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Development of Voltammetric Double-Polymer-Modified Electrodes for Nanomolar lon
Detection for Environmental and Biological applications
Yushin Kim, PhD

University of Pittsburgh, 2014

Qualitative and quantitative electrochemical methods for trace ion analysis of organic and
inorganic species with environmental and biological attention have been developed and reported
during past decades. The development of fast and accurate electrochemical methods is critical
for field applications with various blocking contaminants. Voltammetric method is attractive not
only to analyze selective ion species due to its characteristic based on ion lipophilicity, but also
to lower the limit of detection by combining with stripping analysis. In my PhD work, | have
developed and studied a highly selective and sensitive electrochemical method that can be used
to characterize fundamental transport dynamics and to develop electrochemical sensors at
liquid/liquid interfaces based on electrochemically-controlled ion transfer and recognition. The
understanding of the kinetic and thermodynamic properties of the voltammetric ion transfer
through polymer-modified ion-selective electrodes leads to realize the highly selective and
sensitive analytical method. The ultrathin polymer membrane is used to maximize a current
response by complete exhaustion of preconcentrated ions. Therefore, nanomolar detection is
achieved and confirmed by a thermodynamic mechanism that controls the detection limit. It was
also demonstrated experimentally and theoretically that more lipophilic ionic species gives a
significantly lower detection limit. The voltammetric method was expanded into inexpensive and
disposable applications based on pencil lead modified with the thin polymer membrane. In the
other hand, micropipet/nanopipet voltammetry as an artificial cell membrane was used to study

iv



the interface between two immiscible solutions for environmental and biomedical applications. It
is very useful to get quantitative kinetic and thermodynamic information by studying numerical
simulations of ion transfer and diffusion. Molecular recognition and transport of heparin and
low-molecular-weight  heparin  drove by hydrophobic receptors were examined
thermodynamically and demonstrated that the selectivity for sensor applications is influenced by
the interfacial interactions. Also, we found that a new heparin ionophore enables voltammetric

extraction of heparins with various average molecular weights.
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1.0 INTRODUCTION

In my PhD work, | have developed and studied a highly selective and sensitive electrochemical
method that can be used to characterize fundamental transport dynamics and to develop
electrochemical sensors at liquid/liquid interfaces based on electrochemically-controlled ion
transfer and recognition. In the first chapter, a highly selective analytical method based on a
voltammetric ion-selective electrode is developed to detect perchlorate at nanomolar level in
drinking water for an emerging environmental contamination problem. The perchlorate-selective
electrode with the low detection limit based on thin polymer membrane supported with a
conducting polymer modified solid electrode is enabled by ion-transfer stripping voltammetry
under rotating electrode configuration. The ultrathin polymer membrane serves as the first thin-
layer cell to maximize a current response by complete exhaustion of preconcentrated perchlorate
during stripping step, which is validated by theoretical models. The developed electrochemical
method is utilized in Chapter 3. Herein, we demonstrate experimentally and theoretically that
more lipophilic ionic species gives a significantly lower detection limit for both cationic and
anionic species. Chapter 4 highlights the inexpensive and disposable electrode based on pencil
lead modified with the thin polymer membrane. The simple electrodes allow detecting
perchlorate in drinking water with a linear current response to 100-1000 nM, which is below an
interim health advisory level set by the U.S Environmental Protection Agency. Chapter 5 and 6

present the investigation of voltammetric extraction of heparin and low-molecular-wight heparin



by micropipet voltammetry. Based on a greater understanding of interfacial recognition and
sensing of heparin, we found that a new heparin ionophore enables voltammetric extraction of
heparins with various average molecular weights. By full characterization of facilitated heparin
extration, we suggest that cooperative effects from strong binding capability and high
lipophilicity of this ionophore are required for the formation of a neutral and lipophilic complex
of a heparin molecule with multiple ionophore molecules, which indicate the importance of

ionophore design. My contributions in this work include designing and synthesizing ionophores.



20 STRIPPING ANALYSIS OF NANOMOLAR PERCHLORATE IN DRINKING
WATER WITH A VOLTAMMETRIC ION-SELECTIVE ELECTRODE BASED ON

THIN-LAYER LIQUID MEMBRANE

This work has been published as Y. Kim and S. Amemiya, Anal. Chem., 2008, 80, 6056-6065.

2.1 INTRODUCTION

Public concern about perchlorate in the environment has steadily increased in recent years.' In
addition to its natural existence, perchlorate is widely used as an oxidant in solid rocket fuel,
matches, fireworks, automobile airbag-inflation systems, and a variety of other industrial
applications including the production of dyes, paints, and rubber.? Recently, the trace amount of

perchlorate (1-100 ppb, i.e., ~10-1000 nM) was found in drinking water,> human and cow’s

milk,®> and produce. The potential health effects associated with perchlorate include the
disruption of the thyroid function.’> The active uptake of iodide in the thyroid as mediated by
Na*/I" symporter is blocked or competes with perchlorate.®” The resulting reduced production of
iodine-containing thyroid hormones can impair the gland development as seen in the conditions

of hypothyroidism or hypothyroxinemia. Pregnant women, children, and people with a



compromised thyroid function are particularly at risk. Currently, the U.S. Environmental
Protection Agency (EPA) sets the action limit of 24.5 ppb (—~246 nM) perchlorate in drinking

water.®

Only a few of the various methods of perchlorate analysis® are sensitive enough for the
trace analysis of perchlorate in drinking water samples. lon chromatography with a suppressed
conductivity detector has been recommended by the EPA (Methods 314.0%° and 314.1). Two-

dimensional ion chromatography lowers the detection limit of perchlorate to 55 ng/L (~0.55

nM).'? Electrospray ionization mass spectrometry (ESI-MS), which requires ‘*Oenriched
perchlorate as an internal standard, is also employed as the detector of liquid or ion
chromatography (Method 331.0" or 332.0,** respectively). The detection limit by ESI-MS can

be lowered to 20-25 ng/L (~0.20-25 nM) by introducing a dicationic postcolumn reagent, which

forms the positively charged complex with a perchlorate molecule in the gas phase to increase
the selectivity and sensitivity of the ESI-MS detection.”>'® On the other hand, direct
spectroscopic and electrochemical approaches, which are desirable as the field methods of trace
perchlorate analysis, suffer from low sensitivity. Raman scattering gives a detection limit of only
1 pg/mL, while colorimetry or spectrophotometry usually requires the ion-pair extraction of
perchlorate and dye molecules.’ The perchlorate reduction at a solid electrode is the slow process
based on a complicated stepwise mechanism, thereby rendering perchlorate kinetically redox-
inactive.!” The conductive polypyrrole film coated on a solid electrode was used only for the
electrochemical sampling of perchlorate, which was detected by ESI-MS.*®

During the past decade, potentiometry with liquid-membrane ion-selective electrodes
(ISEs) has been extensively explored to enable the electrochemical detection of trace ions

without their electrolysis.*® The transmembrane flux of an analyte ion from the internal solution



to the sample solution was discovered as the origin of biased detection limits.” Several
approaches to lower the detection limits by the control of the transmembrane ion flux have been
developed for various ions.21 In fact, a detection limit of 18 nM perchlorate in deionized water
was obtained by potentiometry using the plasticized poly(vinyl chloride) (PVC) membrane
doped with lipophilic quaternary ammoniums as anion exchangers.?> The potentiometric
perchlorate-selective electrode, however, possesses a much higher detection limit than the EPA
methods and has not been applied for the analysis of real samples. Moreover, potentiometric
ISEs generally give a nonequilibrium response® to an analyte ion at a low activity, which is
readily depleted at the membrane/sample solution interface by exchange®! or coextraction?® with
an interfering ion. The resulting nonequilibrium response compromises not only a detection
limit?® but also the selectivity because of the convoluted response to both analyte and interfering
ions. Slower interfacial equilibration at a lower analyte activity results in a prolonged response
time of even a few hours.?*®

Here we report on a voltammetric ISE with low detection limits of 0.2-0.5 nM
perchlorate in deionized water, commercial bottled water, and tap water. Specifically, the
submicrometer-thick plasticized PVC membrane spin-coated on the poly(3-octylthiophene)
(POT)-modified gold electrode (Figure 1)% is operated in the mode of ion-transfer stripping
voltammetry®’ under a rotating electrode configuration. In contrast to conventional stripping
voltammetry based on the redox reaction of an analyte at a mercury or a solid electrode, ®ion-
transfer stripping voltammetry enables the detection of perchlorate without its electrolysis. With
this operation mode, a constant anodic potential is externally applied to the gold electrode such
that aqueous perchlorate is preconcentrated into the thin PVC membrane while the underlying

POT film is oxidized to mediate the charge transport between the ionically conductive PVC



membrane and electronically conductive gold electrode (Figure 1a). After this preconcentration
step, the potential is swept to the cathodic direction such that the reduction of the oxidized POT
film is coupled with stripping of the concentrated perchlorate molecules from the membrane

phase into the aqueous sample to obtain the enhanced ionic current response (Figure 1b). In

26,29 30-45

comparison to previous studies by us and others, the thinner liquid membrane spin-
coated on a solid support serves as the first thin-layer cell for ion-transfer stripping voltammetry
to maximize the stripping current response by the total exhaustion of the preconcentrated
perchlorate molecules from the membrane. Theoretical models are developed and validated
experimentally to assess the diffusion and preconcentration of perchlorate in the thinlayer liquid
membrane. This stripping approach offers advantages against traditional ion-selective

potentiometry in a detection limit, a response time, and selectivity.
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Figure 2-1. Scheme of ion-transfer stripping voltammetry with the thin PVC membrane coated on the POT-

modified gold electrode for (a) the preconcentration and (b) the stripping (detection) of perchlorate. X+ and Y- are

organic supporting electrolytes while M+ is an aqueous cation.



22 THEORY

2.2.1 Model

A theoretical model was developed to quantitatively assess ion diffusion in a solid-supported
liquid membrane by cyclic voltammetry. The model is analogous to that of a thin mercury film
electrode.”®*” The diffusion problem based on the model was solved using COMSOL
Multiphysics version 3.4 (COMSOL, Inc., Burlington, MA), which applies the finite element
method. The simulation accuracy of this software package for two-phase diffusion processes was
demonstrated previously.***° Calculation of each CV took <10 s on a workstation equipped with
a Xeon 3.0 GHz processor unit and 5.0 GB RAM with Linux. The original and dimensionless
forms of the problem and the example of a numerical simulation are available as Supporting
Information.

