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The transfer of ions across the interface between two immiscible
liquids (L/L) is a process of particular importance for a variety
of areas in chemistry, biology, pharmacy, and metallurgy; hence
it has been intensively studied over the past few dectdes.
Besides studying thermodynamic and mechanistic aspects of th
ion transferk~3 significant efforts have been devoted to develop
theorie4® and experimental methoti$or measuring the ion
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The kinetics of the transfer of a series of hydrophilic monovalent anions across the water/nitrobenzene (W/NB)
interface has been studied by means of thin organic film-modified electrodes in combination with electrochemical
impedance spectroscopy and square-wave voltammetry. The studied ions,&e Cl—, CIO,~, NO;~, SCN-, and
CH3COO ™. The electrode assembly comprises a graphite electrode (GE) covered with a thin NB film containing a
neutral strongly hydrophobic redox probe (decamethylferrocene or lutetium bigéstkastylphthalocyaninato)) and
an organic supporting electrolyte. The modified electrode is immersed in an aqueous solution containing a supporting
electrolyte and transferring ions, and used in a conventional three-electrode configuration. Upon oxidation of the redox
probe, the overall electrochemical process proceeds as an efeitirocharge-transfer reaction coupling the electron
transfer at the GE/NB interface and compensates ion transfer across the W/NB interface. The rate of the ion transfer
across the W/NB interface is the limiting step in the kinetics of the overall coupled eledétmontransfer reaction.
Moreover, the transferring ion that is initially present in the aqueous phase only at a concentration lower than the redox
probe, controls the mass transfer regime in the overall reaction. A rate equation describing the kinetics of the ion
transfer that is valid for the conditions at thin organic film-modified electrodes is derived. Kinetic data measured with
two electrochemical techniques are in very good agreement.

which are among the most powerful electrochemical techniques
for kinetic measurement8.1°Because of the rapid ion transfer
at the ITIES and the mass transfer limitations, steady-state
voltammetry at micro- and nano-sized ITIES has been
"developed® 23 Manzanares et &f and Murtom&i et al2>
edeveloped methodology to study the ion transfer across a thin
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Anion Transfer Kinetics Across a W/NB Interface

organic layer supported between two aqueous phases. Nakatar

et al?6 studied the kinetics of electrochemically induced
ferrocenium cation across the single-nitrobenzene-microdroplet/
water interface. Nevertheless, because of thermodynamic limita-
tions, most frequently the kinetics of lipophilic tetraalkylam-
monium cations have been studied, whereas kinetic data of most
common inorganic monovalent ions are yet unknown. Kinetics
of the alkali metal cations has been also asse&3duwever,
only in the presence of facilitating agents in the organic phase
to lower the energy of the ion transfer.

On the basis of all previous studies, it appears that ion transfer
kinetics is considerably sensitive to the experimental conditions
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Figure 1. Schematic representation of a thin organic film-modified
electrode. The GE is covered with a thin film of NB solution

of the method used for kinetic measurements. For instance, usingcontaining a neutral redox probe (Red) and TOATPB as an organic
the method of athin organic |ayer Supported between two aqueou5€|ectr0|yte. The modified electrode isimmersed Inm agueous

phases to measure the kinetics of tetraalkylammonium catéhs,
rate constants on the order of #@&m s have been estimated.

In this methodology, the potential deference at the liquid interface
was not externally controlled; rather, the transferring ion was at
the same time the potential-determining ion. On the other hand
in methods where a macroscopic or micrometer-sized ITIES
was externally polarized, the transfer of the same ions appear
significantly faster, having rate constants on the order &1

cm s1.22 To measure such rapid ion transfer reactions with
electrochemical impedance spectroscopy (EIS), very high
frequencies of the potential modulation are required, which
significantly complicates the kinetic measurements.

In the past few years, the three-phseé® and thin organic
film-modified electrode®—32 emerged as simple but powerful
tools for studying the charge transfer phenomena across the L/L
interface. These electrodes couple the electron transfer at th
graphite electrode (GE)/organic solvent interface with the ion
transfer at the organic solvent/water interface. Using chemically
stable and strongly hydrophobic redox probes dissolved in the
organic phase, novel methods for studying the transfer of
numerous highly hydrophilicions from water to different solvents
have been developeé8Some of the studied iofsas well as the
organic solvents uséd3” were inaccessible with other elec-
trochemical methods.

