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Abstract

The interface between two immiscible electrolyte solutions (ITIES) is ideally suited to detect
redox-inactive ions by their ion transfer. Such electroanalysis, based on the Nernst-Donnan
equation, has been predominantly carried out by amperometry, cyclic or differential pulse
voltammetry. Here, we introduce a new electroanalytical method based on AC voltammetry
with inherent advantages over traditional approaches such as avoidance of positive feedback
iR compensation, a major issue for liquid|liquid electrochemical cells containing resistive
organic media and interfacial areas in the cm? and mm? range. A theoretical background
outlining the generation of the analytical signal is provided and based on extracting the
component that depends on the Warburg impedance from the total impedance. The quantitative
detection of a series of model redox-inactive tetraalkylammonium cations is demonstrated,
with evidence provided of the transient adsorption of these cations at the interface during the
course of ion transfer. As ion transfer is diffusion limited, by changing the voltage excitation
frequency during AC voltammetry, the intensity of the Faradaic response can be enhanced at
low frequencies (1 Hz) or made to disappear completely at higher frequencies (99 Hz). The
latter produces an AC voltammogram equivalent to a “blank” measurement in the absence of
analyte and is ideal for background subtraction. Major opportunities therefore exist for the
sensitive detection of ionic analyte when a “blank” measurement in the absence of analyte is

impossible. This approach is particularly useful to deconvolute signals related to reversible
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electrochemical reactions from those due to irreversible processes, which do not give AC

signals.

Introduction

The trace analysis of redox-inactive ions impacts a broad range of fields including
biomedical diagnostics,? environmental monitoring,®* and the agricultural industry.®
Electroanalytical methods have the advantages of ease of miniaturisation and device portability
for on-site analysis, relatively low-cost per analysis, short response times, and high sensitivity.
Electrochemistry at an interface between two immiscible electrolyte solutions (ITIES) is
ideally suited to detect ions through the generation of an electroanalytical signal by transfer of
the ionic species across a polarised aqueous|organic (w|o) interface.®’ lon transfer is initiated
by changing the relative interfacial concentrations of the ion, i, on either side of the wjo
interface (c;,—o/Ci%=0) Upon external manipulation of the interfacial Galvani potential
difference (Ag'¢ / V) using a four-electrode or two-electrode electrochemical cell for
macrolTIES or micro-/nano-ITIES experiments, respectively. This process is described by the
Nernst-Donnan equation:®’

AYP = AYGE + Sin (=) @

ZiF Ci,x=0

where A‘(’,"d)ie' is the formal transfer potential of the ion, and z; is the charge on that ion. It is
important to state that the Nernst-Donnan equation depends on the interfacial concentrations
of the ion at both sides of the interface, i.e, when x=0. The physical model assumes that a two-
dimensional interface exists. Therefore, the thickness of the interface is equal to zero and x=0
is the position of the plane that separates both liquid phases. Thus, the soft ITIES plays the role
typically occupied by a classical solid-state working electrode (e.g., gold, glassy carbon, or
indium tin oxide (ITO)) as the transducer in the electrochemical cell.

Examples of redox-inactive ions quantitatively detected by their reversible ion transfer
across the ITIES include drugs, such as cocaine,® propranolol,®** metoprolol,'? daunorubicin®®
topotecan,'* antimicrobial drug ions (quinolones and sulfonamides)®® and fluoroquinolone
antibiotics,® neurotransmitters and neuromodulators such as dopamine,'’-2! acetylcholine,?*-%
tryptamine,?® serotonin?®® and gamma-aminobutyric acid,?’ pathogenic bacterial quorum
sensing molecules such as 4-hydroxy-2-heptylquinoline (HHQ) and 2-heptyl-3,4-

dihydroxyquinoline (pseudomonas quinolone signal, PQS),® and heavy metal ion
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environmental toxins such as Pb(I1),2®° Cd(11)*#2°35 and Cr(V1).>¢3" Comprehensive
overviews of recent developments in this fast-evolving field can be found in reviews by

Arrigan,®®# Dassie,*? Herzog,* Lee,** Shen*® and their co-workers.