The geometry of the liquid membrane sandwiched between an aqueous solution and a
solid electrode is defined in a linear coordinate, x, vertical to the interfaces. An ion with the
charge Z', i%, is initially present only in the aqueous solution. The simple transfer of the ion is
defined by

Equation 2-1 i% (aqueous phase) == i (membrane phase)

The current based on this ion transfer, i, was numerically calculated by solving the diffusion
problem and normalized against the peak current on the forward scan, ip.. The simulated peak
current agrees with the value expected for the reversible voltammogram based on semi-infinite

linear diffusion as given by°



3
Equation 2-2 i, = 0.4463(E—szi3/2A1/DW CoVV

where F is Faraday’s constant, A is the interfacial area, D,, and ¢, are the diffusion coefficient
and concentration of the ion in the bulk aqueous phase, respectively, and v is the potential sweep
rate. The normalized current, i/i,s, was plotted with respect to |zj4¢, where Ag is the

overpotential at the liquid membrane/sample solution interface defined as
Equation 2-3 Ap=A"¢—A" g0
where A7 ¢ is the Galvani potential difference between the membrane and aqueous phases, and

AT ¢? is the formal ion transfer potential at the membrane/water interface.

2.2.2 Cyclic Voltammetry at Thin Liquid Membranes

The diffusion problem was solved for the nernstian transfer of an anion at the interface between
the liquid membrane and sample solution (Figure 2a). The wave shape on the anodic potential
sweep is identical with the shape of the reversible wave based on the semi-infinite linear
diffusion of transferred ions in both membrane and aqueous phases.”® On the other hand, the
wave shape on the following cathodic potential sweep strongly depends on the dimensionless

parameter, o, given by

_ 12 [z|Fv
" D_ RT

m

Equation 2-4 o

where | is the membrane thickness and Dy, is the diffusion coefficient of the ion in the membrane

phase. This dimensionless parameter is equivalent to the square of the ratio of the membrane

thickness with respect to (D, RT /|zi|Fv)1’2, which represents the diffusion distance of the ion in



the membrane during a potential cycle. With > 100, i.e., | > 10(D,,RT /|z;|Fv)*?, the diffusion

distance is much smaller than the membrane thickness so that the nernstian CV is controlled by
the semi-infinite linear diffusion of the ion in both phases (red line in Figure 2a). With a smaller
o value of 10 (green line), the diffusion of the transferred ions in the membrane is hindered by
the solid support, thereby resulting in the larger cathodic peak current. The cathodic peak current
becomes even larger with o = 1 (magenta line), where the membrane serves as a thin layer cell.
The cathodic peak based on thin layer behavior is sharper and also shifts toward anodic
potentials so that the separation between the anodic and cathodic peak potentials becomes
narrower. A further decrease of ¢ to 0.1 (green line) results in the anodic shift of a whole CV
while its shape is identical in this regime of thin layer behavior (¢ < 1). Overall, a o value can be
determined uniquely from the shape of a reverse wave in the intermediate regime with 1 < ¢ <
100.

The ratio of diffusion coefficients in the aqueous and membrane phases, i.e., y = Dy/Dn,
affects the position of a nernstian CV. This ratio is much larger than 1 with the viscous
plasticized PVC membrane® used in this work. A CV shifts toward the anodic direction by 30/7'
mV for every decade decrease in y while the CV shape is independent of y and is determined
only by o (Figure 2b with o = 0.1). It should also be noted that the current response varies with
the square root of ¢ and y, which depend on v and D,,, respectively. These dependences are not
seen in parts a or b of Figure 2, where the current response is normalized against the anodic peak

current, ipa (eq 2).
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Figure 2-2. Simulated CVs based on the nernstian transfer of an anion at the membrane supported with a solid
electrode for (a) y = 1 and o = 100 (red), 10 (green), 1 (magenta), and 0.1 (blue) and (b) 6= 0.1 and y = 1 (red), 10

(green), 100 (magenta), and 1000 (blue).
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2.3 EXPERIMENTAL SECTION

2.3.1 Chemicals

Tetradodecylammonium (TDDA) bromide and 3-octylthiophene (97%) were obtained from
Aldrich (Milwaukee, WI). Poly(vinyl chloride) (PVC, high molecular weight) and 2-nitrophenyl
octyl ether (oNPOE) were from Fluka (Milwaukee, WI). Potassium tetrakis-
(pentafluorophenyl)borate (TFAB) was from Boulder Scientific Company (Mead, CO). All

reagents were used as received. TDDA-TFAB was prepared as reported elsewhere.?®

2.3.2 Electrode Modification

The 5 mm diameter gold disk attached to a rotating disk electrode tip (Pine Research
Instrumentation, Raleigh, NC) was chemically modified as follows. The gold electrode was
polished over polishing cloths containing the dispersions of alumina (0.3 and 0.05 um, Buehler,
Lake Bluff, IL) in water and cleaned by ultrasonication in concentrated dichromic acid and then
in water for 15 min three times. The poly(3-octylthiophene) film that is not readily soluble in
THF during spincoating of a PVC membrane was deposited on the polished electrode by cyclic
voltammetry®® using a three-electrode cell with a Ag/Ag" reference electrode (CH Instruments)
and a Pt-wire counter electrode. The film deposition was conducted in an acetonitrile solution
containing 0.1 M 3-octylthiophene and 0.5 M LiCIO,4 by cycling the potential between 0 and

1.22 at 0.1 V/s three times using a computer-controlled CHI 600A electrochemical workstation

12



(CH Instruments). The final potential was set to 0 V to obtain a neutral POT film. The modified
gold electrode was soaked in acetonitrile for 30 min and then in THF for 1 min to remove the
soluble fractions of the POT film.

A PVC membrane was spin-coated on the 5 mm diameter gold disk modified with a POT
film. A 30 uL. membrane cocktail with the composition of 4 mg of PVC, 16 mg of 0-NPOE, and
2.2 mg of TDDATFAB in 1 mL of THF was injected onto the gold disk rotated at 1500 rpm in a
spin-coating device (model SCS-G3-8, Cookson Electronics, Providence, RI). The modified gold

disk was removed from the spin coater and dried in the air for 30 min.

2.3.3 Electrochemical Measurement

The CHI 600A electrochemical workstation was used also for voltammetric measurements with
the solid-supported ISEs. A three-electrode arrangement with a Ag/AgCl reference electrode
(CH Instruments) and a Pt-wire counter electrode was employed. An electrochemical cell is as
follows:
Ag|AgCI| KCI (3M)|[x M LiClO4 in 0.1 M Li,SO4 (aq)|PVC membrane|POT|Au

The current carried by a positive charge from the aqueous phase to the P\VC membrane is defined
to be positive. All electrochemical experiments were performed at 22 + 3 °C. The perchlorate
concentrations are given in the Results and Discussion. Aqueous sample solutions were prepared
with 18.3 MQ cm deionized water (Nanopure, Barnstead, Dubuque, IA), tap water, or
commercial bottled water. The tap water sample was collected from the cold water tap of a
laboratory sink after the water was allowed to run for 15 min.

A Teflon tube with a cylindrical hole was put on the modified gold electrode tip for
cyclic voltammetry under a stationary condition to obtain a disk-shaped PVC membrane/water

13



interface with a diameter of 1.5 mm and an interfacial area of 0.0177 cm?. The tube was not used
for cyclic voltammetry or stripping voltammetry when the electrode was rotated by using a

modulated speed rotator (Pine Research Instrumentation).

24  RESULT AND DISCUSSION

2.4.1 Thin-Layer Liquid Membrane for lon-Transfer Stripping Voltammetry

This work is the first to demonstrate the thin-layer behavior of a liquid membrane for ion-
transfer stripping voltammetry. The potential advantages of such a thin-layer liquid membrane
are analogous to the well-established advantages of a thin mercury film electrode in anodic
stripping voltammetry.®* The efficient diffusion of analyte ions in a thin-layer liquid membrane
allows for exhaustively stripping the analyte ions from the membrane into the sample solution,
thereby maximizing the current sensitivity. In addition, the stripping current response based on
the total exhaustion of a thin-layer membrane has been considered to increase linearly with the
duration of a preconcentration step.*” On the other hand, the semi-infinite linear diffusion of
analyte ions in a thicker membrane results in the square-root dependence of the stripping current
response on the preconcentration time.** Also, the diffusive depletion in a thicker membrane
gives a broader stripping voltammogram with compromised sensitivity and selectivity.>

Our solid-supported voltammetric ISE (Figure 1) is designed so that the stripping current
response based on thin layer behavior is obtained despite slow ion diffusion in a viscous PVC
membrane. In this setup, thin layer behavior is observed at practical potential sweep rates by

using a submicrometer-thick PVC membrane while the ion-to-electron transduction between the
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membrane and solid support is mediated by the intermediate POT film. In contrast, the
conventional solid-supported PVC membrane doped with redox mediators must be much thicker
to sustain the substantial ionic current coupled with the electrolysis of the mediators at the
membrane/solid interface, thereby resulting in the semi-infinite linear diffusion of analyte ions in
the membrane phase.*”® Importantly, a plasticized PVC membrane is robust enough to be rotated
at fast rates so that the hydrodynamically enhanced mass transfer of analyte ions in the sample
solution accelerates the analyte preconcentration. On the other hand, the mediator-doped organic
solution interposed between a solid electrode and an aqueous solution is much less stable
mechanically and has not been employed for ion-transfer stripping voltammetry although fast ion
diffusion in the fluid organic phase with a thickness of tens of micrometers gives thin layer
behavior.”® In this work, we also demonstrate that the efficient mass transfer in the thin-layer
PVC membrane and sample solution in our voltammetric setup facilitates the theoretical analysis
of the stripping response.

Currently, the drawback of the voltammetric ISE based on a solid-supported liquid
membrane is that the potential applied to the solid electrode, E.yp, is distributed not only to the
liquid membrane/sample solution interface but also to the liquid membrane/solid junction.?®*® In
the case of our double-polymer system, the applied potential is distributed as given by?®

Equation 2-5 E., =Awcp+Ap—E

appl
where A% ¢ is the potential drop at the PVC/POT/gold junction, A° ¢ is the phase boundary
potential at the PVC membrane/sample solution interface, and Ers is the reference electrode

potential. The limited redox capacity of the POT film results in a substantial A%Y.¢ value,

although the charge transport at the junction is reversible.?
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The convolution® and numerical (see below) analyses of CVs at our voltammetric ISEs
demonstrate that both A%/“¢ and A4 varies linearly with Eqp, during a potential sweep. Thus,

the applied potential can be scaled to the potential at the PVC membrane/sample solution

interface as

A

Equation 2-6 AVCp—AVCY =(E, —E2 )T
OE o

app app

0

where A"C¢? is the formal ion-transfer potential at the PVC membrane/water interface and E
w i app

is the applied potential at A°Y®¢ = A"4" and can be determined from a nernstian CV with the

knowledge of y. The variation of aAF;)’ngﬁ/aEapp among different electrodes and during repeated

measurements, however, compromises the reproducibility of the actual potential at the
membrane/sample solution interface. Despite this complication, the actual potential must be
controlled precisely in stripping voltammetry when equilibrium is reached during a

preconcentration step (see below).
2.4.2 Demonstration of Thin-Layer Behavior by Cyclic Voltammetry

The diffusion of perchlorate in the spin-coated PVC membrane was assessed quantitatively by
cyclic voltammetry to demonstrate thin-layer behavior. The results of finite element simulations
in the Theory section predict that a liquid membrane serves as a thin layer cell in cyclic
voltammetry when o in eq 4 is equal to or smaller than 1. The slow ion diffusion in the viscous
PVC membrane requires a thin membrane for satisfying o < 1.