Using these electrodes in combination with a fast and sensitive
voltammetric technique such as square-wave voltammetry
(SWV),2%8 a novel method for measuring the kinetics of the ion
transfer has recently been propoggéf The thin organic film-
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electrolyte solution containing transferring ions #nd is used in
a conventional three-electrode configuration.

modified electrode used for kinetic measurements consisted of
an edge plane pyrolytic graphite (GE) covered with a microfilm
of a nitrobenzene (NB) solution containing a neutral, strongly
hydrophobic redox prob®.The electrode was immersed in an
aqueous electrolyte and used in a conventional three-electrode
arrangement. The transferring ion was presentin both the organic
and aqueous phases in a large excess compared to the redox
probe. Thus, the transferring ion was also the potential-
determining ion at the water (W)/NB interface. When the redox
probe was decamethylferrocene (DMFC) or lutetium bis(tetra-
tert-butylphthalocyaninato) (LtBusPcl), and the transferring
ionswere CIQ—,NO;~, or Cl, the kinetics of the overall coupled
electron-ion transfer reaction was controlled by the ion transfer

&cross the W/NB interfac®.

In the present study, the methodology for measuring the ion
transfer kinetics using thin organic film-modified electrodes is
further developed. To check the capability of this experimental
approach, the kinetics of a series of hydrophilic anions has been
assessed with two different electrochemical techniques, that is,
EIS and SWV. The studied ionswere CBr—, 1-, ClOs~,NO;™,
SCN-, and CHCOO™. To inspect more rigorously whether the
ion transfer kinetics is independent of the redox probe, experi-
ments with EIS and SWV have been carried out using different
redox probes, that is, DMFC for EIS and tB[i,Pc}, for SWV.
Moreover, different electrode materials have been used; mea-
surements with EIS and SWV were carried out utilizing black
graphite and an edge plane pyrolytic GE, respectively. The variety
of all these conditions is the bases for the rigorous assessment
of the proposed experimental methodology for measuring the
ion transfer kinetics across the L/L interface.

All experiments were carried out in the presence of supporting
electrolytes in both liquid phases, whereas the transferring ion
was initially present only in the aqueous phase at a concentration
at least 1 order of magnitude lower than the redox probe (Figure
1). This is a more general approach compared to previous
result$°4%since no particular electrolyte that is soluble in the
organic phase and contains the transferring ion is required. Under
selected experimental conditions, the transferring ion controls
both the kinetics as well as the mass transfer regime in the overall
process. The theoretical model presented considers the mass
transfer regime of all electroactive species; hence, it is valid for
any concentration ratio of the redox probe and the transferring
ion. Moreover, in contrast to the previous study where the kinetics
of the ion transfer was described on the basis of a second-order
kinetic equatior?? the kinetics of the coupled electreion
transfer reaction at the thin organic film-modified electrode is

(40) Mirceski, V.; Quentel, F.; L'Her, M.; Pondaven, BElectrochem. Commun.
2005 7, 1122-1128.
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assimilated to a common first-order charge-transfer process, 55
enabling estimation of the ion-transfer rate constants in units of 50
centimeters per second.

2. Experimental Section

2.1. Electrochemical Impedance Spectroscopyll chemicals
used were of analytical grade purity. DMFC was purchased from 35
Fluka, while all other chemicals were products of Merck. A water- ITpA
saturated NB solution containing 0.01 mol/L DMFC and 0.05 mol/L
tetraoctylammonium tetraphenylborate (TOATPB) was used. A 25
graphite rod (black graphite, GrafTech, UCAR SNC, La Lechere,
France) was used as a working electrode. An Ag/AgClI (saturated 20
KCI) electrode was the reference, while a Pt wire served asacounter 5
electrode. Before modification of the electrode with NB solution,

the graphite was abraded with SiC paper. Thereafter, alONB 10

solution was imposed on the electrode surface, and the film was . .

formed by spontaneous spreading. The thin-film-modified electrode 0 0100 0200 0300 0400 o0S00 0600 o700 0800
was submerged into the aqueous solution, containing 0.1 mol/L Evs SCE/V

