnnents of the ac current were
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Table 5.3.1 Capacitance values measured at the water /nitrobenzene and
waler/1,2-dichioroethane interfaces using 10 mM LiCl in the aqueous phase and
10 mM TBATPB in the organic phase.

INXYA C/uf cm-2 " C/pF em2
{(w/nb) (w/1,2-dce)
0.170 15.42
0.160 14.40
0.150 13.50
0.140 12.79
0.130 12.10
0.120 11.64 10.28
0.110 11.05 9.92
0.100 10.36 9.25
0.090 10.08 9.12
0.080 10.08 8.64
0.070 9.75 8.14
0.060 9.75 8.15
0.050 9.60 8.00
0.040 10.20 7.71
0.030 10.80 7.46
0.020 11.00 7.40
0.010 11.24 7.14
0.000 11.50 7.10
-0.010 11.70 7.02
-0.020 11.93 7.19

-0.030 12.30 7.25




Jable 5.3.1 (cont.)
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A¥od /¥ C/uF om-2 C/uf cm—2
(w/nb) (w/1,2-dce)
-0.040 {2.52 7.25
-0.050 12.92 7.57
-0.060 13.30 7.95
~-0.070 13.72 8.50
-0.080 14.40 8.79
-0.090 15.12 9.73
-0.100 10.34

16.23
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fig. 5.3.1. Quadralure and in-phase componenls of ac impecance measurements al the

water/o-nitrotoluene interface. Electroiyte concenlration: 10 mM LiCl {ag.) and 10

mM TBATPB (o-nl). Sweep rate =5 mV s=1.f =20 Hz; OF =5 mV.
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recorded as a function of potential at a given frequency. This was repsaled for
different frequencies, The resulls were transformed into real 2’ and imaginary
7 parts of the complex impsdance Z as described in Chapler 2.

Figure 5.3.2 (&) and (b) show typical impedance plots in he freguency
ran-ge 20 up 1o 200 Hz at different polentials for each set of base ploctrolyls
concentration. The ohmic polential drops belween the two reference electrodes
were complelely compensated. The impedance diagrams indicate the absence of a
semicircle or semi-ellipse which is characleristic of a slow faradaic or
alectrochsmical adsorption step, respectively [39]). Artifacls caused by phase
shifts due to the elecironic circuitry or to the impedance of the reference
glsctrodss were not detscled within the frequency range investigated [46]. In
Fig. 5.3.2 (a) at AY,$ =0.04 ¥ (when the currenl is mainly a charging current)
the plols approach the characteristic vertical line of a series RC network. At
AY 0 = -0.05 and -0.07 ¥ the impedance plols approach the classical Warburg
behayviour which is characlerised by a line of siops ons [4,47]). Using the same
assumptions as lhose used by Samec et al. [37], namely (a) the faradaic
impedance of the fon transfer can be approximated by a Warburg impedance, and
(b) in the polarisation polenlial region, the Warburg impedance is much grealer
than the interfacial differential capacity, linear dependence of 2" on o or 2 on
o should be expecled.

From the values of 2 and 27 the capacitive reactance Z, was calculated as
outlined in Chapter 2. Figure 5.3.3 shows the plots of Zc ¥s the reciprocal of
the frequsncy 1/@ at three different polentials. In all cases a linear
relationship was obtained. From the slopes of the plots ths values of the
interfacial capacity C were svalualed at various polentials. The resulls of the
analysis for different electroiyte concentrations are presentsd in Tabls 5.3.2
together with the values of the surface charge density. The surface charge
density data were oblained by integrating the measured doubls layer capacitance
¢ {37].
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Flg. 5.3.2.(a) Complex plane impedance plols of the waler/o-nitrotoluene interface.
Etectrolyte concentration: LiCl (ag )/ TBATPB(o-nt) 5 mM (a), 10 mM (b} and SO mM
(¢); A% (V) 0.04 (1), -0.04 (2), 0.04 (3), -0.05 (4), 0.04 (5) and 0.07 (6).
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fig. 5.3.2 (b) Electrolyle concentration: LiCl {aq.)/PNPDCClo-nt) 50 mi1 (a), 100 mM
(b), 10 mM (¢) and 5 mi (d); AWgd (V) -0.01 (1), -0.17 (2), -0.02 (3), -0.13 (4},
~0.20 (), -0.08 (6), -0.02 (7), and -0.14 (8).
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Fig. 5.3.3 Plots of the capacitance impedance Z, vs 1/a at AYop (V) 0.04 {(1),-0.03

{2}, and 0.14 {3). Etectrolytes: 10 mM LiCl(w)/Z10 mM TBATPB{o-nt).
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Tablg 5.3.2 Capacitance and charge density data at the water/o-nitrotoluene
interface for the systems LiCI(w)/TBATPB(0-nt) and LICI(w)/PNPDCC(0-nt) of
various slectrolyte concentrations.