The transfer of perchlorate at the PVC membrane spin-coated on the POT-modified gold

electrode was studied by cyclic voltammetry at 1 and 0.1 V/s (parts a and b of Figure 3,
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respectively). The cathodic peak current is larger than the anodic one even at 1 V/s, where the
diffusion of perchlorate in the thin membrane is hindered by the solid support. As v decreases to
0.1 VJs, the cathodic peak current is further enhanced to be nearly doubled with respect to the

anodic one. Both CVs at 1 and 0.1 V/s fit well with the simulated nernstian CVs, thereby
yielding o = 4.2 and 0.42, D,, = 1.9 x 10® and 1.7 x 10™ cm?/s, and 0A7°4/0E,,, = 0.65 and

0.60, respectively. Importantly, o < 1 is required for the good fit of the CV at 0.1 V/s, indicating
that the spincoated PVC membrane serves as a thin layer cell at 0.1 V/s. In fact, the cathodic
peak based on the total exhaustion of the thinlayer PVC membrane at 0.1 V/s is sharper than the
cathodic peak based on the rather diffusive depletion at 1 V/s.

The thickness of the spin-coated PVC membrane was also estimated from the CV at 1
V/s to be 0.72 pm using eq 4 with the ¢ value and Dm ) 5.0 x 10® cm?/s (see Supporting

Information). While the spin-coated membrane is only ~4 times thinner than the conventional

drop-cast membrane with 3 pm thickness,”® the corresponding o value is ~ 16 times smaller for

the former membrane (eq 4) to give thin layer behavior at the practical potential sweep rate of
0.1 V/s. Also, the good agreements of the experimental CVs with the CVs simulated for a
homogeneous membrane confirm the negligible distribution of perchlorate into the underlying
POT film during a potential cycle at 0.1-1 V/s.

As predicted theoretically (Figure 2b), the CVs are dislocated anodically with respect to

AC¢2 , because of the much slower diffusion of perchlorate in the membrane than in the

aqueous sample (y = Dw/Dm = 3.4 x 102). The overpotential, A¢, defined as the difference

between A°Y¢¢ and Ai)’%&o; was obtained from the apparent overpotential of E,, —E  using

eq 6 with the E ) and 0A}“4/0E,, values determined from the numerical simulations (see the
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Figure 2-3. Experimental (red line) and simulated (O) CVs of perchlorate with the PVC membrane spin-coated on

the POT-modified gold electrode at scan rates of (a) 1 and (b) 0.1 V/s with 60 and 20 uM LiClQy, respectively.
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top of Figures 3 and 10). A larger anodic offset was observed with the spin-coated PVC
membrane at 0.1 V/s, where both anodic and cathodic peaks appeared at A¢ > 0.1V (Figure 3b).
This result confirms the theoretical prediction that a smaller ¢ value in the thin-layer regime

results in the anodic shift of a CV (Figure 2a). Moreover, the actual overpotential is smaller than

the corresponding apparent overpotential. The aAF;)’C;/ﬁ/aEapp values indicate that only 60-65 %

of the apparent overpotential contributes to the corresponding actual overpotential at the PVC

membrane/sample solution interface (eq 6). In Figure 3b, for instance, Ag =0.22 V at Eqp, = 0.9

V, which corresponds to an apparent overpotential of 0.36 V with Efr;p =0.54 V.

2.4.3 Hydrodynamically Enhanced Mass Transfer

A voltammetric perchlorate-selective electrode was rotated to hydrodynamically enhance the
mass transfer of perchlorate between the sample solution and membrane surface. The faster mass
transfer of aqueous perchlorate accelerates its preconcentration into the PVC membrane to lower
the detection limit in ion-transfer stripping voltammetry.

We investigated the effects of electrode rotation on the CVs at the PVC membrane spin-
coated on the POT-modified gold electrode. A current response increased as the electrode was
rotated faster (Figure 4). The enhanced current response on the anodic potential sweep is due to
the faster mass transfer of aqueous perchlorate. The sigmoidal shape of the anodic wave
indicates the steady-state mass transfer of aqueous perchlorate, although the current response still

increases gradually toward the switching potential. The limiting current, i,, as defined at Eap, =

0.9 V is proportional to the square root of the angular frequency of electrode rotation, w (the

inset of Figure 4) as expected from the Levich equation®’

19



=
i
54 E \\
i
- E
20
g
g O
'5 T T T
1.0 0.8 0.6 0.4

Figure 2-4. Rotating-electrode CVs of 10 uM perchlorate at the PVC membrane spin-coated on the POT-modified
gold electrode at 0.1 V/s. The electrode was rotated at 500 (red), 1000 (blue), 2000 (magenta), 3000 (green), and
5000 (black) rpm. The inset shows the plot of the limiting current versus the square root of the angular frequency of

electrode rotation, w.
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Equation 2-7 i, = 0.62z,FAD, **w v Yo¢,

where v is the kinematic viscosity. A slope of 1.7 x 107 A/s2 in the plot of i, versus o'
corresponds to A = 0.21 cm? in eq 7 with ¢, = 10 uM and v = 1 x 10 cm?s. This area is much

smaller than the area of the spin-coated PVVC membrane (1.0 cm?) but agrees with the area of the
underlying POT film (0.19 cm?). These results indicate that the redox reaction of the POT film
limits the transfer of perchlorate spatially through the thin PVC membrane.

The current response on the cathodic potential sweep is also larger at a faster rotation rate,
where the faster mass transfer of aqueous perchlorate enhances its accumulation in the
membrane phase. The enhancement of the cathodic current response is not relevant to the mass
transfer of perchlorate in the thin-layer PVC membrane, which is negligible and is not affected
by the electrode rotation because of the high membrane viscocity.*® In fact, the asymmetric
hydrodynamic effect on the mass transfer of perchlorate in the membrane and aqueous phases
results in the anodic shift of a CV at a faster rotation rate (Figure 4) although this anodic shift is

partially due to larger polarization at the PVC/POT/gold junction with a larger current flow.?

2.4.4 Effects of Preconcentration Time on Stripping Responses

We investigated how the preconcentration time affects the stripping current response, which is
expected to be proportional to the amount of the analyte ions preconcentrated in the thin-layer
membrane.*> An important finding is that the efficient mass transfer of perchlorate in the thin-
layer membrane and sample solution results in equilibrium preconcentration. The equilibrium
membrane concentration of perchlorate depends on its sample concentration and the
overpotential at the PVC membrane/sample solution interface as governed by the Nernst

equation.
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The effects of preconcentration time on the stripping voltammetric response were studied
under a rotating electrode configuration. In all stripping voltammetric experiments reported in
this work, the applied potential was set near the anodic limit of a potential window during a
preconcentration step and then swept toward the cathodic direction at 0.1 V/s, which is slow
enough to totally exhaust perchlorate from a thin-layer PVC membrane. A stripping current
response was clearly observed with 100 nM perchlorate after 10 s preconcentration and grew as
the preconcentration time increased to 1 min (Figure 5), while no current response to 100 nM
perchlorate was observed by cyclic voltammetry. The stripping current response, however,
saturated after 2 min preconcentration in contrast to the assumption of the diffusion-limited
preconcentration made in a previous theory.** This saturation is not due to the exhaustion of
perchlorate from the sample solution, which possesses a much larger volume of 30 mL than a
membrane volume of 14 nL.

The saturation of a liquid membrane with perchlorate molecules indicates their
equilibrium partition between the membrane and sample phases during a preconcentration step.
A similar equilibrium preconcentration mechanism was reported recently for anodic stripping
voltammetry with a thin mercury film electrode.’*® The efficient ion diffusion in a thin-layer
membrane results in the homogeneous membrane concentration of transferred ions, which causes
the saturation. During the preconcentration step based on nernstian ion transfer, the membrane

ion concentration, ¢, (t), is given by the Nernst equation as

Equation 2-8

el _ oo - AF (AL N0 ]
CW(Oit) RT
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Figure 2-5. Stripping voltammograms of 100 nM perchlorate at 0.1 V/s after a preconcentration step of 10 (red), 30
(blue), 60 (magenta), 120 (green), 300 (orange), and 600 (black) s. The inset shows the plot of Q, versus t,, where
the O and solid line represent experimental and theoretical (eq 13) values, respectively. The electrode was rotated at

4000 rpm.
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where c,,(0,t) is the ion concentration at the aqueous side of the interface, A7, ¢" is the potential

applied at the sample solution/PVC membrane interface during the preconcentration step, and Y
is the preconcentration ratio.>® Equation 8 indicates that a constant, finite potential can drive the

ion transfer to a mass-transfer limitation, i.e., c,(0,t) = 0 only when the membrane ion

concentration is sufficiently low. As more ions are accumulated in the thin-layer membrane,

¢, (0,t) also increases to maintain the constant preconcentration ratio, Y, thereby resulting in a
smaller ion flux from the bulk water phase to the membrane surface. At equilibrium, c,, (0,t) =

C, S0 that ¢, (t) = c, Y and the ion flux is zero. The total charge of the preconcentrated

perchlorate molecules at the equilibrium, Qeq, is given by

Equation 2-9 Q., = z;FAlc,Y
The potential sweep that follows the equilibrium preconcentration step gives the maximum
stripping current response, which is proportional to Qeg.