The primary electrochemical techniques used to date to generate the electroanalytical
signal at the ITIES in the presence of redox-inactive ions are amperometry*®>2 and
voltammetry (cyclic voltammetry (CV)216285355 and differential pulse voltammetry
(DPV),21405657 regpectively). Successful application of these methods to achieve precise
quantitative analysis at the macrolTIES can be hampered by the presence of interfering
capacitive currents, background currents due to residual ion transfer of the aqueous electrolyte
across the full polarisable potential window (PPW), and the inherently high resistance of a
liquid|liquid (L|L) electrochemical cell due to the presence of an organic phase.*®*° The most
successful approach to date to overcome these limitations, achieving in some cases sub-
nanomolar quantification of organic or inorganic ions, is the combination of interfacial
miniaturisation to the micro- or nano-scale and differential pulse stripping voltammetry
(DPSV),30:4360-66

Herein, to improve the relationship between the electroanalytical signal at the
macrolTIES and concentration of redox-inactive ions present, a new approach has been
developed using alternating current (AC) voltammetry, also known as potentiodynamic
electrochemical impedance spectroscopy (PEIS) at a single frequency. While AC voltammetry
has been used extensively to support mechanistic analysis of ion adsorption and transfer at the

ITIES,58596788 jts application for quantitative analysis has been overlooked.

Conventional AC voltammetry uses AC current as an analytical signal. However, in
this article, we describe an approach to define a novel analytical signal by extracting from the
total impedance the component that depends only on the Warburg element. The latter is a
function of the interfacial ion concentration and diffusion coefficient, as well as the
temperature, and serves as the “analytical signal” herein. A key advantage of electrochemical
impedance spectroscopy (EIS) over amperometry, CV, DPV or square wave voltammetry
(SWV) is that it avoids the use of positive feedback iR compensation, which reduces the
stability of the potentiostat and may lead to severe ringing or oscillation, especially when
macrol TIES (with cm? or mm? interfacial areas) are used. This latter effect may be particularly
detrimental when using a L|L electrochemical cell due to the high resistance of the organic

phase electrolyte. Thus, applying AC voltammetry as an electroanalytical technique has major



potential to enhance the robustness of electrochemical sensors designed using soft macrol TIES

as the transducer.

Experimental Section

Materials. All chemicals were used as received without further purification. All
aqueous solutions were prepared with ultrapure water (Millipore Milli-Q, specific resistivity
18.2 MQ-cm). Bis(triphenylphosphoranylidene) ammonium chloride (BACI, 97%) and lithium
tetrakis(pentafluorophenyl)borate diethyletherate ([Li(OEt2)]TB) were obtained from Sigma-
Aldrich and Boulder Scientific Company, respectively.
Bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate (BATB) was
prepared as reported previously.”® Tetramethylammonium chloride (TMACI, 98%),
tetraethylammonium chloride (TEACI, 98%) and tetrapropylammonium chloride (TPACI,
98%) were obtained from Sigma-Aldrich. The organic solvents a,a,o-trifluorotoluene (TFT,
99%) and 1,2-dichloroethane (DCE, 99.8%) were obtained from Acros Organics.

Cyclic voltammetry and electrochemical impedance spectroscopy (EIS) at the
ITIES. Electrochemical experiments were carried out at an aqueous|TFT or aqueous|DCE
interface using a four-electrode configuration (the geometric area of the L|L interface was 1.60
cm?), see Figure S1. To supply the current flow, platinum counter electrodes were positioned
in both the aqueous and organic phases. The potential drop at the L|L interface was measured
by means of silver/silver chloride (Ag/AgCl) electrodes, which were connected to the aqueous
and organic phases, respectively, through Luggin capillaries. Calibration of the voltammetry

to the Galvani potential scale was achieved by assuming the formal ion transfer potential

(AY $O"™~°) of TMA* to be 0.311 V at the aqueous|TFT interface®® and 0.160 V at the
aqueous|DCE interface.”® The general configuration of the cell is outlined in Scheme 1. From
this point on, we specify only the composition of the aqueous and organic phases as all other

elements of the four-electrode electrochemical cell were kept constant.

X UM tetraalkylammonium
cation(s) AgCl|Ag
10 mM LiCl

1 mM BACI| 5 mM BATB

Ag|AgCll 10 mm Lict| TFT or DCE



Scheme 1. The general configuration of the four-electrode electrochemical cell used for cyclic
voltammetry, electrochemical impedance spectroscopy (EIS) and AC voltammetry
measurements. The aqueous electrolyte composition was varied between studies. The organic
electrolyte solution was either a,a,a-trifluorotoluene (TFT) or 1,2-dichloroethane (DCE)
containing 5 mM bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)-

borate (BATB) as the supporting electrolyte.

Electrochemical impedance spectroscopy (EIS) spectra were measured using an
Autolab PGSTAT204 potentiostat, equipped with a FRA32M frequency response analyser,
connected to a four-electrode electrochemical cell. The AC amplitude was 10 mV and the
frequency range was between 0.1 and 300 Hz. The upper limit of the frequency range was
restricted to 300 Hz because at higher frequencies the electrolytes do not behave as an ideal
resistors.®® The potentiostat was connected to an uninterruptible power supply (APC by
Schneider Electric) to ensure voltage stability and remove an inductive artefact at high
frequencies. The differential capacitances and imaginary parts of the Warburg element at
different applied voltages were measured using AC voltammetry (also known as PEIS at a
single frequency) at frequencies between 1 and 100 Hz and assuming that the cell behaves as
a Randles circuit. The step potential for the latter experiments was 10 mV. The working

temperature was 20 + 2 °C.

