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Mathematical models under conditions of cyclic staircase voltammetry and electrochemical impedance
spectroscopy (EIS), which consider the kinetic effects due to the complexation reaction by the facilitated
transfer of metal ions at polarized interfaces, are presented. Criteria for qualitative recognition of these kinetic
effects from the features of simulated cyclic voltammograms are given. In case of the existence of these
effects, only the EIS can bring access to the thermodynamics and kinetics of the complexation chemical
reaction. Analytical equations for estimating the thermodynamic parameters by such systems under EIS
conditions are evaluated. The theoretical results are compared with the experimental results of the facilitated
CW?* transfer at the polarized watet ,2-dichlorethane interface, assisted by two phenanthroline-containing
macrocycles. In the experimental case where kinetic effects due to the complexation step exist, we show how
elegantly EIS can be used as a tool for estimation of the complexation constartt'cir@iLi5-oxo-2,8-dithia
[9],(2,9)-1,10-phenanthrolinophane (PhendS

1. Introduction liquid interface and (ii) chemical reaction (complexation) of the
transferred ion with the ionophore (ligand). If this holds true,
then the facilitated ion transfer processes can be thought to take
in a diverse number of fields such as metal extractioon- place according to an EC mechanism, where the ion transfer is

sensitive electrodésdrug delivery and drug desigrand many the electrochemical (E) step, and the consecutive complexation

others?6 Electrochemical studies on the facilitated transfer of ©f the ion by the ionophore is a chemical step {¢f>*!Itis
various ions across liquidiquid interfaces have been exten- Worth mentioning that, beside this EC consideration, cases exist

sively reported in the literature® lon transfer followed by where the CE mechanism is also proposed as an adequate model
Complexation or by ion_pair formation is one of the most W|de|y for describing the facilitated ion transfer reactiéhm that case,
encountered examples of reactions taking place at polarizedusually the ligand (ionophore) is partitioned from the organic
liquid—liquid interface$:® The assisted ion transfer with the in the water phase, while forming there a charged complex with
help of various neutral ionophores such as crown ethérs, the metal ions (C step). The transfer of that charged complex
calixarened? azines!'™ 4 or phenantrolind$—’ has been across the liquietliquid interface is considered as electrochemi-
studied mainly by cyclic voltammetry at a polarized ligtid cal (E-step). These situations are nicely described in the work
liquid interface. The efficiency of a given ligand L to act as a of Girault et al?* Whether one facilitated ion transfer process
facilitating agent in ion-extraction processes is portrayed through can be regarded as an EC or CE reaction, the best arguments
the value of the thermodynamic complexation const&d:1° can be found in the features of the cyclic voltammograms,
The higher the value of the complexation (formation) constant, indeed, since those are quite different for the two syst@tss

the higher the efficiency of the ion extraction with a given worth mentioning that the first theory for cyclic linear sweep
ligand. For the determination of the complexation constants by voltammetry of facilitated ion transfer reactions across the
facilitated ion-transfer (F'T) voltammetric eXperimentS at polar- Water—organic ||qu|d interface, with different ion:ionophore
ized ||qU|d_||qU|d interfaces, the modified versions of the stoichiometries, has been established by Homolka €t Hhe
DeFord-Hume polarographic method are extensively Us&t®  main conclusion of the wofR was to relate the peak-to-peak

The facilitated ion transfer processes are often considered asseparation to the complexation stoichiometry. However, neither
multistep systems comprising: (i) ion transfer across the liquid i, yef 23 nor in ref 21 have the authors considered the chemical

kinetic effects to the theoretical voltammetric features of these

The processes of ion transfer across a ligtliguid interface
attract considerable interest due to their potential application
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step proces®?! then at least two kinetic effects should be SCHEME 1: Chemical Structures of Phen$ and
considered: (i) kinetic constraints due to the slow ion transfer PhenO$ Ligands

reaction and (ii) kinetic “hindrances” produced by the chemical
(complexation) step?22 Although the kinetic effects due to the O O Q Q
slow ion transfer have been studied with several electroanalytical <N RN
technique292426 and scanning electron microscofiyp to

S S

A\

now, there is no reference in the literature considering the kinetic S\\/O\JS
effects due to the “hindrances” at the complexation step in FIT
experiments. This fact is rather surprising, knowing that kinetic PhenS, PhenOS,

effects due to the occurrence of a complexation reaction between

two species (usually a metal M and a ligand L) are very often following differential equations:

encountered in these kinds of experime§t¥:202833 When )

dealing with FIT experiments, it is very difficult to distinguish Cu,,, ICy,,

the kinetic effects due to the chemical complexation from those —— ~ Pyw 2 1)
related to the ion transfer step, and only people skilled in o

voltammetric techniques can recognized them. However, ne- )

glecting these effects in the mathematical models of FIT can Cu, ICy,,

lead to misinterpretations and incorrect values of the estimated at DM(O) 2 - kaM(O) + K ML, (2)
thermodynamic parameters in the experiments. With this in