Li>SO, as a supporting electrolyte and 5 mmol/L lithium salt of the - Figure 2. Net SW voltammograms measured for the oxidation of
transferring anion, that is, By I, ClO;~, NOs, SCN', and 3 2 mmol/L NB solution of LulBusPcl, deposited as a microfilm
CH;COO™; CI~ was avoided because of its strong chemical affinity  at the surface of an edge plane pyrolytic GE accompanied by the
toward DMFC". transfer of various anions from water to NB. Besides the redox
Impedance spectra were measured using an FRA Solartron modeprobe, the organic phase contained 0.1 mol/L TOPTPB. The aqueous
1250, Solartron Instruments, UK. The frequency of the sinusoidal phase contained 0.1 mmol/L of the corresponding anion and 0.25
potential varied from 0.5 Hz to 10 kHz, with an amplitude of 20mV. mol/L Li,SO, as a supporting electrolyte. Cations in the aqueous
Prior to applying the sinusoidal potential modulation, the electrode phase were Nafor CI~, 17, NO;~, and CHRCOO; NH,* for SCN;
was equilibrated for 180 s. The measured and simulated impedanceand Li* for CIO,~ and Br. The voltammogram corresponding to
spectra were analyzed with the help of EQUIVCRT software. The Sulfateionswas recorded only inthe aqueous supporting electrolyte.
stability of the system was checked by performing consecutive cyclic The parameters of the potential modulation were frequérey.
voltammetry prior to and after the impedance measurements. TheHZ; amplitudeEs, = 50 mV; and step of the potential modulation
surface area of the GE was 0.01%hwas assumed that the /N~ dE = 0.15 mV.
interface of the thin-film electrode had the same surface area as the . .
GE. With this value, the charge-transfer resistance was estimatedV®'® partlc_ularly well developed, with St"f‘ble peak currefﬂtg)(
for all studied anions. and potentialsky) as well as half-peak width\Ep2) for given
2.2. Square-Wave VoltammetryIn these experiments, Liju,- experimental conditions. Being proportional to the energy of the
PC]Z was used as a redox probe_ LBI{|4PC]2 was Synthesized as anion transferfrotho NB?the pOSItIOﬂ Ofthe V0|'[amm0gram8
described elsewhefé#2 All other chemicals were of high purity ~ depends onthe nature of the transferring anion. The peak potentials
and used as purchased. The redox compound was dissolved in watershift toward more positive potentials when the hydrophilicity of
saturated NB (2 mmol/L). Besides the redox compound, the NB the transferring anions is increased (see Figure 2). Hence, the
contained 0.1 mol/L tetraoctylphosphonium tetraphenylborate (TOPT- transfer of the supporting electrolyte ions does not interfere with
PB) as an organic supporting electrolyte. TOPTPB was prepared bythe transfer of the corresponding anion. Analogous results were
metathesis of tetraoctylphosphonium bromide (Aldrich) and sodium obtained using DMFC as a redox probe and black graphite as
tetraphenylborate (Merck). _a working electrode (data not shown). The electrochemical
A disk electrode (0.638 cm diameter) of edge plane pyrolytic gxidation of both redox compounds at the thin organic film-

graphite was used. The preparation of the electrode and its yogified electrodes can be described by the following general
pretreatment is described elsewh&®ne microliter of the NB scheme:

solution was deposited on the GE, and the film formed by spontaneous
spreading. The thin-film-modified electrode was thenimmersed into
the agqueous solution containing 0.25 mol/L$O, as a supporting
electrolyte and 0.1 mmol/L of the transferring anion, that is;,,Cl
Br~, ClO,~, NO;~, SCN-, and CHCOO™. The cation was Nafor The overall process of reaction 1 couples the electron transfer
Cl, 17, NO;~, and CHCOO"; NH4* for SCN~; and Li* for ClIO,~ at the GE/NB interface (reaction 2) and the ion transfer at the
and Br. NB/W interface (reaction 3):

SW voltammograms were recorded using AUTOLAB equipment
(Eco-Chemie, Utrecht, Netherlands). A KCI saturated calomel Redyg = Ox+(NB) + e (GE/NB) (2)
electrode (SCE) was used as a reference, and a Pt wire was used
as an auxiliary electrode.

For both types of experiments, NB-saturated water (Millipore Q)

was used for preparing all aqueous solutions. All experiments were )
performed at room temperature. Although the latter two processes occur at separate interfaces,

they are simultaneous and cannot be separately identified. If the
. . ion transfer proceeds according to a pure electrochemical
Figure 2 shows net SW voltammograms for the oxidation of achanism, excluding any chemical interactions between the
Lu[tBusPcl in a thin NB film deposited on the surface of an g6y probe and the transferring ion, the ion transfer kinetics is
edge plane pyrolytic GE measured in contact with an aqueous gy pected to be independent of the chemical nature of the redox
electrolyte containing various anions. All voltammetric curves probe. Moreover, if the ion transfer is the rate-limiting step, the
kinetics of the overall reaction 1 will depend on the nature of
the transferring anion. To provide evidence for these assumptions,

Redyg) + X ) = 0x*(NB) +X g te (1)

X" w) =X (g (NB|W) 3)

3. Results and Discussion

(41) Pondaven, A.; Cozien, Y.; L'Her, Mlew J. Chem1992 16, 711-718.