5 i LIC1 (w) / 5 mM TBATPB(0-nt)

AV /¥ q¥/uCcm=2  C/uF cm~2 Cy4/uF om2 Cq/nF cm~2
(exp) (charge density) (theoretical)
0.130 0.60 9.71 8.58 11.98
0.120 0.50 9.08 7.91 10.99
0.110 0.42 8.47 7.41 10.15
0.100 0.33 7.93 6.92 9.40
0,090 0.26 7.36 6.59 8.74
0.080 0.19 6.67 6.33 8.16
0.060 0.06 6.00 6.03 7.21
0.050 0.00 6.00 6.00 6.84
0.030 -0.12 6.17 6.13 6.30
0.020 -0.20 6.72 6.33 6.13
0.000 -0.33 7.40 6.92 6.00
-0.010 -0.40 7.60 7.30 6.03
-0.020 -0.48 8.56 7.78 6.13
-0.040 6.54
-0.060 7.21
-0.080 8.16

-0.100 9.40




Table 5.3.2 (cont.)
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10 mM LiCl (w) / 10 mM TBATPB(o-nt)

AW /¥ q¥/uC em-2  C/uf om2 Cq/uF om2 Cy4/uF cm=2
(8xp) (charqe density) (theoretical)

0.140 .17 15.46 14.52 18,35
0.130 1.02 14.43 13.37

0.120 0.88 13,92 12.35% 15.54
0.110 0.75 12.62 11.46 14,35
0.100 0.62 12.00 10.63 13.30
0.090 0.51 11.46 10.01 12.36
0.080 0.40 10.83 3.46 11.54
0.070 0.29 10.17 9.02 10.82
0.060 0.19 9.8 8.72 10.20
0.050 0.09 9.45 8.54 9.68
0,040 0.00 9.31 8.48 9.2%
0.030 -0.09 9.44 8.54 8.92
0.020 -0.19 9.62 8.72 8.68
0.010 -0.29 9.80 9.02 8.53
0.000 -0.39 10.18 9.42 8.48
-0.010 -0.49 10.3% 9.90 8.53
-0.020 -0.60 11.20 10.52 8.68
-0.030 -0.71 11.95 11.20 8.92
-0.040 -0.84 13.00 12.07 9.25
-0.050 14.16 9.68
-0.060 10.20

-0.070 _ 10.82




Jable 5.3.2 (cont.}

SO mM LiC) (w)/ SO miM TBATPB (o-nt)

AYb /¥ q¥/pCem=2  C/pF cm™2 Cq/HF cm™2 Cq/HF cm~2
{exp) (charge densily) _(theoretical)
0.110 23.60 32.09
0.100 22.47 29.73
0.090 1.41 20.89 23.93 27.64
0.080 1.20 20.20 22.71 25.80
0.070 1.01 18.63 21.71 24.19
0.060 0.82 1771 20.83 22.81
0.050 0.65 17.31 20.17 21.64
0.040 0.47 16.85 19.61 20.68
0.030 0.31 16.16 19.25 19.93
0.020 0.15 15.50 19.04 19.40
0.010 0.00 15.49 18.97 19.08
0.000 -0.15 15.50 19.04 18.97
-0.010 -0.31 15.99 19.25 19.08
-0.020 -0.47 16.20 19.61 19.40
-0.030 -0.64 17.03 20.14 19.93
-0.040 -0.81 17.50 20.79 20.68
-0.050 -0.99 18.38 21.61 21.64
-0.060 -1.18 19.97 22.60 22.81

-0.070 -1.39 21.63 23.80 24.19

468
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Table 5.3.2 {cont.}

5 mM_LiCl (w)/ 5 mM PNPDCC (o0-nt)

AW .0 /Y q¥/uc cm=2 C/uF cm-2 Cg/uF cm~2 Cg/UF cm2
(exp) (charge density) _ (theoretical)

0.170 0.90 9.08 10.85

0.160 0.81 8.55 10.16

0,150 0.73 8.00 9.52

0.140 0.65 7.68 8.95 12.98
0.130 0.58 7.44 8.41

0.120 0.50 7.19 7.92 10.99
0.110 0.43 6.57 7.50 10.15
0.100 0.37 6.00 7.13 3.40
0.090 0.31 5.71 6.83 8.74
0.080 0.26 5.38 6.58 8.16
0.070 0.21 5.10 6.38 7.65
0.060 0.16 4.83 6.22 7.21
0.050 0.11 4.57 6.11 6.84
0.040 0.06 4.26 6.04 6.54
0.030 0.02 4,25 6.00 6.30
0.020 0.00 4.25 6.00 6.13
0.010 -0.04 4.26 6.02 6.03
0.000 -0.09 4.43 6.07 6.00
-0.010 ~0.13 4,62 6.16 6.03
-0.020 -0.18 4.69 6.29 6.13
-0.030 -0.23 5.00 6.45 6.30

-0.040 -0.28 5.31 6.67 6.54
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Table $.3.2 (conl.)