mind, we are presenting key results from mathematical models 2

developed under conditions of cyclic voltammetry and electro- aCML(O) d CumL ki

chemical impedance spectroscopy, which are considering the ot "ML 9 + kaM(D) ~ K O, ®3)
kinetic effects due to chemical complexation at facilitated ion

transfer processes. We give a set of simple voltammetric \yharek = Kk, (or K = ¢(M)/c(ML), for the particular case
diagnostic criteria for qualitative recognition of the involved , scheme 1) is the equilibrium constant of the complexation
kinetic in the chemical step of FIT experiments, while presenting reaction (i.e., the instability constant), which follows the ion
an elegant manner to access the thermodynamics and kineticg,ansfer step in the reaction scheme (1), @ the diffusion

of the complexation reaction from the EIS experiments. We also qefficient (it is assumed to have equal value in both water and

present experimental evidence of these phenomena, in the CasBrganic phase). The differential equations-@) have been
of facilitated ion transfer of Clr with two different phenan-  g51ved under the following boundary conditions:

throline-containing macrocyclic ligands, taking place at the
polarized water-1,2-dichlorethane interface. t=0,x= 0,¢(M,) = c(M,)*,

2. Mathematical Models (M) =c(ML ) =0 (a)

2.1. Cyclic Voltammetry. 2.1.1. Cyclic Voltammetry of t>0 x— 0. (M. ) — (M, .)*
Facilitated lon Transfer at Polarized LiquielLiquid Interface: ' 2 (M) = (M )",

lon Transfer Coupled to a Subsequent Complexation Reaction. (M) =c(ML ;) — 0 (b)
We consider here a situation of a reversible (kinetically
unhindered) ion transfer of a metal ion M, which is facilitated dCy acy, |
by a highly lipophilic ligand L, present in the organic phase t>0,x=0,Dy B=— M O (©)
only. This situation can be presented by the following reaction @ 9X © X FA
scheme: 5 CML(O) CL(O)
K t>0,x=0,Dy ——=D_ =0
Mw) < Mg+ L(O)‘Q ML () © 09X © 0X
M \\
where M is some metal ion initially present in the water phase Ay = Aa,cp,‘f,' + gln @ (d)
(w) and L is a ligand present in the organic phase (0), and ML CM(o)

is the formed complex between them (charges and stoichiometric

coefficients are omitted for simplicity). It is worth noting that WwhereAjg is the applied potential difference at the liqeid
this model corresponds to cases where the complexation processquid interface,Af,’vcpf,, is the standard potential of ion transfer
between M and L takes place in the organic phase only, which (nonfacilitated) of metal ion M from water to organic phase,
is mostly encountered experimental situatié:1821k; (s1) Cme and oy, are the concentrations of the metal ion M in
andk, (s™1) are the first-order chemical rate constants (forward organic and water phase, respectively, afd)* is the total
and backward, respectively) of the complexation reaction (initial) concentration of the metal ion in water phakés the
between M and L in the organic phase. In practice, the forward current, andA (cn¥) is the surface area of the liquidiquid
chemical reaction is of higher-order, and it is definedkas interface.R, T, and F are the gas constant, thermodynamic
ki'c(L)c(M). Usually, in case of excess concentration of one of temperature, and Faraday constant, respectively. It is worth
the participants (M or L), the expression for the chemical rate mentioning that the situation= 0 corresponds to the liquiel

constant is simplified td¢ = ki'c(L) (or ki = ki'c(M)). In this ligid interface. The solutions of the differential equations-(1
case, ki is the real chemical rate constant, with units of 3), under the relevant boundary conditions, have been obtained
mol~lcm? s1 (if the concentration is expressed in mol T by using the Laplace’s transformations, combined with the

We assume that the mass transfer occurs exclusively bynumerical integration methodology.The solutions for the
diffusion. Therefore, the application of the second Fick's law concentrations o&(Mw))x=0 and ¢(Mo)x=o0 are identical with
to any species involved in the reaction Scheme 1 leads to thethose obtained for an E& diffusion reaction of the type
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Ox+ne < Red% Y (1
given elsewherg3435and they read
v 1Y) 1
(M) =0 = SM) ) + dr (4)
o =it o S s
1 t o I(t) 1
(M) gm0 = — dr —
0= " TR neavB Va5
K v 1)  exp(k(t — 1))
dr (5)
1+Wﬁwm@ Ja(t —7)

wherek = ki + kp, andK = ki/kp.
The solutions (4) and (5) of the metal concentrations in water

(w) and organic phase (0) have been incorporated in the Nernst

equation (d). The numerical solution of that equation has been
obtained by the method of Nicholson and Olmst&&oth
variables, the dimensionless currelt and timet, were
incremented. To each timeé = md where d is the time
increment, a certain curretlf,, was ascribed. The numerical
solution is represented by the following recursive formula, which
can be applied correspondingly to the cathodic and anodic
currents of the cyclic staircase voltammograms (eq 6) where
numerical integration parameters &g = ~/m — +/(m — 1)

and My, = erf(v[em/50]) — erf(¥/[e(m — 1)/50]), and

¢ is the dimensionless chemical kinetic parameter defined as
= Kkit. ¢ is the dimensionless potential, defined @s= nF/
RT(ALY — Avgm):