(42) L'Her, M.; Pondaven, A. liElectrochemistry of Phthalocyanind&adish,
K., Guilard, R., Smith, K., Eds.; The Porphyrin Handbook. Phthalocyanines:
Spectroscopic and Electrochemical Characterization; Academic Press: New York,  (43) Electrochemical Data Base. http://dcwww.epfl.ch/cgi-bin/LE/DB/Inter-
2003; Vol. 16, pp 11#170. rDB.pl.
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C,CEMNB Table 1. Parameters of the Randles-Type Equivalent Circuit of
Figure 3 Obtained by a Nonlinear Least-Square Fit to the
H Impedance Data for Different Anions

NEIW transferring CyC&NE  RoNB  CyNBW  RpW Ret zw
_| r Ca ion WF)  kQ) @)  (kQ) (KQ) (kQ)
{ } CH,COO" 175 420 450 080 080 14.00
Br- 500 240 7.00 1.80 0.60 16.50
RW I 10.00 3.00 2600 050 040  3.70
Q NOs~ 310 190 450 070 0.80 18.10
SCN- 410 190 730 120 155 885
zv clo, 6.40 250 410 155 160 14.70

Figure 3. The equivalent circuit describing the electrochemical the experimental system. The parameters of the semicircle regions
features of the thin organic film-modified electrode, for the case Of the Nyquist plots in Figure 4, appearing in the high-frequency
when the redox probe in the organic phase is in an excess comparedegions, mainly reflect the effect of the charge-transfer resistance
to the transferring ion in the aqueous phase, and when the kineticsdue to the anion transfer across the W/NB interface (inset of
of the overall process is controlled by the ion transfer across the L/L Figure 4B). Furthermore, in the lower frequency region, the major
interface. The elemerd represents the faradaic impedance in the egistance is due to the mass transfer. In this region, a linear

aqueous phase, which is a series of a charge-transfer residRafice ( ; ; ; ; '
and Warburg impedanc@(). Ro"® and Rq¥ denote the ohmic relationship between the imagina@/'j and the real par®®) of

resistance of the NB and the aqueous phase, respectively, Whereaghe i_mped_ances,_with a slope of 1, has been obs”erved for all
C4CEMNB andCyNBW refer to the capacity of the double layers at the studied anions (Figure 5). In all cases, the ploig @ff Z'' versus

GE/NB and NB/W interfaces, respectively. the square root of the inverse angular frequency’@) are lines
within the low-frequency region, as expected for systems
the kinetics of the anion transfers will be studied with two controlled by diffusion mass transfer (data not shown). The last
intrinsically diverse electrochemical techniques operating under finding can also serve as an indicator that no adsorption
different experimental conditions. phenomena take place at the W/NB interface.
3.1. Anion Transfer Kinetics Measured by EIS Spectros- For estimating the stancjard rate constants of anion trapsfers
copy.The equivalent circuit representing the thin-film-modified ~ (ks), the charge-transfer resistanBg)at the equilibrium potential

electrode immersed in an aqueous electrolyte solution is assumed!@S been evaluated (Table 1). For this purpose, the common
to be composed of two parallel Randles circuits: one for the r€lationship between the charge-transfer resist&e@nd the

organic phase, and the other corresponding to the aqueous phasg*change currentlq) has been usedR. = RT/(Flo). At
(Figure 3). Such a circuit, however, can further be simplified due €auilibrium potential at the thin-film electrode, the exchange
to the following reasons: First, the electron exchange standardCurrent is defined as

rate constant of ferrocene and its derivatives in an organic . «

electrolyte solution is within the interval of-410 cm s ;*4thus lo=FSk expee)cx,,, (4)

it is significantly faster than the expected rate of the ion transfers _ ) _

across the liquid interfacde’2” Second, in the present experimental WhereSis the surface area of the W/NB interface, ghis the
arrangement, the bulk concentration of the transferring ion transfer coefficient. The relative potential at equilibrium condi-
(ck,,) Is at least 1 order of magnitude lower than that of the tions at the thin-film electrode is defined as

redox probe o). Thus, besides the kinetics, the overall mass F o

transfer regime at the thin organic film-modified electrode is $eq= giFeq ™ Ec) (5)
controlled by the transferring ion. Because of these arguments,