Equation 9 predicts that the membrane thickness and preconcentration potential
significantly affect the sensitivity of the stripping current response coupled with equilibrium
preconcentration in a thin-layer membrane. A thinner membrane has a lower total capacity for
analyte ions because Qeq is proportional to the membrane thickness. On the other hand, the
membrane must be thin enough to give thin-layer behavior. Thus, the optimum thickness of a

liquid membrane, loptimum, IS Obtained at o =~ 1 in eq 4, thereby yielding

, |[DuRT
optimum |Zi|FU

Equation 2-10 |

1N

Equation 10 implies that a stripping step at a slower scan rate allows for the use of a thicker
membrane with a higher capacity. Moreover, the Qe Vvalue is proportional to the
preconcentration factor, which exponentially depends on the overpotential at the PVC
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membrane/sample solution interface (eq 8). Consequently, the overpotential must be controlled
precisely for equilibrium preconcentration despite the complication due to the polarization of the
PVC/POT/gold junction (eq 5). In contrast, neither the thickness of a thin-layer membrane nor
the preconcentration potential affects the sensitivity of the stripping current response when the

preconcentration time is short enough to achieve the diffusion-limited preconcentration.
2.4.5 Modeling a Preconcentration Step

A preconcentration step was modeled to confirm that the saturation of a stripping voltammetric
response is due to the equilibrium preconcentration of perchlorate in the thin-layer liquid
membrane. Our model demonstrates that even under a rotating electrode configuration, the
current during a preconcentration step, i(t), decays exponentially as given by (see Supporting
Information)

Equation 2-11 i(t) =1, exp(— i}

Qe

where the initial condition is approximated as i(0) = i; so that the transient transfer of perchlorate
immediately after the potential step at t = 0 is neglected. The integration of the current response
during the preconcentration step with a duration of t, gives the ionic charge accumulated in the

membrane, Q(tp), as

eq

Equation 2-12 Q(t,) = Q. l:l— eXp[_ Qi_ltp J]

Equation 12 indicates that Q(t,) varies linearly with the analyte concentration in the sample

solution, because 1/Qeq is independent of the concentration (see below). Thus, the stripping
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current response is also proportional to the analyte concentration when the response is
proportional to Q(ty).

The aforementioned model was validated experimentally. The total charge that is
obtainable during a stripping step, Qs, is given by

Equation 2-13 Q, =Q(t,) +Qy
where Qyq is the charge due to background processes such as interfacial charging during the
stripping step and the transient perchlorate transfer at the initial stage of a preconcentration step.
The plot of Qs versus t, obtained with 100 nM perchlorate fits well with eq 13 (the inset of

Figure 5), thereby yielding Qeq and i values as well as a Qpg value of 1.5 + 0.2 pC. The i value

of 37 + 9 nA thus obtained agrees with the value of 37 nA expected from eq 7 with ¢, = 100 nM.

The Qeq value of 1.95 + 0.03 pC obtained from the fits corresponds to Y = (1.43 £ 0.02) x 10% in
eq 9 with | = 0.72 um, indicating that the equilibrium membrane ion concentration is higher than

the sample ion concentration by 4 orders of magnitude. The preconcentration ratio corresponds

H m 4p m ;0
to an overpotential, A}, ¢ ‘Aw%o;,'

of 0.25 V in eq 8. This overpotential agrees with the value
expected from eq 6 with Eqyp = 0.95 V during the preconcentration step. This applied potential is
very close to the anodic limit of a potential window at the P\VC membrane/sample solution
interface.

Importantly, eq 12 also predicts that the response time of hydrodynamic ion-transfer
stripping voltammetry with a thin-layer liquid membrane is independent of the analyte
concentration in the sample solution in contrast to traditional ion-selective potentiometry. The

time constant of a preconcentration step as defined by Qeg/i; in eq 12 is given by a combination

of eqs 7 and 9 as
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Equation 2-14

This time constant is independent of the analyte concentration and dominates the response time
of ion-transfer stripping voltammetry because a preconcentration step takes much longer than a
stripping step. In potentiometry, the response time at a lower analyte concentration is prolonged

up to a few hours even under a rotating electrode configuration.®

2.4.6 Limit of Detection (LOD) in Stripping Voltammetry

The LOD of perchlorate in deionized water was assessed for stripping voltammetry with a thin-
layer PVC membrane under a rotating electrode configuration. The preconcentration time was
optimized for the detection of 1-100 nMperchlorate, which is not only much lower than the

current action limit (~246 nM) set by the EPA® but also comparable to or lower than the

concentration range of trace perchlorate found in drinking water,> human and cow’s milk,* and
produce.*

A short preconcentration time of 30 s was enough to readily detect 10-100 nM
perchlorate in deionized water (Figure 6a). Moreover, the stripping peak current was clearly
observed with 1-10 nM perchlorate after 10 min equilibrium preconcentration (Figure 6b). In
either concentration range, the backgroundsubtracted current response is linear to the sample ion
concentration (the insets of the respective figures). The linearity confirms that the current
response either after equilibrium or nonequilibrium preconcentration varies with Q(t,), which is

proportional to the sample concentration (eqs 9 and 12). A LOD was determined from the linear
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Figure 2-6. Stripping voltammograms of (a) 100, 70, 50, 30, 20, 10, and 0 nM and (b) 10, 7, 5, 3, 2, 1, and 0 nM

perchlorate (from the top) in deionized water at 0.1 V/s. The insets show the plots of the background-subtracted

peak current versus the perchlorate concentrations. The preconcentration time was (a) 30 s and (b) 10 min. The

electrode was rotated at 4000 rpm.
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relationship of the stripping peak current with 1-10 nM perchlorate using the IUPAC’s uper limit
approach, thereby yielding a LOD of 0.5 + 0.1 nM perchlorate at a confidence level of 95%
(see Supporting Information). This LOD is comparable to the LODs of the most sensitive
methods for detecting perchlorate, such as ion-chromatography coupled with a suppressed
conductivity detector (0.55 nM)*2 or ESI-MS (0.20-0.25 nM).*>

The LOD of the voltammetric perchlorate-selective electrode is ~36 times lower than

the LOD of the potentiometric counterpart under a stationary condition.?> A lower LOD may be
obtained by potentiometry under a rotating electrode configuration.®* Moreover, the equilibrium
partition of perchlorate between the membrane and sample phases is governed by the Nernst
equation in either voltammetric or potentiometric ISEs. Nevertheless, the stripping voltammetric
approach is more sensitive in principle than the potentiometric approach, because the former
requires a lower membrane ion concentration than the latter. The LOD of 0.5 nM perchlorate
corresponds to a membrane perchlorate concentration of 7 uM in eq 8 with Y = 1.43 x 10*. This

membrane ion concentration is much lower than the standard (~20 mM)? and lowest (>50

uM)®® membrane concentrations of analyte ions required for potentiometric ISEs. The lower
operational concentration of analyte ions in our voltammetric membranes is achieved within a
shorter response time, thereby practically yielding a lower detection limit.

Although more work is needed, we speculate that the background response that resembles
the stripping voltammogram of perchlorate (Figure 6b) is due to the perchlorate molecules
contaminated in the POT film during its electrochemical deposition in the presence of 0.5 M
LiClO,4. Unfortunately, the high concentration of LiClO, is required for the deposition of the

stable POT film that is not easily soluble in THF during spin-coating of a P\/C membrane. The
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background response is independent of the concentration of the aqueous supporting electrolyte,

Li,SO,4, which is not a source of perchlorate contamination.

2.4.7 Stripping Analysis of Nanomolar Perchlorate in Drinking Water

Nanomolar perchlorate in tap water and commercial bottled water was detectable by stripping
voltammetry with a thinlayer PVC membrane electrode. A stripping response was observed with
1-10 nM perchlorate spiked in a bottled water sample after 10 min equilibrium preconcentration
(Figure 7). The background- subtracted peak current was linear to the aqueous perchlorate
concentration, thereby vyielding a LOD of 0.2 + 0.1 nM (see Supporting Information). No
significant response to an interfering species in bottled water was detected in the background
stripping voltammogram, which is similar to that obtained with deionized water. The background
peak response is not due to perchlorate contamination in bottled water because a nearly identical
response was observed with the mixture of bottled water and deionized water (50:50 v/v).

In contrast to deionized and bottled water samples, tap water contains a low concentration
of an interfering anion, which is detectable by ion-transfer stripping voltammetry but not by
cyclic voltammetry. As the preconcentration time increased, the background current response
increased and then leveled off after 10 min preconcentration (Figure 8). This current response
was observed at more anodic potentials than the perchlorate response, indicating that the
interfering ion is more lipophilic than perchlorate perchlorate. The plot of Qs versus t, fits well
with eq 13, thereby yielding Qeq = 1.0 puC, i = 3.4 nA, and Qg = 1.85 puC. The i) value is 11 times

smaller than the corresponding value of 37 nA for 100 nM perchlorate and is equivalent to ¢y =

~9 nM in eq 7 if the interfering ion has the same charge number and diffusion coefficient as
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Figure 2-7. Stripping voltammograms of 10, 7, 5, 3, 2, 1, and 0 nM perchlorate (from the top) in commercial bottled
water at 0.1 V/s. The inset shows the plot of the background-subtracted peak current versus the perchlorate

concentrations. The preconcentration time was 10 min. The electrode was rotated at 4000 rpm.
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Figure 2-8. (a) Background stripping voltammograms at 0.1 V/s in tap water without perchlorate after a
preconcentration step of 10 (red), 30 (blue), 60 (magenta), 120 (green), 300 (orange), and 600 (black) s. The inset
shows the plot of Qs versus tp, where the O and the solid line represent experimental and theoretical (eq 13) values,

respectively. The electrode was rotated at 4000 rpm.
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perchlorate. Despite the apparently much lower concentration, the Qeq value for the interfering
ion is comparable to a value of 1.5 uC for 100 nM perchlorate. This result is ascribed to a larger
Y value for the interfering ion as defined by eq 8, where the potential applied to the gold
electrode during a preconcentration step corresponds to a larger overpotential for the more
lipophilic interfering ion with a more negative formal ion-transfer potential. Importantly, the
time constant of a preconcentration step, Qeg/ii, is smaller for perchlorate than for the interfering
ion by an order of magnitude (40 and 300 s, respectively, at this applied potential) so that the

equilibrium preconcentration of perchlorate is completed ~10 times faster than that of the

interfering ion.

A stripping voltammetric response was measured with 1-10 nM perchlorate in tap water
after 3 min preconcentration (Figure 9), which is long enough for perchlorate but too short for
the interfering ion to achieve the equilibrium preconcentration. The current response to
perchlorate was nearly as large as expected for saturation. The background-subtracted peak
current response to perchlorate is linear to its concentration (the inset of Figure 9), thereby
obtaining a LOD of 0.4 £ 0.2 nM (see Supporting Information). On the other hand, the current
response to the interfering ion was significantly suppressed as expected for the short
preconcentration time. This result demonstrates the advantage of ion-transfer stripping
voltammetry in selectivity; the stripping current response based on the thermodynamically more
favorable transfer of an interfering ion is not only dislocated with respect to the response to an

analyte ion but also suppressed selectively by shortening the preconcentration time.
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Figure 2-9. Stripping voltammograms of 10, 7, 5, 3, 2, 1, and 0 nM perchlorate (from the top) in tap water at 0.1 V/s.
The inset shows the plot of the background-subtracted peak current versus the perchlorate concentrations. The

preconcentration time was 3 min. The electrode was rotated at 4000 rpm.
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2.5 CONCLUSIONS

A voltammetric ISE was developed for the stripping analysis of nanomolar perchlorate in
drinking water samples. The detection limits of this ISE are lower than not only the current
action limit set by the EPA but also the trace concentrations of perchlorate found in the drinking
water. Moreover, the voltammetric perchlorate-selective electrode gives as low detection limits
as the currently most sensitive methods for detecting perchlorate such as ion chromatography
coupled with a suppressed conductivity detector or ESI-MS. At the same time, the voltammetric
ISE is advantageous in cost, portability, and analysis time against these techniques, thereby
rendering this electrochemical sensor potentially useful for the trace analysis of perchlorate in
drinking water.