The dimensionless currel is defined as¥V = (Iv/t)/(FAc
(M)’(‘W)\/D). It is worth noting that the above recursive formula
(6) and the expressions below the formula (6) can be directly
incorporated in the MATHCAD voltammetric file, as that given
elsewheré? The last cited papéfis available on-line free, and
everyone having small experience with MATHCAD can do the
corresponding simulations presented in this work.
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concentrations of the complex, metal, and the ligand in the
organic phase, respectivelyIf we link the definitions given
below eq 3, where we defined the dimensionless paranketer
as K = ¢(M)o/c(ML),, for the particular case considered, it
follows that the real stability complexation const#his linked

to the dimensionless thermodynamic paramétewrith K’
c(ML) o/c(M)wc(L),, or K' = 1/Kc(L),. From the last equation,

it follows that the dimensionless paramekeiis linked to the
ligand concentration and the real complexation constarit as
= 1/K'c(L)o. This last equation shows that in the simulations
we can change independently the ligand concentrat{tiy,

for a given value of the real stability constagi{ and following

in that way the influence df toward the voltammetric features,
as this dimensionless parametérappears in the recursive
calculation of eq 6. All of the simulations have been made with
the aid of the software package MATHCAD.It is worth
mentioning that comprehensive studies of an&., mechanism

for case of planar metallic electrodes under voltammetric
conditions, which consider similar model to that presented here,
can be found elsewhefé3435 That is the reason why we
emphasize in this work only the key phenomena that are of
benefit for the particular case of chemical kinetics by the assisted
ion transfer processes.

2.1.2. Theoretical Cyclic Voltammograms in the Absence of
Kinetic Effects.We give here some representative cyclic
voltammograms and a brief discussion for common thermody-
namic situations regarding the case of the absence of kinetic
effects in the considered facilitated met&n transfer across
the polarized liquie-liquid interface. The region of absence of
kinetic effects is chosen from the diagrams showing the
dependence of peak-currents and peak potentials vs the kinetic
parameter, as those given elsewh&r&.The discussion in this
part of the paper emphasizes the influence of the ligand
concentration in the organic phase to the features of the cyclic
voltammograms. Bearing in mind the definitions torand ks
(see above), bot ande are a function of the concentration of
the ligandc. Therefore, for this particular system, it is worth

The theoretical simulations have been made under conditionsinvestigating the influence of the ligand concentratiry on

of cyclic staircase voltammetry. The excitation signal used in the theoretical voltammetric responses, as this is common in
cyclic staircase voltammetry consists of a staircase potential FIT experiments;>68.17.18.212if there is an absence of kinetic
ramp, which is characterized by the duration of the potential effects by the complexation reaction, then conventional cyclic

treadt and the step of the staircase ranip. dFor numerical
simulation, the time increment$ = t/25 was used. All the
simulations have been performed at temperature-sf298 K.
The theoretical cyclic voltammograms are a function of the
scan ratey, as well as of the thermodynamic parameteand
kinetic parametee.20-22:3435Both K ande are functions of the
ligand concentration in the organic phagg).. In fact, the
concentration of the ligand in the organic phask), affects
the forward rate constant of the chemical reactlgi, @nd since
K and ¢ are both defined vid;' (see the definitions in the

voltammograms possessing electrochemically reversible features
are obtained!2334as those given in Figure 1A. Although the
peak currents do not vary by changing the ligand concentration,
the mid-peak potentials of the theoretical voltammograms shift
in the negative direction by increasing the concentration of the
ligand L in the organic phas®.This is a well-known thermo-
dynamic shift, from which one can estimate the stoichiometry
of the complex formed, as well as the thermodynamic com-
plexation constarit®18.21.23V/grious considered cases for the
estimation of these parameters can be found in the excellent

conditions above), it would mean that both of these parameterspapers of Girault et &171821The mid-peak potentials of the

will be a function ofc(L),. For this type of complexation, the
real thermodynamic constakt (i.e., the stability constant of
the created ML complex) can be also definedkas= c(ML) o/
c(M)oc(L)o, wherec(ML) o, c(M),, andc(L), are the equilibrium

simulated cyclic voltammograms are a linear function of the
logarithm of the ligand concentration (Figure 1B), with slope
defined aamRTzF, wherez is the charge number of the metal
ion transferred andh is the number of ligand molecules bind