S mM LiCl (w)/ S mt PNPOCC (o-nt)

AV /Y q¥/uc om=2  C/uf cm2 C4/UF om~2 Cq/1F cm~2
(exp) (charge density)  (theoretical)

-0.050 -0.33 5.62 6.93 6.84
-0.060 -0.39 5.67 7.23 7.21
-0.070 -0.45 5.87 7.57 7.6%
-0.080 -0.51 6.16 7.95 8.16
-0.090 -0.57 6.45 8.37 8.74
-0.100 -0.64 6.56 8.82 9.40
-0.110 -0.70 6.60 9.30 10.15
-0.120 -0.77 6.67 9.80 10.99
-0.130 -0.84 7.00 10.33

10 mM LiCl (w)/ 10 mM PNPDCC (o-nt)

0.150 1.19 12.31 14.64

0.140 1.07 11.79 13.67 18.35
0.130 0.95 11.17 12.85

0.120 0.84 10.58 12.08 15.54
0.110 0.74 9,99 11.38 14.35
0.100 0.64 9.43 10.76 {4.00
0.090 0.55 9.07 10.22 13.30
0.080 0.46 8.45 9.76 12.36
0.070 0.38 8.13 9.34 11.54
0.060 0.30 7.84 9.0% 10.82

0.050 0.22 7.99 8.80 10.20
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Table 5.3.2 (cont.)

10 mM LiCl (w)/ 10 mM PNPDCC (0-nl)

AW 7V g¥/uCem-2  C/uf cm2 Cq/uF cm=2 Cq/uF cm=2
(exp) (charge densily)  (theoretical)
0.040 0.15 7.50 8.62 9.68
0.030 0.07 7.22 8,52 9.25
0.020 0.00 7.23 8.48 8.92
0.010 -0.07 7.16 8.52 8.68
0.000 -0.15 7.51 8.62 8.53
-0.010 -0.22 7.65 8.80 8.48
-0.020 -0.30 7.70 9.05 8.53
-0.030 -0.38 7.72 9.35 .68
-0.040 -0.45 7.96 9.72 8.92
-0.050 -0.54 8.56 10.15 9.25
-0.060 -0.62 8.83 10.66 9.68
-0.070 -0.71 9.12 11.21 10.20
-0.080 -0.81 9.68 11.84 10.82
-0.090 -0.91 9.96 12.53 11.54
-0.100 -1.00 10.57 13.28 12.36
-0.110 -1.12 10.88 14.09 13.30

-0.120 -1.23 11.14 14.95 14.35
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50 mM_LiCt (w)/ 50 mM PNPDCC {0-nt)

AW b /¥ qW/uC em2  C/uF em~2 Cy4/UF cm2 Cyg/uf cm=2
(exp) (charge density) _ {theorstical)
0.120 1.77 16.37 26.23 34.75
0.110 1.61 15.78 25.16 32.09
0.100 1.45 15.35 24.18 29.73
0.090 1.30 14.70 23.28 27.64
0.080 1.16 14,40 22.46 25.80
0.070 1.01 13.79 21.73 24.19
0.060 0.88 13.51 21.09 22.81
0.050 0.75 13.05 20.53 21.64
0.040 0.62 12.82 20.05 20.68
0.030 0.49 12.58 19.66 19.93
0.020 0.36 12,50 19.36 19.40
0.010 0.24 12.30 19.14 19.08
0.000 0.12 11.85 19.01 18.97
-0.010 0.00 11.80 18.97 19.08
-0.020 -0.12 11.80 19.01 19.40
-0.030 -0.24 11.80 19.13 19.93
-0.040 -0.36 12.30 19.34 20.68
-0.050 -0.48 12.50 19.64 21.64
-0.060 -0.61 12.61 20.02 22.81
-0.070 ~0.73 12.86 20.48 24.19
-0.080 -0.86 13.12 21.02 25.80
-0.090 -1.00 13.41 21.02 27.64




Table 5.3.2 (coni.)

50 mM LiCl (w}/ SO mM PNPDCC {g-nt)

AV /¥ Q¥/uC cm~2  C/pF cm=2 C4/uF cm~2 Cg/KF cm~2
(exp) (charge densily)  (1iheoretical)

-0.100 -1.13 14.03 22.34 29.73
-0.110 -1.28 14,61 23.13 32.09
-0.120 -1.42 14.77 24.04 34.75
-0.130 -1.57 15.46 24.09

-0.140 -1.73 15.84 25.98 41.03
-0.150 -1.89 16.02 27.07

100 mM LiCl (w)/ 100 mM PNPDCC (o-nt)

0.110 2.48 20.81 36.99 45.39
0.100 2.28 20.30 35.62 42.05
0.090 2.08 19.65 34.36 39.09
0.080 1.89 19.09 33.18 36.49
0.060 1.51 18.12 31.13 32.25
0.050 1.33 17.80 30.34 30.60
0.040 1.16 16.40 29.45 29.25
0.030 0.98 17.16 28.76 28.19
0.020 0.81 16.83 28.17 27.47
0.010 0.65 16.45 27.69 26,98
0.000 0.48 16.38 27.31 26.83
-0.010 0.32 16.33 27.04 26.98
-0.020 0.16 15.92 26.88 27.47
-0.030 0.00 15.86 26.82 28.19
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lable 5.3.2 (cont.)