This work is the first to demonstrate the thin-layer behavior of a liquid membrane in ion-
transfer stripping voltammetry. The detection limits of 0.2-0.5 nM perchlorate are lower than the
lowest detection limits of several nanomolar obtained so far by ion-transfer stripping
voltammetry with a thicker liquid membrane.®*** The subnanomolar detection limits, however,
are rather moderate in comparison to the picomolar detection limits of anodic stripping
voltammetry with a thin mercury electrode.®* The moderate detection limits are due to the small
overpotential of 0.25 V applied during the preconcentration step of perchlorate, which quickly
reaches the equilibrium. In fact, this overpotential is smaller than the value of 0.3-0.4 V
recommended for anodic stripping voltammetry.?® This smaller overpotential is limited by the
anodic potential window at the PVC membrane/sample solution despite the nearly highest

lipophilicity of perchlorate in the Hofmeister series of inorganic anions.”® Nevertheless, our
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approach is still complementary or potentially alternative to anodic stripping voltammetry, which
requires the amalgamation of an analyte as well as the use of a mercury electrode.®®

A lower detection limit will be obtainable for more lipophilic ions or the ions that can be
transferred into the membrane more preferentially by complexation with ionophores. The formal
potential of these ion transfers is further from the limit of a potential window so that a larger
overpotential is applied to achieve the diffusion-limited preconcentration for a longer duration.
Another advantage of the diffusion-limited preconcentration is that it does not require the precise
control of the applied potential at the PVC membrane/sample solution interface. The intrinsically
limited redox capacity of the POT film causes the potential distribution across the various
interfaces in the solid-supported double-polymer system, thereby complicating the precise
control of the overpotential at the target interface.

In comparison to the potentiometric counterpart, ion-transfer stripping voltammetry with
a thin-layer liquid membrane offers advantages in a detection limit, a response time, and
selectivity. A lower detection limit or a shorter response time is obtained with the voltammetric
approach, which requires the smaller amount of analyte ions in the membrane. The even smaller
amount of an analyte ion in the membrane will be detectable voltammetrically by suppressing the
background current response during a stripping step. The selective detection of perchlorate in tap
water containing an unknown interfering ion demonstrates another important advantage that
voltammetric ion selectivity is controlled by formal ion-transfer potentials not only
thermodynamically as the different stripping peak potentials but also dynamically as the different
times required for the equilibrium preconcentration. Potentiometric ion selectivity is determined
only thermodynamically by the difference of formal ion-transfer potentials as the basis of a

selectivity coefficient.?
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SUPPORTING INFORMATION
Diffusion Problem at Liquid Membrane/Water Interfaces

The simulated CVs in the main text were obtained by solving the following diffusion problem.

The diffusion of an analyte ion in the aqueous phase is expressed as

oc,(xt) . |d%,(xt)
ot _DW{ % } 0= o

where cw(x,t) is the local concentration of the transferring ion in the aqueous phase. The

diffusion of the ion in the membrane phase is expressed as

oc, (x,t) | 2%,(xt) ]
ot _Dm[ a° } ce=d °

where ¢, (x,t) is the local concentration of the ion in the membrane phase. The membrane phase

represents only a PVC membrane because the distribution of perchlorate into the underlying
POT film is negligible (see Results and Discussion).

The boundary condition at the membrane/water interface (x = 0) is given by
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oc,, (X,t) _ acy, (X’t) _ —

where ki and k, are the first-order heterogeneous rate constants for the forward and reverse

transfers in eq 1, respectively. The rate constants are given by Butler-Volmer-type relations as™"

S2
K, =k°exp|-az,F(AT,¢ - AT, ¢° )/ RT] (S4)
k, = k® exp|(1—a)z,F (AT ¢ — AT, 6% )/ RT | (S5)
where Kk is the standard rate constant, « is the transfer coefficient. In cyclic voltammetry, the

potential is swept linearly at a constant rate, v, from the initial potential, A}, ¢°, and the sweep

direction is reversed at the switching potential, A”\;,@O', maintaining the potential sweep rate.

This triangle potential wave is expressed as™

m o AM Z(An\/:/¢,1_An\;v¢i)- By vt
AW g = Ay é, + - sin {sm[Z(AR@ _Avmi)} (S6)

Other boundary conditions are given by

D, [W} =0 (membrane/solid support interface) (S7)
X x=—I
limc,, (x,0)=c, (membrane/solid support interface) (S8)

X0
Initial conditions are given by
cw (x,0)=c, (S9)
c,(x,0)=0 (S10)
The current response based on the ion transfer, i, is obtained from the flux of the

transferring ion at the membrane/sample solution interface as
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i = 2, AFD, FCW (X’t)} (S11)
OX Y0

Finite Element Simulation by COMSOL Multiphysics

The diffusion problem defined above was solved in a dimensionless form by using COMSOL
Multiphysics. The example of the finite element simulation is attached. Dimensionless

parameters are defined by

Cu(X, 7) = culX, t)/co (S12)
Cm(X, 7) = cm(X, t)/co (S13)
X = /I (S14)
7= Dyt/I? (S15)

Diffusion processes (egs S1 and S2) are expressed in the respective dimensionless forms as

oC,(X,7) | 2°C,(X,7)
or 7 { X } (516)
8Cm(X,r): 2°C, (X,7) (517)
or X2
with
» = Dy/Dm (S18)

The boundary condition at the liquid/liquid interface (eq S3) is expressed using the

dimensionless parameters as

7/|:O’CW0’(XX1T):|X_O = Ke®o) [w_cw (017)} (S19)
{écm@((x,r)}xo _ —%[GCW(OJ) _C,(0,7)] (S20)
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with

K = K°l/Dy, (S21)

0= exp|: Z; F (ATV¢ — An\:v¢|0'):| (822)

RT

K = 100 was used for the nernstian ion transfer. The triangle potential wave (eq S6) was given by

0= gil—(ZI;r)sin’l{sin[mrr/2In(0«k/9i)]}QA(ZI;r)sin’l{sin[mrr/2In(0«k/9i)]} (823)
with
m _AM 0
Qi = eXp|: i F (AW¢R5|T Aw¢| ):| (824)
m _AM _0'
9;\ = exp{ Zi F (AWT;?LT Aw¢| )i| (825)
T?» = Z'F(AVIVQ?;: _Aw¢|) (826)
o

where 6; is the initial and final potentials in the dimensionless form, 6, is the dimensionless
switching potential, and 7, is the dimensionless switching time. The other boundary conditions
and the initial conditions are also given using the dimensionless parameters (see the attached
example). The current was normalized with respect to the peak current on the forward scan, ipa,
thereby yielding

_ i [ac,(0,7)/oX]
I_i - [eC,,(0,7)/0X1,, (527)

pa

where [aC,, (0, r)/@X]pa is the interfacial gradient of a dimensionless concentration at the anodic

peak potential.
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Determination of the Diffusion Coefficient of Perchlorate in the PVC Membrane

The diffusion coefficient of perchlorate in the PVC membrane was determined from the CVs of
perchlorate transfer using the 3 um-thick PVC membrane drop-cast on the POT-modified gold
electrode. The preparation of the drop-cast PVC membrane electrode was reported elsewhere.>*
As the scan rate decreased from 1 V/s to 0.1 V/s (red lines in Figure 10a and b, respectively), the
ratio of the cathodic peak current with respect to the anodic one increased, indicating that the
perchlorate diffusion in the drop-cast membrane is hindered by the underlying POT-modified

gold electrode at the slower scan rate. The CV at 0.1 V/s fits best with the simulated nernstian
CV with ¢ = 7, Dy, = 1.7 x10 ° cm?s, and 0A%/°$/0E,,, = 0.85. Eq 15 with ¢ = 7, v = 0.1 Vs,

and | = 3 um gives Dy, = 5.0 x 10°° cm?/s, which is ~340 times smaller than the D,, value.

We speculate that the deviation of the experimental CV at 0.1 V/s from the simulated CV
is due to the presence of a mixed layer, which was formed at the interface between the PVC and
POT phases during the drop cast. In fact, the experimental and simulated CVs at either 1 or 0.1
V/s fit very well with the spin-coated PVC membrane (Figures 3a and b), suggesting that the
quick evaporation of THF during the spin coating avoids the dissolution of the POT film and
concomitantly the formation of the mixed layer. Moreover, a much better fit was obtained for the
CV at 1 V/s even with the drop-cast PVC membrane, where perchlorate cannot diffuse into the
mixed layer during the faster potential sweep.

The nernstian transfer of perchlorate is demonstrated by the convoluted transform, I(t), of
the CV at 1 V/s. The pair of the nearly overlapping sigmoidal waves in the I(t) versus E,yp plot
indicates that the CV is controlled by the semi-infinite linear diffusion of perchlorate both in the

aqueous and membrane phases (blue line in Figure 10a).>* The dependence of the convoluted
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Figure 2-10. Experimental (red line) and simulated (circles) CVs of perchlorate with the 3 um-thick PVC
membrane drop-cast on the POT-modified gold electrode at (a) 1 and (b) 0.1 V/s with 20 and 60 uM ClOy’,

respectively. The blue line represents the convoluted form of the CV.
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form on Egy, corresponds to aAi)’Cqﬁ/aEapp = 0.71. The limiting value in the convoluted form
gives Dy, = 1.7 x10° cm?/s, which is close to a literature value of 1.8 x 107> cm?%s.>® These
parameters agree with D,, = 1.9 x10™° cm’/s and 0A7/°$/0E,,,= 0.82 as determined by the

numerical simulation.