_ i L + exp(@m))ml | ST L 5 WM, T expey)
Jooa\ LK ;.' TN B
p = (6)
ENER
@ 1+K

(1+ K)We
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Figure 1. (A) Simulated cyclic voltammograms for facilitated ion transfer reaction &f Mn obtained by increasing the ligand concentration in

the organic phase, in absence of any kinetic effects. Scanrat®0 mV/s, potential incrementtd= 4 mV, T = 298 K, the value of the real
complexation constant in the simulations w&ls= 10® mol™* dm2 D = 5 x 1076 cn? s™. The concentration of the ligand &L)/mol dm—3 =
0.00001 (a), 0.0001 (b), and 0.001 (c¥ (s the dimensionless current at the cyclic voltammograms). (B) Dependence of the mid-peak potential
(Epc + Epa)/2 of the cyclic voltammograms on the ligand concentration in the organic phase.

to the metal ion M.R, T, and F are the gas constant, Consequently, the logarithmic term K1 + K)] in eq 7 will
thermodynamic temperature, and Faraday constant, respectivelybecome more negative by increasing the ligand concentration.
The intercept of this linear dependence is defined-a8T/zH The final output of this effect in eq 7 will be portrayed in a
In(Km), from which the value of the complexation const&nt shift of the mid-peak potentials of cyclic voltammograms toward
can be deduced:82'Therefore, for the system considered, the more negative values (versus the standard redox potential of
variation of the mid-peak potential plotted as a function of log- the system), as it has been observed by the simulated voltam-
(cw)) gives the number of the ligand molecules in the complex, mograms presented in Figure 1A.
m, (deduced from the slope) as well as the value of the
thermodynamic complexation constald, (calculated from the
intercept).

It is worth mentioning at this point that the mid-peak potential
of the cyclic voltammograms will shift with the value of the
dimensionless paramettrfollowing the equation:

2.1.3. Theoretical Cyclic Voltammograms in the Presence of
Kinetic Effects Due To a Complexation Reaction Subsequent
to the lon-Transfer StefBseveral cyclic voltammograms simu-
lated for different ligand concentrations, in the presence of
kinetic hindrances due to the occurrence of the follow-up
chemical reaction in reaction Scheme 1, are shown in Figure 2.

s RT K In such a case, at least two distinctive features in the cyclic
NP1z = Augp(M) T |n(m) (7) voltammograms can be observed: (a) the peak currents are
sensitive to the concentration of the ligand, and they decrease
Let us remind that, in the definitions in this mathematical model, by increasing the ligand concentration and (b) the mid-peak
we defined the dimensionless paramefeasK = 1/K'c(L),. potentials of the cyclic voltammograms are almost insensitive
This equation shows that, by increasing the concentration of to the changes in ligand concentration, producing a slight shift
the ligandc(L),, the dimensionless parametéwill decrease toward positive values by increasing the ligand concentration.
and will be smaller than 1 for stable complexes and concentra- Moreover, there are also obvious changes in the shape of the
tions usually used in these types of electrochemical experiments.anodic peaks that assume more flattened form at higher ligand
Therefore, as the(L), increases, the terid/(1 + K) in eq 7 concentrations due to the presence of kinetic hindraffcés.
will decrease, and it will get positive values smaller than 1. The features of the cyclic voltammograms in this case are just
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Figure 2. Simulated cyclic voltammograms for facilitated ion transfer reaction of the ibh obtained by increasing the ligand concentration in
the organic phase, in the presence of kinetic effects due to the chemical complexation reaction. Scan2@teV/s, potential incremented=
4mV, T =298 K, the value of the real complexation constant in the simulationsivas10® mol™* dm? k' = 10"?mol'cm®s™, D =5 x 1076
cn? s The concentration of the ligand &L)/mol dm=3 = 0.00001 (a), 0.0001 (b), and 0.001 (c).

0.1 0 01 02

opposite to those observed in the absence of kinetic restraints

|
(compare with voltammograms in Figure 1A). In practice, this Rq lcl
would explicitly mean that changing the ligand concentration AN/
in the organic phase would not cause a shift of the half-peak
potentials in cyclic voltammograms (or would cause a slight A

shift of the mid-peak potential in the positive, and not the
negative direction). It is worth reminding that the potential shift

by changing the ligand concentration is a crucial feature for cjrcyits representing more complicated processes, such those
the estimation of the complexation constant. The main reason yf he coupled homogeneous reactions, for exar#fpl&.In this

for this anomalous behavior of such systems is the simultaneousyork. we have chosen the most common Randles equivalent
effect on the kinetics (via chemical kinetic para.m&tz‘grgygs circuit as a corresponding one for the system considered. We
thermodynamics (vi&) by the ligand concentratiot?:?2%% show that the main kinetic and thermodynamic features of the

Both phenomena shift the mid-peak potential by about the sameagijitated ion transfer reaction described by reaction Scheme 1

values but in opposite directions. The outcome of this is the ¢an pe elegantly evaluated from the frequency dependences of
absence of the mid-peak potential shifting at the cyclic volta- e real and imaginary part of the impedance.