100 mM LIC) (w)/ 100 mM PNPDCC (g-nt)

A¥b /Y qf/uCem-2  C/uF cm2 Cyq/uF cm=2 Cy4/uf cm=2
(exp) (charge density)  {theoretical)
-0.040 -0.16 15.79 26.88 29.25
-0.050 -0.32 15.85 27.04 30.60
-0.060 -0.48 15.89 27.30 32.25
~-0.070 -0.64 16.13 27.66 34.21
-0.080 -0.80 16.43 28.12 36.49
-0.090 -0.96 16.63 28.68 39.09
-0.100 -1.13 16,91 29.34 42.05
-0.110 -1.30 17.12 30.09 45.39
-0.120 -1.48 18.08 30.95 49.14

-0.130 -1.66 18.51 31.91
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Ap
Q" = - Q0 =I C dAd (5.3.1)

The calculations from Egq. (5.3.1) w'ere carried out by assuming that the values
of Adpze correspond to the potentials of the capacitance minimums. The g¥
values were then used in the Gouy~-Chapman theory to calculate the potentials of
the aqueous and the organic sides, respectively. From these results the capacity
of the diffuse double layer Cq was evaluated using Eqs.(2.2.21)-(2.2.25) of
Chapter 2. For comparison Cq values were also computed from the Gouy-Chapman
theory assuming that the inner potential difference AYy$; = constant = 0 ¥ [37-
41].

Figure 5.3.4 shows the blots of the interfacial capacity C as a function of
potential at various electrolyte concentrations. In the figure the plots of the
diffuse double layer Cq ys potentiai calculated from the Gouy-Chapman theory
by assuming A%y¢; = OV (dashed lines) and from the surface charge density data
(circles) are included. As can be seen from this figure there is good agreement
between the experimental and the calculated capacitance values at low
electrolyte concentrations (5 and 10 mM). However, at high concentration the
experimental capscily is lower than C4 predicted from theory. It is known that
the Gouy-Chapman treatment of the diffuse double-layer is adequate at low ionic
concentrations but may become progressively more imprecise 8s the
concentration increases to the 0.1-1 M level [48}. The lack of accurate
predictions for concentrated etectrolyte solutions is accounted for by the fact
that the theory neglects the contributions arising from the finite ion size and
the image forces [44,48].

Comparison of Fig. 5.3.4 with Fig 5.3.5 illustrates the decrease in the
interfacial capacitance when PNPDCC was used as the organic base electrolyte.

Comparison of the capacitance minimums for the two organic base electrolytes at




173

A
20— -
2
19 |— -
101~ -
. y
5 -
| i 1 i ! i
-04 0.0 0.1 0.2
ARV

Fig. 5.3.4. Plols of Lhe interfacial capacitance C vs AWgp for Lhe system
LiCH{w)/ TBATP8(o-nl). Electrolyte concentration: S0 mM (1), 10 mM (2},and 5 mM
(3). The curves represented by (@®@@) and (o000) were calculated using the Gouy-
Chapman Lheory, and the surface charge densities.
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Fig. 5.3.5. Plots of lhe interfacial capacilance C \_{ib""o{: for the system LiCl (w)
/PNPDCC (o-nt). Electrolyle concentration: 100 mM (1), 50 mM (2}, 10 mit (3), and O
mM (4), The curves represented by (o000} were oblained from surface charge densily
data.
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different concentrations shows that their difference in the magnitude of the
capacitance increases with fncreasing electrolyle concentrations (1.75,
2.08,3.69 uf ¢cm=2 for 5, 10, 50 mM, respeclively). This differsnce in the
capacilance seems to be dus to the slight contribution of the faradaic current
(dus to the minute jon transfer) by TBATPB, and which increases with
increasing concentration. As shown by the figures, the application of PNPDCC
has enabled the capacitance measu'rements to be carried out over a wider
polentfal range.

ft can ba ssen from Fig.5.3.4 thal the potenlial of the capacitance
minimum for low electrolyle concentrations (C%=5 and 10 m™M) occurs at about
AYy$=0.05 ¥. The minimum shifts lowards negalive potentials with the incraase
of sleclrolyte concentration. The same kind of shift is observed when TBATPB is
substituted by PNPDCC. A similar bshaviour was reported by OSenda et
81.[24,45] for the system LiCl in water and TBATPB in nilrobenzens. Thess
authors tested for the existence of specific ionic adsorption, and their resuits
indicated the absence of specific adsorption. In the classical treatment of the
double layer at the mercury/glecirolyte solutien interface, a shift in the
potential of zero charge with increase in electrolyte concentration {Esin-
Markoy effecl) is a characteristic featurs of the existenca of specific ionic
adsorption [48,49]. Thus, in order o detect the existence of specific agsorption
at the water/o-nilrotolusne interface, ths Esin-Markov coefficient (see Eg.
5.3.2) was used as a criterion by ploiting the potential as a function of the
logar ithm of the slecirolyts aclivity al constant charge density.

Assuming no specific adsorplion, one oblains for the Esin-Markov
cosfficient [45,48,49],

¥ i 0-NT =_ W ¥ mn2 L ¢ a0-NTy 97142
SZARTEILE L D J, “TBATPB RT/F(1+q"/2)/(q"72)" +(A) 2] ")

(5.3.2)




where ACNT = (2RT£ONTC g,+)