Results and discussion

The limitations of voltammetry at the ITIES for electroanalysis. A cyclic
voltammogram of the reversible ion transfer of the redox-inactive tetraalkylammonium cations
TPA" and TMA* at the macrolTIES is shown in Figure 1a (solid black line). Comparison with
the blank cyclic voltammogram (solid red line) demonstrates the challenge associated with
deconvoluting the Faradic currents, that constitute the analytical signal, from the interfering
capacitive and background ionic currents.>® The capacitive currents change significantly with
the applied Ay ¢ (Figure 1a) and the background ionic current changes depending on the chosen
width of the potential range (Figure 1b). Thus, in the absence of a clear baseline, an accurate
quantitative analysis of the tetraalkylammonium cation concentration with high accuracy

through measurement of the peak heights is not feasible.
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Figure 1. (a) Cyclic voltammograms obtained in the absence (solid red line) and presence of
3.3 uM TPA" and 3.8 uM TMA? (solid black line) in the aqueous phase. (b) The effect of the
width of the potential range on the background currents of the voltammograms. The
concentrations of the tetraalkylammonium cations were 20 uM TPA* and 23 uM TMA®,
respectively. The configuration of the four-electrode electrochemical cell was as described in

Scheme 1 with TFT as the organic solvent. The scan rate used was 25 mV-s™,

Theoretical background underpinning the use of AC voltammetry at the
macrol TIES for electroanalysis. Impedance data provide a much more nuanced and complete
description of an electrochemical system in comparison to standard voltammetry experiments,
the underlying reasons for which are summarised eloguently in the opening introduction to
Chapter 10 of “Electrochemical Methods, Fundamentals and Applications” by Bard and

Faulkner.” Thus, to thoroughly understand the four-electrode electrochemical cell described



in Scheme 1, EIS spectra were taken at the A‘(’,chie"""_’O of TMA* (0.311 V) and TPA* (0.013
V) at the aqueous|TFT interface (see Figure S2 and Table S1). These EIS spectra were

simulated using the equivalent circuit shown in Scheme 2. The total impedance (Z) of this

circuit is:
_ ZwZc
Z =R+ 2)
—-1/271_; 1/2
7 =R.+ ow [1 ](1+2de o)] (3)

57 (1+2cqwl/2o+20(Cq0)?)

where the Warburg impedance Zy, = o(1 — j)w~%/? and the capacitance Z, = 1/jwC,. The

term j = ,/(—1), w is the angular frequency, Cy is the differential capacitance of the double

layer and o is the Warburg coefficient. In turn, the real (Zr.) and imaginary (Z;,,) impedances

are
o
ZRe - RS + (w¥2(1+2Cqw1/20+2w(C40)?)) (4)
_ 1+2Cqw/ %0
Zim = G((a)l/Z(1+zcdw1/20+2w(Cd0)2))) ©)

Equations (4) and (5) show that Zi. depends on the electrolyte resistance, R, whereas
Zim 1S independent of this value. Therefore, as Z;,, does not depend on the electrolyte
resistance, it is far more suited to electroanalytical applications at the ITIES than Zg.. Thus,
taking into account the equality o = 1/Y,v/2, where Y, is the Warburg admittance factor, the
elements Z. and Zyy in the equivalent circuit are accounted for in the simulation by the
parameters C4 and Y,, respectively. The values of the different parameters (R, Cq and Yy)
obtained after fitting are shown in Table S1, with low errors in each case as determined from
the non-linear fitting process between the experimental data and the equivalent circuit shown
in Scheme 2 using the NOVA software of the Autolab PGSTAT204 potentiostat.
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Scheme 2. The equivalent circuit used to simulate the electrochemical impedance spectra
obtained at a polarised aqueous|TFT or aqueous|DCE interface using a four-electrode
configuration as described in Scheme 1. Ry is the solution resistance, Zy, is the Warburg

impedance, and Z. is the interfacial capacitance.

In controlled-potential electrochemical methods, the uncompensated solution
resistance, R, causes two problems: a potential control error due to iR drop and a slow cell
response due to a finite cell time constant.”? In the case of a macrolTIES, a significant source
of error is the compensated or uncompensated ohmic potential drop due mainly to the organic
electrolyte solution resistance.>® Table S1 shows that the total solution resistance, R, of the
L|L electrochemical cell used herein is ca. 1 kQ, in agreement with previous studies.>®
However, as the value of the charge transfer resistance, R, is more than two orders of
magnitude lower,’ it is too small to calculate from the EIS spectra and it was not taken into
account in the model to simulate the EIS spectra (see Scheme 2 and Table S1).Thus, although
in previous studies the Faradaic impedance (Zg) at the ITIES was written as the sum of R, and

Zw, > herein it is represented by solely Zyy.