mmograms*In such cases, cyclic voltammetry will be useless 5 5 1. Electrochemical Impedance Spectroscopy of Facilitated
for the estimation of the thermodynamics parameters for the |on Transfer at the Polarized LiquieLiquid Interface-lon

ion complexation, and a more rigorous treatment of the data is Transfer Coupled by Follow-Up Chemical Reactiowe

needed in order to obtain the valuef We present below a  ¢onsider again an electrochemical system of a thermodynami-

model developed under electrochemical impedance spectrosta)ly reversible ion transfer of a metal ion M, which is facilitated

copy, which can be elegantly used for resolving of the yjth a highly lipophilic ligand L (M:L stochiometry of the

thermodynamics of facilitated ion transfer considered above. ;omplex is 1:1), as in the voltammetric model described above
2.2. Electrochemical Impedance Spectroscopyn the last

several decades, the electrochemical impedance spectroscopy M. <M, 4L A ML 0

(EIS) has been promoted as a powerful tool for probing into W) © " =0 ©

various electrochemical systeffsMany advantages accrue

from this technique_ Among the most important are (a) the In EIS, this situation can be represented by Simple Randles

experimental ability to make high-precision measurements, equivalent circu#®?23%(see Figure 3). For solving this problem

because the response may be |ndef|n|te|y Steady and Carﬂnder conditions of EIS, one needs solutions for the time-

therefore be averaged over a long term, (b) an ability to treat dependent concentrations of the metal M in water and the

the response theoretically by linearized currgmtential organic phase, respectively. For the considered system described

characteristics, and (c) measurements over a high-frequencyPy reaction scheme I, these solutions are equivalent to those

range. Since one usua”y works close to equi]ibrium, no detailed for a reversible electrochemical reaction that is COUpled with

knowledge about the behavior of the E response curve at  Subsequent chemical reactithand they read

higher and lover overpotentials is required. This advantage leads

to important simplifications in treating the kinetic features by o(M) ) =¢* — é[sin(a)t) —cospt)] (8)

various system&238-40 |n general, an equivalent circuit com- FAV2Dw

posed of resistors and capacitors represents the features of an ) ) o

electrochemical system in EP8:40 A main problem often wherew is the frequencyA is the surface area of the liquid

encountered in the frequency domain EIS is the difficulty of

Figure 3. Scheme of the Randles equivalent circuit used in EIS.

determining the “uniqueness” of the circuit-model obtained from c(M),, = ! K [sin(wt) — coswt)] +
experimental data. Although large numbers of equivalent circuits zZFAV2Dw (1 1K)

have been devised to account for rather complex electrochemical 1 1 I

systems®42 only in the simplest cases can one identify 1+K) e ZFS/ELS (@) — coset)] (9)

individual circuit elements with processes that occur in the
electrochemical cell. This is especially true for equivalent liquid interface K is the thermodynamic constant definedkas
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= ki/kp, ande is chemical kinetic parameter defined @s= k 1 1 B K B

+ kp. The other symbols have their usual meaning. The time- ;= = = Zm = —— — + —|t
differentiation of eqs 8 and 9 leads to @s VolzFa/2D 1K) zFAV/2D

p
©CMw_ 1 [ ZFAL+ T<)x/2D o)
T E[yn (wt) + cost)]  (10) €

where Z. and Z,, are the real and imaginary parts of the

dc(M) o) Wao K . impedance, respectively. If the kinetics of the ion transfer across
. WenE! K)[sm(wt) + cost)] + the liquid—liquid interface is very fast, as often reportetthen
zF iD 1 | the termR.; would be very small in comparison with other terms,
D g and eq 16 can be simplified to
— sin(wt) + cosgt)] (11) q P
(1+K) Ve zFAV2D'
B,
For th(_e R_and_les circuit, the expression for the tlme-dependentRS Zre ZFA(L + K) /2De
potential is given b$? L 8 K B
2 1
— + (29)
dE_g dg deMw 5 deM) o 12) VolzFA/2D (1 +K) * zFA/2D
dt tdt 7t dt Z2 dt . : - : :

This means, for the considered facilitated ion transfer reactions,
Re is the charge-transfer resistance, and the consfanasid the variation of the real, and imaginary part of the impedance
B2 are defined ag = RTFC'(M)w) and 2 = RTIFC' (M) Zm with the inverse of the square-root of the frequency should

(c'(M)w) andc'(M) ) are equilibrium concentrations of M in  be linear. The slope of those dependences (slopes should have
water and organic phase, respectivelf).is the common same values, but opposite signs) can be used for estimation of
diffusion coefficient of metal ion M, which is assumed to be the thermodynamic constant of the complexation constant

equal in both water and organic phase. sinceK = 1/K'. The intercepts hide also the values of the rate
Since a sinusoidal type of current with form bf= 1, sin- constants of the subsequent chemical reactions k.endk,
(wt) is forced through the circuit{ is the current amplitude), ~ are hidden ire).
the expression forlddt in eq 12 is Note that the values &, andZ. are experimentally obtained
" from the Nyquist plot§.°v3/8r42 In reality, the best linearity
al _ betweenZ, and Zi,, vs w2 is obtained in the region of low
dt lqw coseY) (13) frequencies® Equations 18 and 19 can always be used for the