Accordingly, the coefficient of the above equalion should reduce to -2RT/F,
-RT/F, and O when q¥ >> 0, q = 0, and q¥ << 0, respectively. The Esin-Markoy
ptots at several constant q values for TBATPB and PNPDCC in o-nitrotoluene

are shown in Figures 5.3.6 and 5.3.7, respectively. It can be noled from these

figures that the siopes of A¥d vs Ina* are closer to zero with increasing
negative charges {for TBATPB slope=-0.006,-0.001 ¥ for q¥=-0.3,-0.5uCcm"2
respeclively, and for PNPDCC siope=-0.003,-0.001 ¥ for q¥=-0.5, -1.0 uCcm2
respeclively).This is in very good agreement with the above equalion. It can also
be seen from Fig. 5.3.7 thal the slopes for positive charges increase negatively
and approach the timiting value -0.050 V (slope=0.046 Y for q¥=0.9 pC cm~2)
which is consistent with the prediction of £q. (5.3.2). A similar increase is also
apparent in fig. 5.3.6, however, the experimental values of q¥ for TBATPB were
not large enough to reach the 1imiting value. At the potlential of 2ero charge, Fig.
5.3.6 and 5.3.7 have slopes of -0.017 and -0.016 ¥, respectively. These values
are very close to the expected theoretical value (RT/F=-0.025 V).

The above results indicate the apparent absence of specific adsorption for
the aqueous salt LiCl and the organic salt TBATPB or PNPDCC in the
goncentration range and the potential range studied. Thus, the observed shifs in
the potential of the capacitance minimum with concentration was not due to
specific adsorption.

Figures 5.3.8 and 5.3.9 show the plot of the inverse capacitance ¢! of the
interface as a function of the inverse capacitance C4™! of the diffuse double layer
at differenl conslant charge densilies (q¥). The values of C and Cq (where C4
calculated from the surface charge density data) were iaken from Table 5.3.2.
The solid line in each figure is the plot at g% = 0. The plots seem 1o satisfy the
equation,

+ 0! - (5.3.3)




AT iy

W
AOQ/V ] T ] ] !
0.2 n
1 \\\\ -
0.3 0.5
0.0 o2 0.0 _
&) e L) ‘03
B q¥=-0.5 pC cr2 |
~0.1 | ] 1 1 |
-5 -3 -1
{

+
N IBATPB (0-NT)

Fig. 5.3.6. tsin-Markov plots for the solutions of TBATPB in o-nitrotoluene in conlac!
with aqueous solution of LiCl.
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Fig. 5.3.8. Inverse capacitance €1 vs C4! for the system LiCl{w)/TBATPB at

different electrolyte concentrations (€% = 5,10 and 50 mM) and at constant charge
densities, the tine is at ¥ = 0 uC cm~2,
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Fig. 5.3.9 Inverse capacitance ¢~ ¥S Cd"* for the system LiCI{w)}/PNPDCC at

different electrolyte concentrations (C% = 5,10, SO and
charge densities, the line is at ¢¥ = 0 uC cm~2.

100 mM) and at constant




The plot of ¢! ¥s Cd'} at constant q is used as an alternative criterion for
checking the existence of specific adsorption in the classical treatment of the

double layer {48]. At g% = O the values of C;'i as determined from the intercepts
are 1.35 and 1.32 F~! m2 for LiC1(w)/TBATPB(0-NT) and LiCl(w)/PNPDCC(0-
NT), respectively. These correspond to C; vatues of 74 and 76 uf cm-2,
rgspectively. The similarity in the C; values indicate that the structure of the
inner layer of the interface remains unaffected when TBATPB s replaced by
PNPDCC. Furthermore, these values are comparable with the one obtained for
the water/nitrobenzene, C; = 80 pF cm~2 as estimated from the differenttal
capacity of the interface using LiCl and TBATPB as base electrolytes {43]. These
values are much higher than the inner layer capacitance at the interface between
mercury and aqusous solutions [ 48],

Capacitance ys potential curves for the systems containing Li€l, LtF and
LipS04 in water, TBATPB and PNPDCC in the organic phase are shown in Figures
5.3.10 and 5.3.11, respectively. The capacitance values for these systems are
also tabulated in Tables $.3.3 and 5.3 4. Comparison of the capacily curves in
Fig.5.3.10 illustrates that the capacitance minimums have comparable
magnitudes. This implies that there is no significant effect of the inorganic
anions on the valtue of the capacitance when TBATPB is employed in the organic
side. A similar comparison of the curves in Fig. 5.3.11 shows that the value of
the capacitance minimum for 50472 is lower than those of C1-and F~ by about 1.2
gF cm~2 It is also apparent from both figures that the polential of the
capacitance minimums for 804'2 corresponds to AW ¢=0 V.

ft is well known that the streaming method is one of the simpiest and
fastest experimental methods for the determination of the potentials of zero
charge of ideally polarisable mercury electrodes [SO]. The method has been
applied to liquid/liquid interfaces by assuming that the potential of a streaming
jet electrode corrasponds to the potential of zero charge.[51,52]. In this work,

in order to compare the potential of the capacitance minimum AW0¢(Cap_min,
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Fig. 5.3.10. Plots of the interfacial capacitance C vs A% b for the water/o-
nilrotoluene interface containing 10 mM LiCl, Lif and Li9504 in the aqueous phase and
10 mM TBATPB in Lhe organic phase.
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Fig. 5.3.11. Plols of Lhe interfacial capacilance C ys AWgb for Lthe water/o-
nitrotoluene interface containing 10 mM tiCl, LiF and LipS0g4 in the aqueous phase and
10 mM PNPDCC in the organic phase,
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Jable 6.3.3 Capacitance values obtained at the water/o-nitroteluene interface
containing 10 mM different base electrolytes in the aqueous phase and 10 mM
TBATPB in the organic phase.