the faradaic element of the Randles circuit for the organic phaseE,, is the equilibrium potential between the GE and the water
can be omitted since it gives negligible resistance. Therefore, thephaseE.” is the formal potential of the overall reaction 1, defined

equivalent circuit representing the thin organic film-modified g EY = Bl rea + AW 9% WhereE2 r.qand Al gy are the

electrode is simplified to a type that is shown in Figure 3. Itis standard potential of the redox couple in the NB solution and
worth noting that this circuit is usually exploited to characterize the standard potential of the ion transfer from W to NB,

multilayer coated electrode syste#is? The faradaic element  respectively. Furthermore, at equilibrium conditions, the Nernst-
(Zr) in Figure 3 consists of a series of a charge-transfer resistanceype equation holds:

(Re) and a Warburg impedance elemefyt); The charge-transfer

resistance is due to the kinetics of the ion transfer across the RT. (Conx=o(Cx o xet
WI/NB interface, while the Warburg impedance element represents E=El et AN @) + = In—un 2 (5)
the resistance due to the mass transfer of the anions. Note that F (CRed)x=0(CX(W))x=L

if the conditionc;“((w) < Chuec is not fulfilled in the experiments, N

the equivalent circuit given in Figure 3 does not provide reliable Wherex =0 andx = L denote the positions at the GE and the

results. W/NB interface, respectively (Figure 1). As the experiment is
Shown in Figure 4 are the experimental Nyquist impedance Performed under the conditiod < Cgeq the equilibrium

plots for the transfer of several anions, and the correspondingPotential is defined as

theoretical plots simulated on the basis of the equivalent circuit RT

given in Figure 3. Parameters of the equivalent circuit obtained Eeq= B wreat Aw 0% — F IN(C* gedCY @)

by fitting to the impedance data are givenin Table 1. In all cases,

the fitting between the experimental and theoretical data is very wherec.= 1 mol/L is the standard concentration. A combination

good, withan err?rofhless than 5%.Th|isimf|i>lie§thaththef equivalenft of eqs 7, 5, and 4 yields the final expression for the exchange
circuit is correctly chosen, accurately reflecting the features of o, rat 2t the thin-film electrodes:

44) Mirkin, M. V.; Richard, T. C.; Bard, A. JJ. Phys. Chem1993 97, — * —B
76§})7677. v 3 I0 - FSI%(CRec(Cs) CX(W) (8)
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Figure 4. Nyquist impedance plots representing the oxidation of DMFC in the organic film accompanied by the simultaneous transfer of
ClOs~ (A), SCN (B), and NQ~ (C) from water to NB. The NB solution contained 0.01 mol/L DMFC and 0.05 mol/L TOATPB, while

the aqueous phase contained lithium salt of transferable anions at a concentration of 5 mmol/L, and 0.1 0klad ia supporting
electrolyte. The experimental and theoretical data are designated witarid “O”, respectively. The simulations were performed on the
basis of the equivalent circuit given in Figure 3. The inset of panel B represents the fitting in the high-frequency region for the transfer of

SCN-.

The estimated values of the standard rate constants of ionFor this, it has been assumed tffat 0.5. As shown in Table
transfer based on eq 8 are listed in the last column of Table 2.1, the charge-transfer resistance is dependent on the nature of



Anion Transfer Kinetics Across a W/NB Interface Langmuir, Vol. 22, No. 7, 26d@69

-7000 -

-6000 A (2

-5000 (1)

-4000 -

-3000 <

zZ"IQ

-2000 -

-1000 -

O A A A A 'l A
0 1000 2000 3000 4000 5000 6000 7000 8000

Z'1Q
Figure 5. The dependence between the imaginaty) @nd the real partZ) of the impedance for the transfer of SCL) and NQ~ (2)
in a low-frequency region. The experimental conditions are the same as those in Figure 4.

Table 2. Analysis of the Voltammetric Response and the and hence the current flowing through the system, is dictated by

Quasireversible Maximums Measured by the Oxidation of the slower step, which, in general, can be either the electron