The deconvolution of Zy,, which depends on the interfacial analyte concentration at the
ITIES, can be carried out as follows. First, o, the Warburg coefficient, is a parameter defined

as:

1 + 1

RT
0= Z?F2A2 0.0 W W (6)
t 1,Di Cix=0 1,Di Cix=0



where A is the area of the L|L interface, D; and D;" are the diffusion coefficients of i in the

aqueous or organic phase, respectively, z; is the relative charge of the transferred ionand R, T,
and F have their usual meanings. At A‘(’,"cpie""‘”o, Cy=0 = Ci%=o and the interfacial ion
concentration is assumed to be c%_, = (c/hux/2). In this sense, Equation (6) can be

simplified to:

2RT 1 1
7~ Gt e | Too " o @
Equation (7) clearly shows that the inverse of o is proportional to the bulk concentration at

A§V¢?"W*°. Taking only the imaginary part of the impedance (Z;,), the term gamma (y) is

calculated as follows:

2
y=— 1 _ 1 2w(Cq40) (8)

wZm  wY%0  cwl/2(1+2C40120)

If 2Cw'/?c > 1 and, as noted earlier, ¢ = 1/Y,V/2, the y term is simplified to:

_ YoV2

T wl/2

+ Cq4 9)

Equation (9) indicates that at a certain frequency w, determined experimentally for any four-
electrode cell configuration studied, AC voltammetry can be used in the presence of an ionic
analyte to calculate vy as a function of Af¢. On the other hand, the C4 vs. Ay ¢ curve can also

be calculated using the same technique in the absence of any analyte (the “blank” scan).
Yov2

wl/2

Subtracting C4 from y (at each A’ ¢ value) yields the term that is effectively the analytical

signal. For clarity, the treatment of raw AC voltammetry dataset in this manner is outlined in

the Supporting Information (see Tables S2 & S3).

A key point when using AC voltammetry for electroanalytical applications with L|L
electrochemical cells is to recognise that not all L|L interfaces behave the same. The theoretical
model (i.e., the equivalent circuit described in Scheme 2) used herein is optimal for use with
similarly behaving aqueous|TFT and aqueous|DCE interfaces. However, if other L|L interfaces
are formed, in particular for more complicated systems with realistic analytical matrices such
as river water|organic, serum|organic or urine|organic interfaces, a new equivalent circuit must
be determined for each that accurately simulates the EIS spectra. Such an equivalent circuit in
a realistic sample may need to introduce elements that consider the accumulation or adsorption

of different species, such as proteins or surfactants, at the L|L interface or currents arising from
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electron transfer as well as ion transfer processes. Furthermore, many species may transfer at
the same Ay’ ¢. Then, using the optimal theory for the chosen L|L interface, deconvolution of

the analytical signal can be done using AC voltammetry as described in this article.

Proof-of-concept experiments using AC voltammetry at the ITIES to
quantitatively detect redox-inactive ions. The y vs. Af ¢ curve obtained by AC voltammetry
at a frequency of 1 Hz in the presence of two tetraalkylammonium cations (TPA" and TMA")
is shown in Figure 2a (solid black line). The Faradaic signals are clearly superimposed upon
the purely capacitive curve (solid red line) obtained with an identical cell configuration in the
absence of the tetraalkylammonium cations. The intensity of the Faradaic response in the y vs.
AY ¢ curve depends on the chosen frequency for AC voltammetry, with the highest intensity
and a stable baseline observed with 1 Hz (Figure 2b). The intensity dropped significantly upon
choosing progressively higher frequencies of 5 and 99 Hz, respectively. Indeed, the intensity
of the Faradaic response is so low at 99 Hz, that this frequency can be chosen to measure Cy4
with good accuracy even in the presence of the tetraalkylammonium cations. lon transfer is a
diffusion-limited process. Thus, a low frequency of 1 Hz in AC voltammetry will provide a
sufficiently long time-frame of voltage excitation to enhance any reversible Faradaic ion
transfer signal (and vice versa for high frequencies). Nevertheless, during each 10 mV step-
potential, the effect of the excitation frequency will depend on the ion's nature (e.g., charge,

solvation or diffusion coefficient).
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Figure 2. (a) y vs. Ay ¢ curves obtained in the absence (solid red line line) and presence (solid
black line) of 6.8 uM TPA* and 7.7 uM TMA" in the aqueous phase. The frequency used to
obtain the AC voltammograms was 1 Hz. (b) The effect of the applied frequency on the AC
voltammetry. All y vs. Ay ¢ curves were obtained in the presence of 22.7 uM TPA* and 25.9
uM TMA", respectively. The configuration of the four-electrode electrochemical cell was as
described in Scheme 1 with TFT as the organic solvent. The minimal effect of the applied

frequency on the AC voltammetry of blank electrochemical cells, in the absence of TPA* and
TMAY, is shown in Figure S3.