AW /¥ C/uF cm-2 C/uf ¢m-2 C/uF cm-2
(LiC1) (LiF) {L15504)
0.140 15.46 11.38 13.90
0.130 14.43 10.66 13.30
0.120 13.92 10.58 12.55
0.110 12.62 10.21 11.85
0.100 12.00 9.85 11.36
0.090 11.46 9,72 10.92
0.080 10.83 9.51 10.35
0.070 10.17 9.33 10.17
0.060 9.81 9.02 9.92
0.050 9.45 9.40 9.60
0.040 9.31 9.01 9.30
0.030 9.44 9.63 8.60
0.020 9.62 10.26 9.18
0.010 9.80 10.89 $.71
0.000 10.18 11.70 10.22
-0.010 10.35 12.61 10.62
-0.020 11.20 13.72 11.62
-0.030 11.95 15.31 12.41
-0.040 13.00 13.23

-0.050 14.16 14.99




Table 5.3.4 Capacilance values oblained al the water/o-nitrotoluense interface
contatning 10 mM different base electralytes in the aqueous phase and 10 mM
PNPDCC in the organic phase.

Avb /¥ C/uf cm-2 C/uf cm-2 C/uf cm2
(Lic)) (LiF) (L1p304)
0.150 12.31 14.00 10.47
0.140 11.79 13.28 10.09
0.130 11,17 12,60 9.72
0.120 10.58 11.90 9.42
0.110 10.00 11.28 8.77
0.100 9.43 10.60 8.63
0.090 9.07 9.91 8.02
0.080 8.45 9.2% 7.78
0.070 8.13 8.90 7.47
0.060 7.84 8.58 71.21
0.050 7.49 7.97 6.98
0.040 7.50 7.90 6.83
0.030 1.22 7.70 6.3
0.020 7.23 7.24 6.22
0.010 7.1% 7.24 ~6.03
0.000 7.51 7.24 6.01
-0.010 7.79 7.41 6.01
-0.020 7.75 7.39 6.01
-0.030 7.72 7.71 6.26
-0.040 7.96 7.91 6.26
-0.050 8.56 8.26 6.52
-0.060 8.83 8,57 6.81

-0.070 9.12 - 9.27 7.10
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Table $.3.4 (cont.)

AW /Y C/uF cm-2 C/uF em=2 C/pF em=2
(Licl) (LiF) ‘ (Lip30,)
-0.080 9.68 9.58 7.33
-0.090 9.96 9.89 7.90
-0.100 10.57 10.50 8.48
-0.110 10.88 11.00 9.06
-0.120 11.14 i1.30 9.62
-0.130 12.00 10.88
-0.140 12.40 t1.14

-0.150 12.70
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obtained for the waler/o-nitrotoluene interface with the potential of the
streaming eleclrode A%yb(qr,) also known as the potential of the streaming
maximum [S2]} the streaming method was applied using the cell arrangement
described in Chapter 4. The experimentally measured potential value for 10 mM
LiCI(w)/10 mM TBATPB(o-nt), E(sir_], was found to be equal to 0,175 V. Using
the standard Galvani potential value of TBA* in this system (AW 0 s+ =~0.191
V) and Eq. 5.3.4 [S2], the Galvani potential difference of the streaming
electrode, AW d¢sir ), was found to be -0.016 V.

E(str.y = AW odistr.) - AY,00 (TBAT) (5.3.4.)

In the calculation AY$Ompa+ was obtained from the formal Galvani polential
difference (A%,99 1pa+ =~0.197 ¥) and the activity coefficient of TBA* in o-
nitrotoluene(yo=nt =0.79). It can be seen that there is a difference of 5SS my
between AWob(sir ) and AYeb(cap.min) (=40 mVY). In an earlisr work deviations
between these two quantities were also indicated for several immiscible systems
such as the water/1,2-dichloroethane, water/nilrobenzene, water/nilroethane
and water/organic mixtures {52]. The observed variations were explained in
terms of the experimental conditions of the methods employed. The results
obtained by the two methods would be equal only under conditions close lo ideal
polarisability which could not be achieved experimentally for the system
LiCI(w)/TBATPB(0).

In summary no specific ionie adsorption was observed for the studied
electrolytes and in many respects the behaviour of the waler/o-nitrotoluene

interface is similar to that of the water /nitrobenzene.
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9.3.2 The Water/o0-Dichlorobenzene Interface.

Figure 5.3.12 depicts the ac voltemmograms of the in-phase and
quadrature components obtained at the water /o~dichlorobenzene interface
containing S mH LiCl in water end 5 mM PNPDCC in the organic phass.
tmpedance measurements were carried out in the potential regions where the
current is mainly used for charging of the double layer.

Figure 5.3.13 compares the complex plane impedance plots of the system
at three concentrations angd different potentials. All the impedance measursments
were taken in the frequency range between 20 and 200 Hz. The 2* vs Z’ plots for
the system contsining 5 mM elecirolytes at different potentials display
predominantiy a Warburg like behaviour.