Lu[tBusPc], in the Presence of Different Anions in the Aqueous  (reaction 2) or the ion transfer (reaction 3). When the ion transfer
Phase is the rate-determining step, the following condition at the NB/W

crit. interface holds:
freq. SWV EIS
transferring  Ep AEpz  fmax ke x 107 ks x 107 [
ion (mv) (mv) (Hz) (cms?) (cms™) ES™ ks eXp(B(PNB/W)[(Cx(W))x=L - eXp(_<I0NE;/W)(Cx(NB))x:L]
CH,COO™ 584+12 1424+ 10 39 2.26+0.23 3.26+0.16 9)
Cl- 605+5 12248 70 2.99+0.30
Br 541+13 15249 60 277028 4.34£0.22 Here, it is assumed that the Buttevolmer formalism holds for
I 41945 161+ 10 80 3.5740.36 6.52-0.33 ; S X L
NOs 508+ 8 164+ 10 20 160L016 326+ 016 th(_a ion transfer kmetlc_s, whefkis the transfer coefflu_ent, and
SCN- 462+3 1314+8 25 1.79+0.18 1.68+ 0.08 ks is a phenomenological standard rate constant of ion transfer
ClOos~ 397+8 143+3 15 0.98+0.10 1.63+0.08 in units of centimeters per second. For the meanings of all other

. . ) symbols and abbreviations, see Table 3. Note that the ion transfer
@ The standard rate constants listed in the fifth column were calculated ; dri by th lati tential diff t the NB/W interf
on the basis of eq 14 witkmax = 1.13+ 0.11 andD = 5 x 1076 cn? ISdrivenbyherelative potential difference atthe interface

s-1. The other conditions in both experiment and simulations were the defined aspnew = FIRTIA g — AW ¢%), whereAyPg is the
same as in Figure 7. The last column shows the standard rate constant§alvani potential difference between NB and W, axw(pi is
estimated by EIS with the aid of eq 8 and the charge-transfer resistanceshe standard potential of the anion transfer from W to NB.
listed in Table 1. The conditions of the EIS measurements &er6.01 (Cxu)x=L and Ex.e)L are surface concentrations of the

¢, T= 292 K, Cpyre = 10 mmol/L, amb;(w,h: 0.1mmol/L. Forboth  transferring ion at the L/L interface, which is positioned at a
g\g’v and EIS, it has been assumed that the transfer coefficintis  gistancex = L from the electrode surface. The relative potential
e difference at the NB/W interface is related with the relative

L . . . potential difference at the GE/NB interface through the following
the transferring ion, implying that the ion transfer is the rate- . ation:

determining step. The charge-transfer resistance has been
determined with an error of less than 5%.

3.2. Anion Transfer Kinetics Measured by SWV. For
extraction of the kinetic information from SW voltammetric
measurements, itis of critical importance to derive kinetic equation

that can valuably describe the kinetically controlled coupled hereE is th ial b h Ki | 9 d
electron-ion transfer reaction 1 at the thin organic film-modified  WN€r€Ecewls the potential between the working electrode an

electrode®®45Both charge-transfer processes 2 and 3 are coupledthe water phase that is potentiostati(’:ally controlled during the
by virtue of the same current. The rate of the overall process, Voltammetric experiment. Recall thif is the formal potential

of the overall reaction 1, defined & = E2 g+ AN @527

(45) Komorsky-Lovri¢ S.; Lovri¢, M. Cent. Eur. J. ChenR005 3, 216-224. The conversion rate of the redox couple at the GE/NB interface

Pceme T Pnew = Poew (10)

Here, pcemw is the relative potential difference between the
GE and the water phase definedjasw = F/IRT(Ecew — Eﬁ),
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Table 3. List of Symbols and Abbreviations

symbol meanings of the symbols and abbreviations units
b ion transfer coefficient 1
C capacity F
Cox concentration of the oxidized form mol cth
CRed concentration of the reduced form mol tin
Ched bulk concentration of the reduced form mol ¢
Cxw) concentration of the transferring ion in the aqueous phase ol cm
Cxg) concentration of the transferring ion in the NB solution molém
Cx bulk concentration of the transferring ion in the aqueous phase nTol cm
D" diffusion coefficient crist
AN standard potential of ion transfer from water to NB \Y
de scan increment mV
E potential
Eew amplitude of the potential modulation mV
E"OX/Re J standard redox potential \%
SW frequency st
z impedance W
fnax frequency associated with the position of the quasireversible maximum 1 s
F Faraday constant C/mol
j dimensionless potential 1
lo exchange current A
| current A
Alp real net peak current A
K dimensionless kinetic parameter 1
Ks standard rate constant cm's
L thickness of the film cm
Ro resistance W
R gas constant Jmol K™t
r concentration ratio 1
S electrode surface area eém
T thermodynamic temperature K
X distance cm
AY, dimensionless net peak current 1
(x = 0) is controlled by the current, hence derived according to the procedure derived previot&siyhe
final numerical solution of eq 13 was derived according to the
0Creq 0Coy [ modified step-function methat.
Dlox o™ Plax )eo ~ FS (11) Numerical solution revealed that the apparent reversibility of