Derivation of Eq 11

The exponential decay of the current response during a preconcentration step (eq 11) is
demonstrated as follows. Under a rotating electrode configuration, the current response limited
by the mass transfer of the aqueous perchlorate, i(t), is directly related to c,, (0,t) using eq 7,
thereby yielding

i(t) = 0.62z;FAD, 20 v Y¥[co — ¢, (0,1) ] (S29)

A combination of eqs 7 and S29 results in

¢, (0,1) = ¢, 'V (S30)

On the other hand, the membrane concentration of an analyte ion is given by integrating the

current as

J.;i(z')dr

()= (S31)

A combination of eq 19 with egs S30 and S31 gives

i j; i(r)dr
ZFAIC,[i, —i(t)]

(S32)

Using eq 9, eq S32 can be simplified to

43



Li@de i —ig)
Qeq - iI

(S33)

Eqg S33 can be solved for i(t) analytically using the Laplace transformationS6 to obtain eq 11,
where the initial condition of i(0) = i, was assumed. It implies that the current decays to i

immediately after the potential step att = 0.

Limit of Detection (LOD) Determined from a Calibration Plot

A LOD was determined using the Upper Limit Approach developed by the IUPAC.>" The
calibration curves in the insets of Figures 6b, 7, and 9 were fitted with the following equation

ipa = Qo + Q1Co (S34)
yielding go and g; values as well as the mean square about the regression, syz. Eq 37 in ref. S8
was used to determine whether the intercept is significantly different from 0 at the 95 %
confidence level. If it is, a LOD was obtained at this confidence level using eq 31 in ref. S8.

Otherwise, a LOD was determined at the same confidence level using eq 36a.
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3.0 SUBNANOMOLAR ION DETECTION BY STRIPPING VOLTTAMETRY WITH

SOLID-SUPPORTED THIN LIQUID MEMBRANE

This work has been published as Y. Kim, P. J. Rodgers, R. Ishimatsu, and S. Amemiya, Anal.

Chem., 20009, 81, 7262-7270.

3.1 INTRODUCTION

Dynamic ion transfer across the interface between two immiscible electrolyte solutions, i.e.,
ITIES, enables highly sensitive stripping voltammetry.! In comparison to traditional stripping
voltammetry,®® ion-transfer stripping voltammetry at the liquid/liquid interface is attractive for
trace analysis of redox-inactive ions in environmental, biological, and biomedical samples. High
sensitivity of this stripping method originates from preconcentration of an aqueous analyte ion
into a water-immiscible organic phase, which is driven by external control of the phase boundary
potential at the interface."* The preconcentration step is followed voltammetrically by reverse
extraction of the ion from the organic phase into the aqueous phase to yield a stripping ionic
current with enhanced sensitivity.

During the past decade, a limit of detection (LOD) of iontransfer stripping voltammetry

has been lowered to nanomolar levels while micromolar limits were originally reported for

50



various ions including acetylcholine,s tetraethylammonium,® alkaline earth cations,” and
protonated organic amines® by employing fluid organic phases. The improved sensitivity is
mainly due to enhanced mass transfer of an analyte ion in the aqueous sample phase, which
allows for more efficient preconcentration. Several to tens of nanomolar concentrations of Cd**,*
Zn** * Pb?* *? Hg*? and dodecylsulfonate'® are detectable by rotating a plasticized poly(vinyl
chloride) (PVC) membrane as a robust organic phase to hydrodynamically accelerate
preconcentration of the analytes. Interestingly, nanomolar LODs were also obtained for
electrically neutral surfactants, which were preconcentrated as charged complexes with aqueous
cations in the membrane phase.’®™ A plasticized PVC membrane was also integrated into a flow
cell to detect 2 nM Ag* by square-wave stripping voltammetry.*® Alternatively, radial diffusion
of aqueous analyte ions to a micrometer-sized interface™® or an array of microinterfaces™ was
utilized for preconcentration of nanomolar heparin®® or B-blocker propranolol,'’ respectively.
Recently, we applied a submicrometer-thick PVC membrane for stripping analysis of
nanomolar perchlorate in various drinking waters.*® The thin PVVC membrane was supported by a
Au electrode modified with an undoped poly(3-octhylthiophene) (POT) film, which was
oxidized to drive anion transfer into the PVC membrane (Figure 1a)."**° An analyte ion is not
only completely trapped in the solid-supported membrane during a preconcentration step but also

exclusively stripped from the thinlayer membrane to maximize a stripping current response.

LODs of ~0.5 nM perchlorate thus obtained are much lower than the interim health advisory

level of 15 ppb (~150 nM) perchlorate in drinking water set by the U.S. Environmental

Protection Agency.” These lowest LODs reported so far for ion-transfer stripping voltammetry,
however, are an order of magnitude higher than subnanomolar LODs in the range of 10°-10"*

M as obtained by traditional anodic stripping voltammetry with a thin mercury film electrode.’
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PVC water

Figure 3-1. Scheme of (a) anion and (b) cation detection by iontransfer stripping voltammetry with thin PVC
membranes coated on POT- and PEDOT-modified Au electrodes, respectively. Red circles and squares represent
aqueous anionic and cationic analytes, respectively. Blue circles and squares correspond to organic anions and

cations in the membrane phase, respectively.
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Moreover, preconcentration of cationic analytes into the membrane phase requires reduction of
an intermediate conducting-polymer layer while a POT film is not readily reduced or stable in an
oxidized form, which is discharged to a reduced form under an open circuit condition.™

In this paper, we achieve subnanomolar LODs for both cationic and anionic analytes by
ion-transfer stripping voltammetry with solid-supported thin polymeric membranes. These lower
LODs represent the first experimental confirmation of a theoretical prediction that a more
lipophilic analyte ion gives a lower LOD for stripping voltammetry with a solid-supported thin
polymeric membrane.’® Importantly, lipophilicity of either a cation or an anion is generally
quantified by a preconcentration factor, Y,'® (also known as the apparent ion partition
coefficient’?) to dictate an LOD as demonstrated in proof-of-concept experiments. A
subnanomolar LOD of 80 nM tetrapropylammonium (TPA) is compared with a LOD of less
lipophilic tetraethylammonium (TEA). Importantly, the voltammetric detection of cationic
analytes is enabled by newly introducing an oxidatively doped poly(3,4-ethylenedioxythiophene)
(PEDOT) film, which is reduced to preconcentrate cations in the PVC membrane (Figure 1b).
This conducting polymer has a very high stability in the oxidized form and undergoes a facile
redox reaction.”?* A practical significance of the theoretical prediction is demonstrated for trace
analysis of a lipophilic inorganic anion, hexafluoroarsenate, which is known as an arsenical

2425 and was recently found in waste water.”®?” An LOD of 90 nM hexafluoroarsenate as

biocide
obtained with a PVC/POT-modified Au electrode is lower than that of less lipophilic perchlorate
and compared to a LOD of hexafluoroarsenate by inductively coupled plasma mass spectrometry
with anionexchange chromatography. Finally, the voltammetric anion- and cation-selective

electrodes are characterized by electrochemical impedance spectroscopy (EIS). While both

PVC/POT- and PVC/PEDOT-modified electrodes have been used for ion-selective
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potentiometry,?® the solid-supported PVC membranes for iontransfer stripping voltammetry must
be not only thinner for exhaustive ion stripping'® but also more conductive for avoiding a

significant Ohmic potential drop in the membranes,™ which is confirmed by EIS.

3.2 THEORY

Here we summarize theories of ion-transfer stripping voltammetry with a solid-supported thin
polymeric membrane to explain how a more lipophilic ion gives a lower LOD. The proof of the
following equations is given in our previous work.'® Interestingly, the LOD based on dynamic
ion transfer at the liquid/liquid interface is ultimately dictated by equilibrium partitioning of an
analyte ion with charge z;, i¥, between the bulk aqueous and membrane phases
Equation 3-1 i“(water) = i“ (membrane)

When an aqueous ion is preconcentrated into the solid-supported thin membrane with a small
volume, equilibrium partitioning of the analyte ion is eventually achieved to limit a membrane
concentration of the analyte ion. The equilibrium membrane concentration, cpyc, With respect to
the sample concentration, c,, is defined in general for either a cation or an anion by a
preconcentration factor, Y,*® (also known as the apparent ion partition coefficient®!) based on the

Nernst equation as

_ CPVC

E(APYC 4 — APVC 4
Equation 3-2 Y = = exp Zi ( w ¢ W ¢| )
Cw RT

where z; is the charge of the analyte ion, F is Faraday’s constant, A}/°¢ is the Galvanic potential

difference between the aqueous and PVC membrane phases, and A5/“¢’ is the formal potential

of the analyte ion. Since the amplitude of a stripping current response varies with the membrane
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concentration, higher sensitivity and, subsequently, a lower LOD are expected for a more
lipophilic ion with larger Y. In practice, the same potential near a negative (or positive) side of a

potential window at the liquid/liquid interface is applied for cations (or anions) to result in a
larger potential difference, AT¢—AL/°4”, for a more lipophilic cation (or anion) with a more

positive (or negative) formal potential,* thereby yielding a larger preconcentration factor.

Noticeably, eq 2 is valid not only for simple ion transfer but also for ion transfer
facilitated by ionophores, where a formal potential depends on ion lipophilicity and stability of
ion-ionophore complexes.?® Nevertheless, this work is focused on simple ion transfer. Stripping
voltammetry based on facilitated ion extraction at a solid-supported thin polymeric membrane
requires greater understanding of mass transfers of ionophores and ion-ionophore complexes in
the membrane.

A time-dependent preconcentration process was modeled to quantitatively demonstrate
that a lower LOD based on equilibrium preconcentration of a more lipophilic ion requires longer
preconcentration. The total charge of preconcentrated analyte ions, Q(tp), depends on
preconcentration time, t,, as given by'®

Equation 3-3 Q(tp ) = Qg {l— exp[— i—'tpﬂ

Qe
with

Equation 3-4 Qe = Z;FAlcyc
where Qeq is the total charge at an equilibrium, A is an effective area of the PVC
membrane/water interface, and | is an effective membrane thickness. Since the electrode is
rotated during a preconcentration step (see Experimental Section), the limiting current, i, is

given by the Levich equation as®
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Equation 3-5 i, =0.62z,FAD. *w"*v"'°c,,
where Dy, is a diffusion coefficient of the ion in the aqueous phase, w is the angular frequency of
electrode rotation, and v is the kinematic viscosity. The time constant, Qe/i;, in eq 3 is given by a

combination of eqs 4 and 5 as

Qe lY
i = 0.62D2 3 2y 6
I : W

Equation 3-6

Equation 6 confirms that equilibrium partitioning of a more lipophilic ion with a larger
preconcentration factor (see eq 2) requires longer preconcentration.

In the following, the aforementioned theoretical predictions are confirmed experimentally
for cationic analytes, TEA and TPA, with different lipophilicities, which result in different time
courses toward equilibrium partitioning of the respective ions within a practical preconcentration
time (<1 h). The theoretical predictions are also tested for hexafluoroarsenate, a lipophilic anion
with analytical importance. Overall, a trend of a lower LOD for an ion with larger Y is reported

for the total of four cations and anions as summarized in Table 1.