Figdre 9.3.14 shows the linear dependence of Z.on 1/® from which the
values of the capacilance of the interface were evalualed. Teble 5.3.5 lists the
results of the capacitance measurements at various polentials.

n Fig. 5.3.15 capacitance vs potential curves are shown for three
electrolyte concentrations. Unlike the behaviour of the preceding sysiems the
capacitance piots of this system occur in the negative potential regions. Shift in
the potential of the capacitence minimums towards more negative polentials is
observed with decreasing elecirolyle concentration. As can be seen the potential
difference belween two conseculive capacilance minimums is very large (= 0.15
¥). In the above figure the magnitudes of the capacitance minimums for 5, 10
and 50 mM concenirations are 3.5, 6 and 10.] uF cm-2 respectively. A
comparison of these data with the resuils obtained at the water/o-nitrotoluene
interface of the same electrolyte composition demonstrates that the above values
are fower than the values of the latter system by about 1.6 uf cm-2.

The capacitance of the diffuse double layer was calculated from the Bouy-
Chapman theory taking into account the extensive associstion of PNPDCC in o-
dichlorobenzene. As shown by Eqs (2.2.24) and (2.2.25) of Chapter 2, the value
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Fig. 5.3.12. Quadrature and in-phase components of ac impedance measurements at the
wiater/o-dichlorobenzene interface. Electroiyte concentration: S mM LiCt {aq.) and S
mM PNPDCC (o-deb). Sweep rate=5 mv s~!; f = 35 Hz; AE = 5 mV.
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Fig 5.3.13. Complex plane impedance plots of the water/o-dichlorobenzene inlerface.
Electrotyle concentralion: LiC) (aq.)/PNPDCC(o-dcb) S mM {a), 10 mM (b) and 50 mM
(e A% (V) -0.13 (1), -0.29 (2), -0.34 (3}, -0.20 (4}, -0.28 (5), -0.10 (6).and
-0.24 (7).
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Fig. 5.3.14. Plots of the capacitance impedance Zevs 1/@ ab A%gp (V). -0.10 (1), and
-0.24 (2). Etectrolytes: 50 mM LiCI(w)/50 mM PNPDCC{o-dcb).
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Table 5.3.5 Experimental capacitance dats obtained 8t the water/o-
dichlorobenzene interface for different concentrations of LiCl/PNPDCC.

A¥0 /Y C/uF cm-2 C/uF cm-2 C/uF ¢m2
(S mM) (10 mM) {50 mM)
0.090 20.93
0.080 19.87
0.070 18.65
0.060 18.14
0.050 16.98
0.040 15.62
0.030 15.13
0.020 14.52
0.010 13.84
0.000 13.34
-0.010 14.32 12.58
-0.020 13.87 11.85
-0.030 13.44 11.83
-0.040 11.92 11,10
-0.050 11.28 10.38
-0.060 10.59 10.40
-0.070 9.94 10.40
-0.080 14,32 8.74 10.21
~0.090 8.05 8.45 10.25
-0.100 7.47 7.70 10.24
-0.110 7.16 7.35 10.08

-0.120 6.85 7.02 10.76
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Jable 5.3.5 (cont.)

-0.130 6.15 6.63 10.67
-0.140 5.81 6.24 10.95
-0.150 5.53 6.30 11.29
-0.160 4,78 6.27 11,53
-0.170 4,45 6.54 11.77
-0.180 4,12 6.57 12.98
-0.120 4,21 6.96 12.87
-0.200 3.40 7.43 13.55
-0.210 3.50 7.82 14,51
-0.220 3.50 7.78 14,70
-0,230 3.35 8.63 15.88
-0.240 4,23 8.40

-0.250 3.99 9.3%

-0.260 3.86 3.54

-0.270 4.40 10.00

-0.280 5.01 10.83

-0.290 .92 11.57

-0.300 .63 12.54

-0.310 ©.45%

-0.320 6.32

-0.330 9.54

-0.340 10.00
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Fig. 5.3.15. Plots of the interfacial capacitance { vs A% for Lthe system LiCl (w)/
PNPDCC (o-dch). Electralyle concentration: SO mM (1), 10 mM {2), and 5 mM (3].
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of Cq in the Gouy-Chapman theory is dependent on thse electrolyte concentration.
As 8 resull one should lake into consideration the effect of ton association which
decreases the apparent concentration of the electrolyte. The degres of association
of PNPDCC in o-dichlorobenzene was approximated to be 45% [15]. Hence, 2.8,
5.5 and 27.5 mM conce'ntralions of PNPDCC were used in the calculations for the
solutions prepared as 5, 10, and 50 mM respectively . For the compulations, the
assumption AV ; = constant = O was smployed. The results of the calculation
are tabulated in Table 5.3.6.