the overall reaction depends on the dimensionless kinetic

The physical meaning of eqs 9 and 11 is that the rate of both ParameteK = ky(Df)~*?and the concentration ratio= (cx )/
charge-transfer processes 2 and 3, proceeding at separatcr.), wherecy —andcgqare the bulk concentrations of the
interfaces, is identical. However, the surface concentrations of transferring ion and the redox probe, respectively. Over the
the Red and Ox forms are related to the relative potential differenceinterval of—2 < log(K) < 1, reaction 1 appears quasireversible.

at the GE/NB interface as follows: As shown in Figure 6, within the quasireversible region, the
dimensionless net SW peak currefitl{ ;) depends parabolically
(Cowx=0= (Credx=0 EXP@ceND) (12) on log(), reaching a maximum for a certain critical value of the
kinetic parametermay. Note that the dimensionless net SW
A combination of egs 9, 10, and 12 yields peak current is defined @s¥, = Aly/(FSc;.qv/Df), whereAl,
is the real net peak curreritjs the frequency of the potential

I (Conyo | * modulation, and the other symbols have their usual meaning.
FS™ ks eXPBPcem) W The parabolic dependence of the dimensionless net SW peak
Red/x=0, current on the kinetic parameter is the most intriguing property
(€ )iy — eXpl ) (Codx=o € ) (13) ofthe overall reaction at the thin organic film-modified electrode
Xy x=L Peemw. (Credreo X gy ¥=L known as a “quasireversible maximum”. The origin and the
behavior of the quasireversible maximum are elaborated on in
detail elsewheré®® The importance of the quasireversible
maximum stems from the fact that it can be exploited for
estimation of the standard rate constant in a simple proce-

The latter equation is a basis for the simulation of the kinetically
controlled coupled electrerion transfer reaction 1 at the thin-
film-modified electrode, when ion transfer is the rate-limiting 39 40.48
step. For derivation of a numerical solution based on eq 13, the dUre=""> _ . . .
concentrations of both forms of the redox couple at the electrode _Additionally, Figure 6 shows theoretical quasireversible
surface, as well as the concentrations of the transferring ion atMaximums simulated for various thickness of the film. Obviously,

the L/L interface, are required. The diffusion of the transferring (1€ Position of the maximum, and hence the critical kinetic

ion in the aqueous phase proceeds under semi-infinite conditions ParameteKmay, is virtually independent of the film thickness.

Thus, the solution of the surface concentration of the ion at the Thisis of particularimportance sinénaxis used for egtimatjon
L/L interface, €x.,)x-L, is well-known38 The diffusion of both of the standard rate constant. On the other hand, the film thickness
’ w)/X=Ly .

forms of the redox couple, as well as that of the transferring ion (46) Mirceski, V. J. Phys. ChemB 2004 108 13719-13725
in the organic phase, occurs within the limited boundaries of the (47} wirceski. V. J. Electroanal. Chem2003 545 29-37.
thin film. The mathematical solutions for these species can be  (48) Komorsky-Lovric S; Lovrié, M. Anal. Chim. Actal 995 305, 248-255.
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Figure 6. Theoretical quasireversible maximums simulated for the Figure 7. Quasireversible maximums measured by the oxidation
film thickness varying from 2 to @m. The other conditions of the ~ ©f an NB solution of LufBu.,Pc}, deposited as a microfilm at the

: . X _ x _ surface of an edge plane pyrolytic GE, corresponding to the transfer
simulations weres;, = 0.1 mmol/L, Cyeq= 4 mmol/L, 3 = 0.5, : g
f=10 HzD = 1 9 95 oy 5L, amplitudeEsy = 50 mV, and of anions indicated on the graph. The data forsCBO™ and Br

ial = corresponds to the right ordinate. All other conditions are the same
potential step B = 10 mV. as those in Figure 2.