3.3 EXPERIMENTAL SECTION

3.3.1 Chemicals

Tetradodecylammonium (TDDA) bromide, 3-octylthiophene, 3,4-ethylenedioxythiophene,

tetrapropylammonium chloride, lithium sulfate monohydrate, and lithium hexafluoroarsenate (V)
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Table 3-1. Comparison of Lipophilicity, Y, and LOD of Cationic and Anionic Analytes

TPA TEA hexafluoroarsenate  perchlorate
Y 1.6 x10° 1.0 x 10* 1.7 x10° 1.4 x10*
LOD/M g8x 10! 4x10 9x10 5x 10710

& Data from ref 18.
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were obtained from Aldrich (Milwaukee, WI). Poly(vinyl chloride) (PVC, high molecular
weight), tetraethylammonium chloride, and 2-nitrophenyl octyl ether were from Fluka
(Milwaukee, WI). Potassium tetrakis(pentafluorophenyl)borate (TFAB) was from Boulder
Scientific Company (Mead, CO). All reagents were used as received. The TFAB salt of TDDA

was prepared as reported elsewhere.*®

3.3.2 Electrode Modification

A 5 mm diameter Au disk attached to a rotating disk electrode tip (Pine Research
Instrumentation, Raleigh, NC) was modified with a conducting polymer film and then with a
PVC membrane. Preparation of a PVC/POT-modified Au electrode was reported elsewhere.’® A
PVC/PEDOT-modified Au electrode was prepared as follows.

A PEDOT film was deposited on a polished and cleaned Au electrode'® with 5 mm
diameter by cyclic voltammetry using a three-electrode cell with a Ag/Ag™ reference electrode
(CH Instruments) and a Pt-wire counter electrode. The film deposition was conducted in an
acetonitrile solution containing 0.01 M 3,4-ethylenedioxythiophene and 0.01 M TDDATFAB by
cycling the potential between -1.0 and 1.4 at 0.1 V/s 3 times using a computer-controlled CHI
600a electrochemical workstation (CH Instruments). The final potential was set to 0.5 V to
oxidatively dope a PEDOT film with TFAB. The modified Au electrode was soaked in
acetonitrile for 30 min and washed with THF for 1 min to remove soluble fractions of the
PEDOT film. The remaining PEDOT film is not readily soluble in THF and can be spin-coated
with a PVC membrane from a THF solution of membrane components.

A PVC membrane was spin-coated on a Au disk modified with a PEDOT film from a
membrane cocktail with the composition of 4 mg of PVC, 16 mg of 2-nitrophenyl octyl ether,
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and 2.2 mg of TDDATFAB in 1 mL of THF. A volume of 8 puL of the THF solution of the
membrane cocktail was injected onto the PEDOT-modified Au disk rotating at 300 rpm in a
spin-coating device (model SCSG3-8, Cookson Electronics, Providence, RI1). The slow rotation

resulted in a relatively thick PVC membrane with ~3 pm thickness, which was required for a

good coverage of a PEDOT film. The modified Au disk (after spinning for 30 s) was removed
from the spin coater and dried in the air for >30 min. A membrane cocktail with the same

composition was employed to spin-coat a ~0.7 um-thick PVC membrane on a POT-modified

Au electrode rotating at 1500 rpm.*® An effective thickness of a PVC membrane spin-coated on
either PEDOT- or POT-modified Au electrode was determined by ion-transfer cyclic

voltammetry as reported elsewhere.'®

3.3.3 Voltammetric Measurements

Cyclic voltammetry and stripping voltammetry were performed by employing a CHI 900
electrochemical workstation (CH Instruments). A three-electrode arrangement with a Ag/AgCl
reference electrode (CH Instruments) and a Pt-wire counter electrode was employed.
Electrochemical cells were as follows:
Ag|AgCI|KCI (3 M)||xM TEACI or TPACI

in 0.01 M Li,SO4(aq)|PVC membrane|PEDOT|Au (cell 1)
Ag|AgCI|IKCI (3 M)|lyM LiAsFg in 0.01 M Li,SO4(aq)|PVC membrane|POT|Au (cell 2)
The analyte concentrations are given in the Results and Discussion. Aqueous sample solutions
were prepared with 18.3 MQ cm deionized water (Nanopure, Barnstead, Dubuque, 1A). The

current carried by a positive charge from the aqueous phase to the PVC membrane is defined to
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be positive. All electrochemical experiments were performed at 22 + 3 °C. A piece of Teflon
tube'®® was put on a membrane-modified Au electrode tip for cyclic voltammetry to obtain a
disk-shaped PVC membrane/water interface with the diameter of 1.5 mm and the interfacial area
of 0.0177 cm®. The tube was not used for stripping voltammetry, where a membrane-modified
electrode was rotated using a modulated speed rotator (Pine Research Instrumentation). A
preconcentration potential was set near the limit of the potential window so that a liming current,
I, was obtained by rotating-electrode voltammetry. A potential sweep rate during a stripping step
was slow enough to exhaustively transfer preconcentrated ions from the PVC membrane into the

aqueous sample.

3.3.4 Electrochemical Impedance Spectroscopy (EIS)

EIS was carried out using CHI 660b electrochemical workstation (CH Instruments). In cell 1 or 2
without analyte ions, the center of the membrane surface was vertically directed toward the
center of a 2 mm diameter Pt counter electrode. The distance between the working and counter
electrodes was set to 9 mm. A constant dc bias was applied to the membrane-modified electrode
such that no ion transfer occurs across the PVC membrane/water interface. The ac component of
the potential was 20 mV (peak-to-peak), and the ac frequency was swept in the range from 10 Hz

to 100 kHz.
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3.4  RESULTS AND DISCUSSION

3.4.1 Voltammetric Cation Detection with a PVC/PEDOT-Modified

An oxidatively doped PEDOT film was newly introduced to enable voltammetric cation
detection with a thin PVC membrane supported on a conducting-polymer-modified electrode
(Figure 1b) while voltammetry of anionic analytes, heparin®® and perchlorate,®**° has been
reported by employing an undoped POT film (Figure la). A PVC/PEDOT-modified Au
electrode was employed to detect tetraalkylammoniums with different alkyl groups, i.e., TPA
and TEA, as model cationic analytes with different lipophilicities. Well-defined cyclic
voltammograms (CVs) of TPA and TEA were obtained at a PVC/PEDOTmodified electrode (red
lines in parts a and b of Figure 2, respectively). More lipophilic TPA is transferred more
favorably from the aqueous phase into the membrane phase, thereby yielding the corresponding
CV at less negative potentials. A peakshaped forward wave based on simple ion transfer from the
aqueous phase into the membrane phase is coupled with reduction of the underlying PEDOT film
in the oxidized form (Figure 1b). Cation transfer during the reverse potential sweep also gives a
peak current response, which requires oxidation of the reduced PEDOT film. Noticeably, the
shapes of the CVs indicate that the currents are limited by diffusion-controlled ion transfer at the
PVC membrane/water interface rather than by electrolysis of the surface-confined PEDOT film,
indicating that this conducting polymer has sufficient redox capacity.*®

Intrinsic lipophilicities of the tetraalkylammoniums were quantitatively assessed as
formal ion-transfer potentials, A}/“4°, from the corresponding CVs. The experimental CVs at a

PVC/PEDOT-modified electrode were fitted with CVs simulated for reversible transfer of a

monocation (black circles in Figure 2) by the finite element method as reported elsewherel8 (see
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Figure 3-2. Experimental (red line) and simulated (circles) CVs of 20 uM (a) TPA and (b) TEA with a

PVC/PEDOT-modified electrode. Scan rate, 0.1 V/s. E,yp on the bottom axis was converted to A¢ on the top axis by

assuming 6A®’C¢/ OE ., = 0.64 (see Supporting Information).
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also Supporting Information). The relatively good fits confirm that the current is limited by ion
transfer rather than by PEDOT electrolysis. The fits show that the difference in lipophilicities of
TPA and TEA corresponds to the difference of 70 mV in their formal ion-transfer potentials. In
this analysis, the potential applied to the Au electrode, Eyp, was converted to the potential
applied at the PVC membrane/water interface (indicated as A@ on the top axis of Figure 2) by
considering polarization of a PVC/PEDOT/Au junction (see Supporting Information).’*® The
polarization at the PEDOT-based system, however, does not exactly follow an empirical
relationship (see eq S2 in the Supporting Information), thereby causing the deviation between the
experimental and simulated CVs of TEA and TPA transfers. This deviation is not due to an
Ohmic potential drop in the membrane, which is sufficiently conductive as demonstrated later by
EIS.

The CVs of TPA and TEA also demonstrate that the solidsupported membrane is thin
enough for these tetraalkylammoniums to be exhaustively stripped from the membrane during
the reverse potential sweep at 0.1 V/s. In fact, the total charge under the forward response in the
CVs (0.15 and 0.12 uC for TPA and TEA, respectively) is nearly canceled by the total charge
under the reverse response (0.14 and 0.11 pC for the respective ions). Moreover, the resulting
reverse peak current is enhanced by efficient ion diffusion in the thin membrane to be larger than
the forward peak current, which contrasts to the corresponding peak currents based on semi-
infinite ion diffusion in a thick membrane. The modes of membrane ion diffusion are

characterized by a dimensionless parameter, o, as'®

1%|z,|Fv
Equation 3-7 O=———

D,RT
where v is a potential sweep rate and Dy, is a diffusion coefficient of the transferred ions in the
membrane phase. The numerical analysis of the experimental CVs of TPA and TEA gives o
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values of 6.3 and 4.7, respectively, which are much smaller than a ¢ value of >100 for semi-
infinite ion diffusion. These o values of TPA and TEA, however, are larger than required for an
idealistic thin layer behavior (¢ < 1), where diffusion of an analyte ion in the membrane is
negligible.®* The intermediate o values of a PVC/PEDOT-modified electrode are due to a
relatively thick PVC membrane, which must be at least as thick as 3 um to completely cover a

PEDOT film.

3.4.2 Preconcentration of Tetraalkylammoniums with Different Lipophilicities

More lipophilic TPA with a less negative formal potential gives a larger preconcentration factor,
Y (eq 2), thereby resulting in a larger time constant for preconcentration of TPA. In fact,
equilibrium preconcentration of TPA takes longer as proved by measuring stripping
voltammograms of TPA and TEA at different preconcentration times. Stripping voltammograms
of 25 nM TPA demonstrate that peak current responses vary with preconcentration times even
after 1 h (Figure 3a). On the other hand, a stripping response to 250 nM TEA reaches a plateau

only after ~2 min preconcentration (data not shown) when equilibrium partitioning of TEA

between the membrane and aqueous phases is achieved.