Control “blank” experiments were carried out, with Cq vs. Ay ¢ curves obtained for the
electrochemical cell at different frequencies, from 1 to 99 Hz, in the presence of only
supporting electrolytes in each liquid phase (Figure S3). No artefacts were associated with

these blanks, with all curves showing minimal deviations of the interfacial capacitances
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between —0.2 V and 0.3 V. At the edges of the potential range the deviation is higher due to the

contribution of background ionic currents, which are more important at low frequencies.

Figure 2a also shows that the background ionic currents® observed in Figure 1a are not
detected by AC techniques, i.e. the baseline at the edges of the potential range come from only
capacitive currents and are very stable (Figure S3). A further key point is that AC voltammetry
can detect only reversible electrochemical reactions, and thus Figure 2a only shows reversible
processes such as the charge and discharge of the interfacial capacitor and the ionic transfer of
TMA" and TPA". Irreversible processes do not give an AC signal and quasi-reversible

processes lead to a small AC signal.

YoV2

wl/2

A gquantitative analysis was performed by measuring analytical signal Vs. AY ¢

curves in the presence of increasing concentrations of TPA™ and TMA®, respectively (Figure
3a). The baseline and peak positions were found to be very stable and the peak shapes were
highly symmetrical. Such characteristics are ideal for analytical applications and, indeed, plots
Yov2

wl/2

of the tetraalkylammonium cation concentrations vs. the analytical signa yielded good

linearity over the concentration range of 2 — 30 uM studied. (Figure 3b).
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Figure 3. (a) Analytical signal vs. Ay ¢ curves in the presence of increasing concentrations

of TPA* and TMA" in the aqueous phase. (b) Linear fitting between peak height and the
concentration of TMA* (solid red circles) or TPA* (solid black diamonds). Statistical data of
linear trend estimations are provided in Table S4. The configuration of the four-electrode
electrochemical cell was as described in Scheme 1 with TFT as the organic solvent. The

frequency used to obtain the AC voltammograms was 1 Hz.

The limit of detection (LOD) and limit of quantification of TMA™ are 0.5 uM and 1.6
uM, respectively. For TPA" those values are 1.3 uM and 4.4 uM, respectively. The LOD and
the limit of quantification were taken as 3 and 10 times the standard deviation of the peak
heights, respectively. To our knowledge, these are the best LODs of any electroanalytical
technique using macroscopic (centimeter sized) L|L interfaces reported to date for the detection

of tetraalkylammonium cations. Cyclic voltammetry can typically only achieve LODs >10 uM
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for tetraalkylammonium cations,” while the previous state-of-the-art was an LOD of 5.9 uM
for the detection of TMA™ using square wave voltammetry (SWV) at an aqueous|nitrobenzene
interface,’® still ten times higher than demonstrated herein with AC voltammetry. Other
electroanalytical techniques, such as DPSV combined with gellifying the organic phase (to
implement a pre-concentration step) and interfacial miniaturisation to the micro- or nano-scale
can achieve superior LODs, in the sub-nanomolar range, based on ion transfer across the
ITIES.5% However, both DPSV® and in particular SWV® suffer from less stable baseline

signals and asymmetry of the peak shapes, complicating the accurate calculation of
A‘qubie"w"", the peak heights or areas in comparison to that achieved by AC voltammetry.
The diffusion coefficient of an ion in TFT can be calculated if (i) the diffusion

coefficient in water is known and (ii) using Equations (7) and (8), the slopes of the trendlines

in Figure 3b (m) are determined. The working equation is:

2m?R*T?w DYDY

= (10)

"

For example, taking into account that the slope (m) for TMA* in Sl units is 15.1 C?-m-mol*.J-