o ) estimation of the complexation constant by the facilitated ion
by substituting of egs 10, 11, and 13, into the eq 12, and after yansfer reactions, provided that the value of the standard Gibbs

rearrangements, one gets energy of nonassisted ion transfer of the studied ion is known
(this is needed in order to estimate tfig constant). These
d_E:| o cos@t)| R, +L+ equations are very practical for the systems with kinetic
dt © t ZFAV2Dw hindrances by the interfacial complexation reaction, where cyclic
B, K B, 1 voltammetry alone is incapable of providing the calculation of
+ + the thermodynamic parameters. Indeed, in such situations, the
ZFAV2Dw (1K) zZFAV2D (1 + K)Ve coupling of both CV and EIS is inevitable in order to fully
) B B, K understand the system behavior. Without knowing the voltam-
Iy ‘/5 sin(wt) + metric features of the system, the EIS is not self-sufficient to
ZFAV2Dw ZFAﬁV 2Dw ({/tK) provide all demanded information of such systems.
2 w

4) 3. Material and Methods

ZFAV2D (1 + K)Ve
For the electrochemical measurements, the following chemi-
From the other side, the total voltage drop across the faradaiccals were used as received: 1,2-dichloroethane (DCE; 99.9%
element of the Randles circuit given in Figure 3 can be given Sigma), lithium chloride (LiCl; Aldrich 99%), tetraoctylammo-
by3® nium tetraphenylborate (TOATPB), sodium tetraphenylborate
(NaTPB), and Cu(Ng),. The compounds 2,8-dithia [9],(2,9)-
E=IR;+ Q/C, (19) 1,10-phenanthrolinophane (Phgh&nd 5-oxo-2,8-dithia [9],-
. . - (2,9)-1,10-phenanthrolinophane (Phenp®ere synthesized
or, after time-differentiation of (15), we get according to the procedure described in the literat®féTheir
4E | structures are shown in Scheme 1. Mili Q-plus water (12 M
— = | wR, cost) + 2 sin(wt) (16) cm) was used for the preparation of all aqueous solutions, as
dt Cs well as for rinsing. All experiments were carried out at room
temperature. The ITIES system consists of a four-electrode cell,

Now, we have to equalize eqs 14 and 16 in order to idefify  \yith 4 flat watefDCE interface with an area of 0.28 ém
and C; of the Faradaic element in Figure 3.

Ag/AgCI | 50 mM NaTPB+ 100 mM LiCl
Ba N (w)| 50 mM TOATPB (DCE)-
ZFAL + K)v/2De x mM Ligand| 0.1 M LiCl +y mM Ci2* (w) | AgCl/Ag
1| B K Br

Ri=Z.=R+

+ (17) The voltammetric measurements at ITIES were carried out by
VolzFa/2D (1 +K)  zFA/2D applying the cyclic staircase voltammetry, with scan rates
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increasing concentration of PhenS,
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Figure 4. Effect of increasing the concentration of PheiSthe organic phase on the mid-peak potentials of the cyclic voltammogcg@ig:),,
= 0.4 mmol/L, andc(Phe$)/mmol L= = 0.2 (a), 0.4 (b,) and 0.6 (c). “0” stands for organic phase and “w” for agueous phase. Scar-rate

mV/s.
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Figure 5. Dependence of peak mid-peak potential on thedfig(mol L~

varying from 5 to 200 mV/s. All voltammograms have been
measured using the Ohmic drop compensation mode.

4. Experimental Results

We present briefly here two experimental examples of FIT
studied by cyclic voltammetry and of €u by interfacial
complexation with two different phenanthroline-containing
macrocyclic ligands (PheaSand PhenO§ at the polarized

D. ¢(Cw¥") = 5 mmol L, (c(L) = 1 mmol L™Y). L is Phen$.

the 1:1L/Cu" molar ratio led to a gradual small decrease in
absorbance at 650 nm, according to the observed instability of
the species [CW()]?>" in the presence of excess ligands.
However, the transformation of the blue-green species[{#(

into those responsible for the yellow color is slow enough to
allow both confirmation of their 1:1 stoichiometry by continuous
variations plots, and calculation of their formation constants.

At the solid state, whatever the €Ul molar ratio used (1:1

water/1,2-dichloroethane interface, in order to relate the resultsO" 1:2), the reaction between Phen&nd PhenOg and
obtained by theoretical simulations that are described above. [tCU(CIQ:)2-2H,0 in EtOH/CHCI, always resulted in solid
is well-known that various phenanthroline derivatives are often Products containing the 1:1 complexes, as demonstrated by
used as facilitating agents in assisted transfer of different metal€lemental analysis, FAB mass spectrometry, and X-structural

ions across liquietliquid interfacest>17
The reactions of Phea%nd PhenOgwith Cu?™ were also
studied spectrophotometrically both in EtOH and in MeCN.

analysis for [Cu(Phen®)(CIO4)]CIO4. Several attempts were
made to isolate 1:2 CuW/L complexes at the solid state
(presumably responsible for the yellow color in solution which

Immediately upon mixing the reactants, a blue-green color is develops on either adding excess ligands to the metal or allowing

observed Amax = 650 nm). In time, this color disappears and
solutions turn to yellow Amax = 450 nm). This behavior is
observed for the two ligands, in both EtOH and in MeCN, and
for solutions having different /Cu?* molar ratios (from 0.2 to

1:1 metal-to-ligand mixture to stand) using different starting
copper(ll) metal salts and solvents. Only from the reaction of
Phen$ with CuCh-2H,0, and after addition of excess of MH
PF; to the reaction mixture, the complex [Cu(PhenPFe]

4). However, the blue-green color persists for several hours if was separated as a red microcrystalline solid and unambiguously

the L/CU?* molar ratio is lower than 1.