's not known a_ccurately n Fk_\e experimental *analy'i%lksl.nder in the numerical simulations, the quasireversible maximum has
selected experimental conditions, thatfs, < Creq theoverall — peen constructed by varying the frequency of the potential
mass transfer regime is predominantly controlled by the semi- qqyation. In this approach, the simulations and the experimental
infinite diffusion of the transferring ion, and the effect of the film analysis were performed in the same way. In the simulations, it
thickness on the dimensionless response is insignificant. For\yas assumed th&t = 5 x 106 cr 51 andB = 0.5, whereas
these reasons the critical kinetic paramétgs, associated with  {he other conditions were the same as those in the experiment
the position of the quasireversible maximum, is almost inde- (rigyre 7). The estimated values for the standard rate constants
pendent of the film thickness, as depicted in Figure 6. for the transfer of studied ions across the W/NB interface are
In the experimental analysis, one inspects the variation of the |isied in Table 2. The estimates are with a precisios-aD%.
ratio Al,f'2 with the frequency of the potential modulation. e correlation between the kinetic data measured with EIS

Note that this ratio corresponds to the dimensionless net SW 44 that measured with SWV is associated with the following
peak current. The ratialf~?reaches a maximum for a certain linear regression liney = 1.839& — 0.0053 R= 0.925). The

< = A oy . = 1.839¢ =0.9:
critical frequency fmay that satisfies the criterioky(Dfimax) intercept of the regression line is close to the idealized value 0,

= Kmax Therefore, different reactions will be associated with i gicating a good agreement between the kinetic parameters
different positions of the quasireversible maximum, provided ggtimated by EIS and SWV.

their stgndard rate constants are not identicgl. Therefpre, Rigorously speaking, the kinetic data measured with two
cfalcula'glngthe critical I_<|net|c parameter_onthe ba_s_ls of numerical electrochemical methods under corresponding experimental
simulations and experimentally measuring the critical frequency, ¢4 jtions should be identical. The differences in the rate constants
the s_tandard rate constant can be estimated through the S'm'Okﬁsted in Table 2 could originate from various sources. For instance,
relation in EIS, the true exchange current measured at equilibrium
conditions at the W/NB interface could be slightly affected by
ks = Kinaxy/ Dfmax the partition concentration of the transferring ion, for example,
ClO4~. Moreover, during EIS measurements at high frequencies,
Figure 7 shows a few experimental quasireversible maximums it is likely to assume the impact of a resistance originating from
for different anions, while the complete analysis of all quasire- sources other than the ion transfer reaction. This uncompensated
versible maximums is presented in Table 2. The quasireversibleresistance could also slightly affect the SW voltammetric
maximums observed for different transferring anions clearly measurements, although care was taken to recognize and avoid
confirm that the anion rate transfer is the determining step. In this effect?® In addition, in SWV, one should be aware of the
the analysis of the quasireversible maximums, besides the netdiscrepancy in the current sampling procedure used in a real
SW peak current, both peak potentials and half-peak widths wereexperiment and simulations. In the latter case, a single potential
carefully inspected. As shown in Table 2, the variation of these pulse is divided into 25 time increments, and the current is
parameters does not exceetlo mV for all anions. Theseresults  measured in the last point, whereas, in the real experiment, the
satisfy the criteria to distinguish between the effects of the charge- current is measured at several points within a time interval at the
transfer kinetics and the uncompensated resist&hwhijch is end of the potential pulse, and then an integrated value is
of critical importance for accurate estimation of the kinetic reportect®
parameters. The standard rate constants for the anion transfer
have been estimated on the basis of eq 14 using the valig.f
=1.13+ 0.11, determined by numerical simulations. Note that,

(14)

Conclusion

The current study confirmed that thin organic film-modified
electrodes are simple and valuable experimental tools for the
measurement of ion kinetics transfer across the L/L interface.

(49) Mirceski, V.; Gulaboski, R.; Scholz, B. Electroanal. Chen2004 566,
351-360.
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These electrodes, in combination with hydrophobic redox liquid interface cannot be electrically polarized by the help of

compounds such as DMGC or LtBusPch, enable assessment potentiostat. The polarization of the liquid interface that drives

of the kinetics of strongly hydrophilic ions that are not accessible the ion transfer reaction is a consequence of the electrode reaction

with other electrochemical methods. Both EIS and SWYV provide at the electrode/organic solvent interface. In the four-electrode

consistent kinetic data and confirm that ion transfer is the rate- experiment, the ITIES is electrically polarized by the help of two

determining step in the overall coupled electraon transfer reference electrodes. Hence, the electric properties of the liquid

reaction. interface in these two experimental arrangements are expected
The estimated rate constants are all close to 0.01¢mirs to be different, which might be a reason for the slight differences

agreement with other methods, different ions are characterizedin the ion-transfer rate constants.

with similar rate constants. Although kinetic data for the transfers

of CI=, Br~, 1=, NOs~, and CHCOO™ across the W/NB interface Acknowledgment. R.G. thanks the Fundae para a Ciacia
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