Land the diffusion coefficient of this ion in water at 293 K is 9.5 x 101° m?.s%," the calculated
diffusion coefficient of TMA*in TFT is 6.6 x 1029 m2.s* at 293K. Using the reported diffusion
coefficient for TPA* in water at 25 °C of 8.2 x 101 m? s%,"® and slope of 13.1 C2-m-mol*-J*!
from Figure 3b, the calculated diffusion coefficient of TPA* at 293 K in TFT is 4.5 x 101 m?
s, As expected from the respective mobilities of the ions in water, the diffusion coefficient of
TMA is also higher than that for TPA* in TFT. Furthermore, both diffusion coefficient values
in TFT are lower than those in water since the TFT viscosity is higher than water viscosity at
293 K, which are 0.5740 N s m? and 0,001 N s m respectively.”® To our knowledge, the
diffusion coefficients of tetraalkylammonium ions in TFT have not been reported previously.
However, comparisons of the above values to those reported in nitrobenzene (2.7 x 1071% m?.s”
! for TMA* and 4.5 x 10° m?.s* for TPA*)® are quite reasonable. In this regard, the
consistency of the above calculations shows that the proposed methodology to quantify the
tetraalkylammonium ions is very precise and also very useful to measure physical constants

such as the diffusion coefficients of ions in both liquid phases.

Exploring the limitations of AC voltammetry at the ITIES for electroanalysis.
YoV2

wl/2

Despite the stable baseline observed for the analytical signal

vs. A'¢ curves in the
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presence of increasing concentrations of TPA* and TMA" (Figure 3a), the linear fitting of the
peak heights vs. concentration of tetraalkylammonium cations reveals a negative intercept for
both TPA™ and TMA™ (Figure 3b and Table S4). This may be attributed to modest changes in

the baseline in the presence of the tetraalkylammonium cations at Ay ¢ values corresponding

to their Agvgbi@"W*O values. However, the baseline remains fully stable at applied Af ¢ values

away from the Faradaic signals, e.g., in the range —0.30 V < Ay'¢» < —0.15 V in Figure 3a.

In order to study the stability of the baseline during ion transfer, EIS spectra were taken

at A‘(’,"d)ie"‘”*o values of 0.311 V and 0.013 V for TMA* and TPA®, respectively, with
increasing tetraalkylammonium cation concentrations in the aqueous phase. The double-layer
capacitance (Cy) of the polarised L|L interface was calculated by fitting the EIS spectra at each
cation concentration to the equivalent circuit shown in Scheme 2. In both cases, C4 increases
with the tetraalkylammonium cation concentrations (Figure 4). The values of the different
parameters (R, C4q and Y;) obtained after fitting for each concentration of TPA* and TMA" in
the aqueous phase are shown in Table S1, with low errors in each case. Furthermore, as a
representative example, the excellent match between the experimental impedance spectra and

modelled equivalent circuit is shown in Figure S2 with 22.7 uM TPA" in the aqueous phase.
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Figure 4. Double-layer capacitance (C4) of the L|L interface at the formal ion transfer

potentials (AY¢S""~°) of TMA* (0.311 V; solid red circles) and TPA* (0.013 V; solid black
diamonds), respectively, vs. their concentration in the aqueous phase. The configuration of the

four-electrode electrochemical cell was as described in Scheme 1 with TFT as the organic
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solvent. Using the equivalent circuit described in Scheme 2, the maximum error obtained in

the estimation of the capacitance was 1%.

The Gouy-Chapman-Stern model predicts that C4 increases with the ionic strength.®
However, the concentrations of the tetraalkylammonium salts are more than two orders of
magnitude lower than the supporting electrolyte. This suggests that the ionic strength is not
changing to a significant degree, and the observed increases in C4 may instead be due to the
transient adsorption of the tetraalkylammonium cations at the interface during the course of the
heterogeneous ion transfer. Such transient adsorption events have been reported previously by
Samec and co-workers for tetraalkylammonium cations,® as well as for other ions such as the

Rose Bengal dianion,® and Erythrosine B dianions and Eosin Y dianions.34

The aqueous|TFT interface provides one of the widest accessible PPWs for polarised
ITIES studies.® On the other hand, the PPW of a polarised aqueous|DCE interface is
considerably shorter (Figure 5a). A cyclic voltammogram at the aqueous|DCE interface in the
presence of 2.56 uM TMA", 2.25 uM TEA" and 2.25 uM TPA" in the aqueous phase is shown
in Figure 5b. As described earlier, cyclic voltammetry does not allow a clear deconvolution of
the Faradic currents related to each tetraalkylammonium cation. Also, as evident from the
cyclic voltammograms, TPA* undergoes ion transfer far closer to the negative edge of the PPW
at the aqueous|DCE interface (Figure 5b) than is the case at the aqueous|TFT interface (Figure
1a).