The calculated theoretical values of the capacitance minimums are in good
agreement with the experimental resulls stressing the influence of fon
association in the capacitance measurements. 1t appears thal the observed shift
in the capacitance minimums is due lo the fon pair associations or adsorplion.
The adsorption of species at the interface could bring significant changes in the
potential of the capacitance minimum since this latler quantity is the sum of the
potentials due to the dipole orientation and adsorption [53]

AVebicap.min) = A% Igipate) * 8% Ytads) (5.2.3)

The contribution of &Y, Qragsy 10 AYb(cap.min) DECOMBS highly pronounced
particularly when fons of large size are employed in the organic phase [53]. The
degres of surface adsorption is also enhanced when solvents of low polaritly are
used [54]. Different phenomena like imperfect adsorption gquitibrium state and
local concentration variations are also believed lo affect the potential of the
capacitance minimum [54]. Studies which were made on the adsorplion of
synthetic phospholipids on ITIES have also indicaled the occurrence of a low
capacilance minimum at negative potentials due 1o @ strong potential dependent
adsorption [SS]. All these observations might be evidences for the existance of
adsor bed species at the Interface of the present system, However the strong shift




Table 5.3.6  Capacilance data nbiained from the Gouy-Chapman theory for the
water 7o-dichlorbenzene interface at different concentrations of LiC1/PNPDCC.

Ao /¥ C/UF cm-2 C/uF cm-2 C/UF cm-2
5 mM LiC1/ 10 mM LICY/ 50 mM LiC)/
2.8 mM PNPDCC 5.5 mM PNPDCC 27.5 mM PNPDCC

0.160 10.54 14.90 33.32
0.140 8.85 12.51 27.98
0.120 7.44 10.53 23.54
0.100 6.27 8.87 19.82
0.080 5.29 7.48 16.72

£ 0.060 4.49 6.35 14.19
0.040 3.89 5.50 12.29
0.020 3.5 4.97 11.10
0.010 3.42 4.83 10.80
0.000 3.38 4.78 10.70
-0.010 3.42 4.83 10.80
-0.020 351 4.97 11.10
-0.040 3.89 5.50 12.29
-0.060 4.49 6.35 14.19
-0.080 5.29 7.48 16.72
-0.100 6.27 8.87 19.82
-0.120 7.44 10.53 23.54
-0.140 8.85 12.51 27.98

-0.160 10.54 14.90 33.32

L
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of the capacitance minimum towards more negative potentials with decreasing
electrolyle concentrations is nol clear at this stage. Therefore, further work for
the futurse is required to re-invesligate the behaviour of the doubls layer of this
system using alternative methodology, such as electrocapillary measurements.
Moreover to understand ciearly the c¢ause of the potential shift, more
quantilalive measurements have to be carried oul and the effect of different base
electrolytes in both phases will have to be investigated systematically.
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CHAPTER SiX

CONCLUSIONS




202

In the first part of these studies ion transfer across ITIES was made
using different water /organic solvent systems, The aims of such investigations
were:

{1) to screen organic solvent'g which could serve in the elsctrochemical studies
of ITIES and thereby to examine the transfer behaviour of ions across the
interfaces.

(ii) to determine the standard Gibbs energies of transfer of the ions across the
interface and compare the resuits with theoretical values.

The chosen organic solvenis were found lo mest thse necessary
requirements such as immiscibility with water, relatively high dielectric
constant and different density from that of water. Depending on the nature of
the organic solvents, the oblained polarisable potential windows of the systems
differ from each other. The relalively narrow potential range of the
water /benzonitrite interface did nol allow the investigations of hydrophilic
jons such as N0z~ 17 etc. On the other hand the water/o-dichiorobenzene system
exhibited a wide polential range in which the transfer of many fons could be
studied. However, the relalively low dielectric permitivity of o0-
dichlorobenzene and the limitation on the solubility of the Dase glectrolytes
were drawbacks of the system. The water /o-nitrotolusne interface gave a fairly
wide potential range. From the studies made on these systems, it has been
possible to observe the transfer of several ions and determine their standard
Gibbs energies of transfer. The results were found to be in reasonable
agresment with theorstical values. Comparisons of the expsrimental findings
with the calculated values have also enabled lo explain the states of the fons
{ hydrated or unhydrated) during the transfer procass.

The second part of the studies involved the investigation of complex fon
transfer and facilitated jon transfer across the watsr/organic solvent systems
using terpyridine and biguinotine as ligands. The transition metai-terpyridine

complexes have exhibited diffsrent voltammetric behavigur which depends on




the kind of the complex, metal to ligand concentration ratio and the pH of the
soiution. It has been possible to establish the relative stabilily of the
complexes from the analysis of the voitammetric responses. The determination

of AG°tr values of the complexes has also enabled the estimation of the AGOtr

values of the metal ions by extrapolation. The resulls obtained have shown the
potentiality of the techniques of voltammetry in analysing complex ions which
transfer across 1TIES.

The facilitated transfer of Cu* across |TIES has also been shown to depend on the
metal to ligand cencentration ratios from which the transfer mechanisms were
inferred.

Investigation of the electrical double layer at the water/o-nitroteluene
and _water/u—dichlurobenzene interfaces was the final part of these studies.
Analyses of the resulfs of the ac impedance measuremenls have shown that the
behaviour of the double layer at lhe water/o-nitrotoluene inlerface to be
similar to that of the water/nitrobenzene system. The test which was made to
check the existence of specific ionic adsorption has shown the absence of such
effect. On the other hand an attempl has been made to explain the capacitance
data which were obtained at the waler/o-dichlorobenzene interface in terms of
jon pair formation and adsorption effects. Neverthetess, it was not possible to
give a full account for the observed phenomena. Therefore, it is believed that a
further study using other techniques and different base electrolytes is required
to reach a well established cenclusion.
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