Fast spectrophotometric titrations of €uwith the ligands
in EtOH or MeCN by recording the spectra immediately after
mixing the reactants indicate a quantitative formation of
[Cu(L)]?" complexes. Further addition of the ligands beyond

characterized by ESR to have a pseudotetrahedral coordina-
tion sphere around the metal centerln the structurally
characterized complex [Cu(PhefB(ClO,)]ClO,, the ligand
adopts a folded conformation typical for these type of macro-
cycles with the aliphatic chain of the ring tilted over the plane
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Figure 6. Effect of increasing the concentration of Phen@&he organic phase to the mid-peak potentials of the cyclic voltammog@1£:),

= 0.3 mmol/L, andc(PheO%)/mmol L% = 0.2 (a), 0.4 (b), and 0.6 (c). “0” stands for organic phase and “w” for aqueous phase. Scan-rate
25 mV/s.

containing the phenanthroline urft. A pseudo-octahedral 70000

coordination sphere is reached at the metal center in by 60000
interaction of a perchlorate ion at the coordination site left free
by the macrocycle.

Several cyclic voltammograms for the facilitated 2Cu @ 40000
transfer, obtained when concentration of the ionophore 2,8-dithia &
[9],(2,9)-1,10-phenanthrolinophane (Phen$h the organic
solution is increased from 0.2 to 0.6 mmol/L, are shown in 20000
Figure 4. An increase of the ligand concentration in the organic
phase leads to a shift of the mid-peak potential on the cyclic

y = 54606x + 4627,8
R? = 0,9965

50000

30000

10000

voltammograms toward negative direction, whereas the peak 0

currents do not change upon the increase of the ligand 02 04 08 08 ! 12 14
concentration. The mid-peak potential is a linear function of %’ 2
log(cw)), with a slope of—30 mV as shown in Figure 5. This 0

slope is typical for the formation of a 1:1 complex, when the  -10000 | - 55026 36175

charge of the transferred ions i$-28 The intercept of the linear -20000 R2=00954

relationship Epc + Epa/2 vs log€y) could serve as the
estimation of the complexation constaft providing that the e
value of the standard potential of non-assisted ion transfer of £

-30000 -

-40000 -

Cw?t from water to 1,2-DCE is knowh!® When taking the -50000 1

value of AD(¢f ,, = —0.56 V47 the estimated value of 60000 1

complexation constant of €t and Phengis log(K) = 13.25 70000 -

(tetramethylammonium has been used as an internal standard ;. ' ' ' . . ' '

for these experiments). Obviously, these experimental results 0 0.2 04 0.6 08 1 1.2 14 16
comply well with the theoretical voltammograms simulated for ©05/g05

the case of the absence of kinetic effects (see Figure 1), and o b)
the Nernstian approacte$:2123can be applied for the estima- Figure 7. Dependence of the real (a) and imaginary part (b) of the
tion of the thermodynamic parameters impedances vs the inverse of the square-root frequency for the facilitated

. . transfer of C&" with ligand PhenOg(in the low-frequency region).
The cyclic voltammograms for the assisted?Curansfer The Nyquist plots have been recorded at equilibrium potential, with

recorded in presence of 5-oxo-2,8-dithia [9],(2,9)-1,10-phenan- frequency varying from 0.5 to 2005 c¢(C#*), = 0.5 mmol/L,
throlinophane (PhenQSsee Figure 6) show, however, opposite  ¢(PhenO$), = 0.6 mmol L, T = 298 K.

behavior compared to the previous example. In this case, the

mid-peak potentials of the cyclic voltammograms are insensitive sponding eqs 17 and 18, we estimated that the value of the
to the increase of the ligand concentration in the organic phase.thermodynamic constant of the complexation reaction between
Moreover, the shapes of the voltammograms have featuresCu?+ and PhenOsis log(K) = 17.02 (T of 298 K, andD =5
typical for systems where chemical kinetic effects are present x 1076 cn? s™1). It is important to stress that for these
(compare with voltammograms in Figure 2). In this case, the estimations, we used the value for the non-assisted ion transfer
cyclic voltammetry is not effective tool for thermodynamic of Cu2+ AWDCEGgu2+ = 110 kJ/mol, provided from the work of
estimations, and more detailed analysis under EIS conditionsGirault et al. 4’ Therefore, these estimations significantly depend

is requireck? in order to full characterization of the system under on the accuracy of the determined values of the standard Gibbs
investigation. Shown in the Figure 7 are the dependences ofenergies of non-assisted ion transfers.