16



1.0 T T T T T T T T T T T
(a) —— Aqueous | TFT electrochemical cell (b) Blank (Aqueous | DCE)
—— Aqueous | DCE electrochemical cell 1.0 ——2.25uM TPA", 2.25 uM TEA" & 2.56 uM TMA"
0.5
S— — TMA"
& & 0.54
= IS
© 0.0 9
< < oo
SN SN
Ry ~
e 1 -051
-1.0 T T T T T T T -1.0 T T T T T T T
-0.3 -02 014 00 01 02 03 04 05 -02 -01 00 041 02 03 04 05
w w
Ay¢ (V) Ay¢ (V)
T T T T T T 35 T T
c) o TPA* N d = + Increasing [TPA']
( ) £ 30 TMA q ( )N 30 4 Increasing [TEA"] Pind =
TEA® e e Increasing [TMA'] i
= © 254 : ¢ u
= 5 Ui »=0.089"+0.824x- 1230, .~
— e - 5 o -2
i = 20+ R:=0.997 \"’b )= 1.800x - 2102
o < A R?=0.997
0 i % 15 2
— ,;;“
S i 10 AT y=1.803r-2772
= © ’,;:';’:’5‘ R®=0.994
E 0 &’ 54 ,,;'l’,'"’ =l
c 0. %
[
< T ) T T T T T 0 T T T T
-02 -01 00 01 02 03 04 05 0 4 8 12 16 20
Ag (V) [Tetraalkylammonium cation] (uM)

Figure 5. (a) Comparing the width of the PPW obtained by cyclic voltammetry using the
configuration of the four-electrode electrochemical cell described in Scheme 1 with either TFT
(black solid line) or DCE (red solid line) as the organic solvent. The scan rate used was 25
mV-s (b) Cyclic voltammograms obtained in the absence (solid red line) and presence of 2.25
uM TPA*, 2.25 uM TEA™ and 2.56 uM TMA" (solid black line) in the aqueous phase. The
Yov2

wl/?

scan rate used was 25 mV-sL. (c) Analytical signal vs. Ag'¢ curves in the presence of

increasing concentrations of TPA*, TEA™ and TMA" in the aqueous phase. The frequency used
to obtain the AC voltammograms was 1 Hz. (d) Linear fitting between peak height and the
concentration of TMA* (solid red circles), TEA* (solid blue triangles) or TPA* (solid black
diamonds). Statistical data of linear trend estimations are provided in Table S5. In panels (b),
(c) and (d), the configuration of the four-electrode electrochemical cell was as described in

Scheme 1 with DCE as the organic solvent.

A quantitative analysis was performed at the aqueous|DCE interface by measuring
Yov'2

s VS Ay ¢ curves in the presence of increasing concentrations of TPA®,

analytical signal

TEA®™ and TMA", respectively (Figure 5c). Plots of the tetraalkylammonium cation
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concentrations vs. the analytical signa yielded good linearity over the concentration range

of 2 — 18 uM studied for TMA* and TEA®, but not TPA* (Figure 5d and Table S5).
Interestingly, the quality of the linear fitting decreases in the order TMA* > TEA* > TPA™. The
shorter PPW at the aqueous|DCE interface will inevitably lead to some analyte ions transferring
nearer the positive and negative potential extremes, where interfering processes such as ion
transfer of the aqueous background electrolyte may hamper the analytical performance of AC
voltammetry. In this regard, Figures 5¢ and d can be interpreted as showing that the baseline
for the TPA™ Faradaic response is affected by current related to background chloride (CI)
transfer. Furthermore, the concentration of the interfering CI~ species will increase as the
concentration of the tetraalkylammonium chloride salts increase. In addition, the adsorption of

increasing concentrations of tetraalkylammonium cations can reduce the interfacial surface

tension at all Ay'¢ values, but in particular at potentials approaching their A‘(’)"¢i9"w"°. A
reduced interfacial surface tension will enhance the ease of ion transfer of both the
tetraalkylammonium cations and background electrolyte species leading to deviations in the
linearity of the analytical response over the concentration range. In particular, the adsorption

of the more hydrophobic TPA* at the water|n-hexane interface has been well characterised.®

Electroanalysis with AC voltammetry at the ITIES when “blank” measurements
with zero concentrations of analyte are not possible. In real sample matrices, a blank may
not always be possible due to the presence of trace concentrations of the analyte in the media,
e.g., as is often the case with metallic ions in drinking water.8” A successful approach pioneered
by Bonfil et al.°! to circumvent the need for a “blank” to enhance the resolution of the
Faradaic responses for a mixture of analytes and/or lower the limits of detection (LOD) was
the development of subtractive anodic stripping voltammetry (SASV This technique involves
carrying out an initial voltammetric scan using a preconcentration time, t, for periods in the
order of minutes, followed by a second scan under the same experimental conditions but using
no preconcentration time (t = 0). The latter effectively acts as the “blank” scan and is subtracted
from the first scan. Herein, Figure 2b clearly demonstrates that Faradaic vs. capacitive
processes at the ITIES can be easily differentiated by running a series of AC voltammograms
using progressively higher applied frequencies. Thus, in a similar vein to SASV, one AC
voltammogram can be obtained at an initial frequency that maximises the Faradaic response (1
Hz in Figure 2a) and a second at another frequency that maximises the capacitive response (99

Hz in Figure 2a). The latter AC voltammogram now effectively acts as the “blank™ to generate
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— 17z in situations when a “blank”™ with zero concentration of analyte, e,

the analytical signal =

Yov2

wl/2

Cq4 in Equation (9), is not available. The excellent correlation between the analytical signal

vs. Ay ¢ curves generated by subtracting the AC voltammograms obtained either (i) in the
absence of ions at 1 Hz (solid black line), or (ii) in the presence of ions at 99 Hz (dashed black
line), from the AC voltammogram obtained in the presence of the ions at 1 Hz is shown in

Figure 6.
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Figure 6. Analytical signal °1/2 vs. Ay ¢ curves in the presence of 22.7 uM TPA* and 25.9 uM

YoV2
wl/?

TMAT in the aqueous phase. To generate the analytical signal

2 vs. Ay ¢ curves, background

subtraction was carried out with either a y vs. AY' ¢ curve obtained at 1 Hz in the absence of
TPA* and TMA" in the aqueous phase (solid black line) or a y vs. Ay ¢ curve obtained at 99
Hz in the presence of TPA* and TMA* (dashed black line). The configuration of the four-

electrode electrochemical cell was as described in Scheme 1 with TFT as the organic solvent.

Conclusions

Herein, we provide the theory underpinning, and experimental demonstration of, AC
voltammetry as an outstanding electroanalytical technique to quantitively analyse redox-
inactive ions at the macrolTIES. To our knowledge, the LODs achieved are the best of any
electroanalytical technique using such macroscopic (centimeter square sized) L|L interfaces

reported to date for the detection of tetraalkylammonium cations (specifically TMA™ and
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TPA™). The analytical signal is based on extracting the component that depends on the Warburg
impedance (Z,,) from the total impedance (Z). The former is a function of the interfacial ion
concentrations and diffusion coefficients. The quantitative detection of a series of model redox-

inactive tetraalkylammonium cations, each of differing hydrophobicity and therefore formal
ion transfer potential, A‘(’,"cpie"w_“’, is demonstrated as a proof-of-concept. It was also

demonstrated that this experimental approach is very useful to measure the diffusion coefficient

in one phase if the diffusion coefficient in the other phase in known.

To investigate the stability of the baseline during ion transfer, the double-layer

capacitance (Cq) of the polarised L|L interface was determined (by taking EIS spectra at

,2W—0

potentials matching the A‘(’)chl.e' values for each cation) and found to increase in the
presence of increasing cation concentrations. The latter was attributed to the transient
adsorption of the tetraalkylammonium cations at the interface during the course of ion transfer.

Transient adsorption may affect the linearity of the analytical response by reducing the

interfacial surface tension, in particular at potentials approaching the A§V¢i9"w"°, and thereby
enhancing the ease of ion transfer of both the tetraalkylammonium cations and background
electrolyte species. Nevertheless, the analytical signal generated using AC voltammetry has a

more stable baseline and symmetrical shape than achieved with SWV® allowing highly

accurate determination of Aqubie"‘”_’o, the peak heights or areas.

As is the case for all electroanalytical techniques at the ITIES, the linearity of the
analytical response decreases for analyte ions that transfer near the edges of the polarisable
potential window (PPW) due to current related to background electrolyte (Li* or CI") transfer.
In this regard, for a shorter PPW achieved by replacing the o,a,a-trifluorotoluene phase with
1,2-dichloroethane, the quality of the linear fitting decreases in the order TMA* > TEA* >
TPA.

The modulation of the intensity of the Faradaic response due to ion transfer by changing
the voltage excitation frequency during AC voltammetry opens major opportunities for the
sensitive detection of ionic analyte under circumstances when a “blank” measurement in the
absence of analyte is impossible. AC voltammetry will allow the deconvolution of interfering
signals due to irreversible processes, which do not give AC signals, from those related to
reversible ion transfer of a target analyte ion. Future work will focus on developing a deeper
understanding of the effect of the AC excitation frequency on the Faradaic response for ions

with substantially different nature’s (e.g., charge, solvation or diffusion coefficient). The
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ultimate goal is to achieve the selective enhancement of the Faradaic response of the ionic
target analyte, while “tuning out” the Faradaic signal of an interferent by manipulating the

voltage excitation frequency.

Supporting Information

Schematic and image of the glassware of a four-electrode electrochemical cell, representative
EIS spectrum and table of EIS parameters obtained at the formal ion transfer potential of the
tetraalkylammonium cations, treatment of a raw AC voltammetry dataset to yield the analytical

signal, blank AC voltammograms as a function of the applied frequency.
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