the real and imaginary part of the impedance on the inverse of

the square-root frequency (in the low-frequency region), for the g ~gnclusions

system of C&" transfer facilitated by Phen@$gand, measured

at equilibrium potential. Obviously, a linear relationship between  Although the kinetic effects due to the presence of hindrances
both parameters exists, as predicted by the evaluated eqs 1by the chemical step in the case of facilitated ion transfer
and 18. Moreover, both slopes are almost identical, but with processes are often encountered in many experimental situations,
opposite signs, as predicted by egs 17 and 18. By substitutingonly a minor attention has been paid to them so far. We give
the slopes of the dependences from Figure 7 into the corre-here simple theoretical qualitative criteria under conditions of
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cyclic voltammetry for recognition of these effects. Moreover,

we present a corresponding mathematical model solved under
conditions of electrochemical impedance spectroscopy, while ™

J. Phys. Chem. C, Vol. 112, No. 1, 200861

(15) Doe, H.; Hoshiyama, M.; Jian, Electrochim. Actal995 40, 2947.
(16) Dassie, S. A.; Yudi, L. M.; Baruzzi, A. MElectrochim. Actdl995

(17) Ferreira, E. S.; Garau, A.; Lippolis, V.; Pereira, C. M.; SilvaJF.

providing analytical equations that can be used for elucidation gjectroanal. Chem2006 587, 155.

of the thermodynamics and kinetics of the follow-up chemical

(18) Reymond, F.; Lagger, G.; Carrupt, P.-A.; Girault, H. B.

reactions in such systems. Although these effects qualitatively Electroanal. Chem1998 451, 59. _ ,
resemble those observed in the case of slow kinetic due to the,, (19) Reymond, F.; Fermin, D.; Lee, H.; Girault, Blectrochim. Acta

ion transfer step, they fundamentally differ with respect to some

2000Q 45, 2647.
(20) Gulaboski, R.; Pereira, C. M.; Cordeiro, M. N. D. S.; Bogeski, |.;

parameters that determine them. The monitoring of the featuresrerreira, E.; Ribeiro, D.; Chirea, M.; Silva, A. B. Phys. Chem. B005

of cyclic voltammograms by variation of the ligand concentra-

tion can serve as a simple criterion for recognizing the kinetic
effects due to the complexation reaction in the FIT processes.
Neglecting these effects will give wrong values for the estimated

109, 12549.

(21) Beattie, P. D.; Wellington, R. G.; Girault, H. H. Electroanal.
Chem 1995 396, 317.

(22) Garay, F.; Lovric, MJ. Electroanal. Chem2002 518 91.

(23) Homolka, D.; Holub, K.; Marecek, \J. Electroanal. Cheml982

thermodynamic parameters. It is worth noting that the scan rate 138 29.

in cyclic voltammetric experiments affects simultaneously both
kinetics, i.e., that of the ion transfer, and that due to the
complexation reactioff:?235Therefore, the scan rate dependence 451
can often lead to misinterpretations, if both kinetic effects are

(24) Wandlowsky, T.; Marecek, V.; Samec, Z. Electroanal. Chem
1988 242, 291.
(25) Manzanares, M. V.; Schiffrin, D. Electrochim. Acta2004 49,

(26) Beattie, P. D.; Delay, A.; Girault, H. HElectrochim. Actal995

present by the facilitated ion transfer processes. Note once again40, 2961.
that the estimated values of the thermodynamic parameters from,  (27) Sun. P.; Zhang, Z.; Gao, 2.; Shao,Ahgew. Chem. Int. E2002

the proposed EIS model, by using eqs 1B) of this work,

(28) Fernandez, M. A.; Yudi, M.; Baruzzi, A. MElectroanalysi2004

depend significantly on the values of the standard Gibbs energiesi g, 491.

of non-assisted ion transfers. While these values for the mono-

(29) Shao, Y. S.; Tan, N.; Devaud, V.; Girault, H. Bl. Chem. Soc.

charged ions are easily accessible from various voltammetric Faraday Trans 1993 89, 4307.

experiments; © there are lots of uncertain values reported for

the double-charged ions, and those should be always taken with,q

(30) Cheng, Y.; Schiffrin, D. JJ. Electroanal. Chem1997, 429, 37.
(31) Dassie, S. A.; Yudi, L. M.; Baruzzi, A. MElectrochim. Actdl995
2953.

cautions. NeVertheIeSS, for experimental SyStemS as those (32) Katano, H.; Osakai, T.; Himeno, S.; Saito, Blectrochim. Acta

elaborated in this work, neither EIS nor cyclic voltammetry are

1995 40, 2935.

self-sufficient techniques, and they must be coupled for complete 13§33) Ding, J.; Hotta, H.; Osakai, T. Electroanal. Chem2001, 505

clarification of the problems.
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