The remarkably different time profiles for preconcentration of TPA and TEA are
quantitatively ascribed to their different lipophilicities as represented by a preconcentration
factor, Y. The integrations of the stripping voltammograms for TPA and TEA give the total
charge based on preconcentrated analyte ions, Q(t,), which is plotted against preconcentration
time, t, (Figure 3b). The plots for TPA and TEA fit well with eq 3, thereby yielding equilibrium
charges, Qeq, as well as time constants, Qey/i.. The good fits confirm that the nonequilibrium

preconcentration processes limited by mass transfer of an ion in the aqueous solution is well
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Figure 3-3. (a) Stripping voltammograms of 25 nM TPA at 0.1 /s after preconcentration for 5 (black), 10
(cyan), 15 (orange), 20 (green), 30 (magenta), 45 (blue), and 60 (red) min. A PVC/PEDOT-modified electrode was

rotated at 4000 rpm. (b) Plots of Q(t,)/Qeq Versus t, for TPA (red) and TEA (black). The circles and solid lines

represent experimental and theoretical (eq 3) values, respectively
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controlled under the rotating electrode configuration.'® Qeq Vvalues for the respective ions
correspond to applied potentials of AY“¢— A% 4’ = 0.31 £ 0.01 and 0.23 + 0.01 V as obtained

by using eqgs 2 and 4 with 1 ) 3 um. Since the same potential was applied for preconcentration of
both TPA and TEA, the different applied potentials correspond to the difference of 0.08 + 0.01 V
in formal potentials of the two ions. This result agrees well with the difference of the formal
potentials determined by cyclic voltammetry (see above). Equation 2 with these applied
potentials gives Y = (1.6 + 0.7) x 10° and (1.0 + 0.4) x 10* for TPA and TEA, respectively,
indicating that the PVC membrane has 16 times higher capacity for more lipophilic TPA at the
preconcentration potential. It should be noted that the remarkably different time profiles for
preconcentration of 25 nM TPA and 250 nM TEA in Figure 3b are not due to the different
aqueous concentrations, which do not affect a preconcentration time constant, Qeq/ii, in eq 6 (2.3
x 10%and 7.5 x 10 s for TPA and TEA, respectively). In fact, a higher concentration was needed

for TEA because of lower sensitivity to this less lipophilic analyte (see below).

3.4.3 Subnanomolar LOD for Tetrapropylammonium by Stripping Voltammetry

Stripping voltammetry with a PVC/PEDOT-modified electrode gives a subnanomolar LOD for
TPA after 30 min preconcentration. The resulting current responses to TPA vary with its
concentrations in the range of 50-1000 pM (Figure 4a). The IUPAC’s upper limit approach® was
employed to obtain a LOD of (8 + 4) x 10 M TPA at a confidence level of 95% from a linear
relationship between the stripping peak current and TPA concentration (Figure 4b). This LOD is
the lowest value reported so far for ion-transfer stripping voltammetry. The LOD for TPA is not
significantly lowered by increasing the preconcentration time from 30 min, at which the

concentration of TPA in the membrane reaches 43% of the equilibrium concentration (Figure 3b).
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Figure 3-4. Background-subtracted stripping voltammograms of 50 (black), 100 (green), 300 (magenta), 500 (blue),

and 1000 (red) pM TPA in deionized water at 0.1 V/s after 30 min preconcentration. The inset shows original

stripping voltammograms including a background stripping voltammogram. A PVC/PEDOT-modified electrode was

rotated at 4000 rpm. (b) Plots of background-subtracted peak current versus TPA concentrations after 3 (black

circles) and 30 min (red circles) preconcentration. The solid lines represent the best fits used for determination of

LODs.
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A much higher LOD of 0.44 nM TPA was obtained by reducing the preconcentration time to 3
min (Figure 4b). On the other hand, a stripping peak current varies linearly with TEA
concentrations only at >0.5 nM after either 3 or 30 min preconcentration, thereby yielding LODs

of 0.37 and 0.42 nM, respectively. A PVC membrane is saturated with TEA after ~2 min

preconcentration (Figure 3b) so that longer preconcentration does not increase the membrane
concentration of TEA or, subsequently, lower the LOD. Overall, the lower LOD for TPA in
comparison to the LODs for TEA is consistent with higher lipophilicity of TPA as expected from

its larger Y value (Table 1). The LOD for TPA, however, is only ~5 times lower while the

preconcentration factor, Y, for TPA is 16 times larger. The apparently moderate LOD for TPA is
due to increasing background current in this potential range (inset of Figure 4a).

It should be noted that a lower LOD for TPA at a long preconcentration time of 30 min is
also advantageous for its detection in the presence of TEA. A stripping voltammogram with a
mixed solution of TEA and TPA at the identical concentration is dominated by a response to

TPA around ~0.3 V after 30 min preconcentration (left voltammogram in Figure 5). This

apparently high selectivity for TPA over TEA is due to immediate saturation of a PVC
membrane with less lipophilic TEA at the early stage of a preconcentration step while TPA is
steadily preconcentrated into the membrane for 30 min to give a much larger stripping current
response. On the other hand, a significant stripping response to TEA is observed around ~0.19
V after 30 s preconcentration (right voltammogram in Figure 5), which is resolved from the

response to TPA, because of their different formal potentials.
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Figure 3-5. Background-subtracted stripping voltammograms of TEA and TPA in a mixed solution at the identical
concentration after preconcentration for 30 min (left) and 30 s (right). The ion concentrations are 25 and 50 nM,

respectively. The dotted lines represent zero current.
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3.4.4 Hexafluoroarsenate as a Lipophilic Anionic Contaminant

Hexafluoroarsenate was investigated as one of the most lipophilic inorganic anions in the so-
called Hofmeister series® to demonstrate that a subnanomolar LOD is obtained also for a
lipophilic anion. Hexafluoroarsenate is an arsenical biocide® used as a pesticide, Hexaflurate.?*
Hexafluoroarsenate was recently found in wastewater from a crystal glass factory containing
high concentrations of arsenic and fluoride.?®?’

A well-defined CV of lipophilic hexafluoroarsenate was obtained favorably with a
PVC/POT-modified electrode (Figure 6). The CV fits very well with a CV simulated for
reversible anion transfer, which controls measured currents. A ¢ value of <1 as obtained from the

.18 This & value for

fit indicates that the solid-supported membrane serves as a thin-layer cel
hexafluoroarsenate with a PVC/POT-modified electrode is smaller than o values obtained for
TEA and TPA with a PVC/PEDOT modified electrode, because a PVC membrane of the former
electrode is thinner than that of the latter (I = 0.718 and 3 um in eq 7, respectively). The
numerical analysis also gives a formal potential of hexafluoroarsenate, which is by 61 mV less
positive than that of less lipophilic perchlorate.'®

The higher lipophilicity of hexafluoroarsenate is confirmed by stripping voltammetry of
25 nM hexafluoroarsenate at various preconcentration times (Figure 7a). The stripping current
response increases monotonically at a longer preconcentration time to reach a plateau value
within 20 min preconcentration when equilibrium partitioning of hexafluoroarsenate between the
membrane and aqueous phases is achieved. The preconcentration time required for equilibration
is ~10 times longer than that for perchlorate,*® which is due to higher lipophilicity of
hexafluoroarsenate (eq 6). A plot of Q(t,)/Qeq Versus t, for hexafluoroarsenate fits well with eq 3
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Figure 3-6. Experimental (red line) and simulated (circles) CVs of 20.4 uM hexafluoroarsenate at a PVC/POT-

modified electrode. Scan rate, 0.1 V/s. Egyp 0n the bottom axis was converted to Ag on the top axis by assuming

GAWC¢ / O, = 0.67 (see Supporting Information).
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Figure 3-7. (a) Stripping voltammograms of 25 nM hexafluoroarsenate at 0.1 V/s after a preconcentration step of
0.5 (black), 1 (olive), 2 (purple), 3 (yellow), 4 (pink), 6 (cyan), 8 (orange), 10 (green), 12 (magenta), 15 (blue), and
20 (red) min. A PVC/POT electrode was rotated at 4000 rpm. (b) Plots of Q(t,)/Qeq Versus t, for hexafluoroarsenate

(red) and perchlorate (black). The circles and solid lines represent experimental and theoretical (eq 3) values,

respectively.
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(Figure 7b) to give a Qeq Value, which corresponds to an applied potential of 0.31 V with respect
to a formal potential as given by using eqgs 2 and 4 with | =0.7 um. This applied potential is more
positive than the corresponding applied potential of 0.25 V for perchlorate by 60 mV, which is
consistent with the difference in formal potentials of hexafluoroarsenate and perchlorate as
determined by cyclic voltammetry. Consequently, the corresponding Y value of
hexafluoroarsenate is 12 times larger than that of perchlorate (Table 1). It should be noted that,
despite similar applied potentials and, subsequently, preconcentration factors for TPA and
hexafluoroarsenate, a thinner PVC membrane covered on a POT-modified electrode is more
quickly saturated with hexafluoroarsenate than a PVC/PEDOT membrane with TPA (Figures 3b
and 7b, respectively) as expected from the dependence of the preconcentration time constant on

the membrane thickness (eq 6).

3.4.5 Subnanomolar LOD for Hexafluoroarsenate by Stripping Voltammetry

A subnanomolar LOD for hexafluoroarsenate was obtained by stripping voltammetry with a
PVC/POT-modified electrode in deionized water containing 0.01 M Li,SO,. Stripping current
responses after 8 min preconcentration vary with 0.25-1.25 nM hexafluoroarsenate (Figure 8).
The backgroundsubtracted peak current is linear to the sample ion concentration (inset of Figure
8). A LOD of (9 + 2) x 10™™ M was obtained by using the IUPAC’s upper limit approach at a
confidence level of 95%.31 This LOD is comparable to the LOD of 80 pM hexafluoroarsenate (6
ng/L as arsenic) in waters by inductively coupled plasma mass spectrometry with anion-
exchange chromatography.®® Moreover, the LOD for hexafluoroarsenate with a PVC/POT-
modified electrode in 0.01 M Li,SOy is significantly lower than the corresponding LOD of 0.5 +
0.1 nM perchlorate, to which stripping current responses vary with its concentrations only at >1
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nM.*® The lower LOD for more lipophilic hexafluoroarsenate is expected from its larger Y value
(Table 1). In fact, the higher lipophilicity of hexafluoroarsenate is shown also in the stripping
voltammograms (Figure 8), where the background peak current responses around ~0.87 V are

due to perchlorate contaminated in the membrane during electrochemical deposition of a POT
film in 0.5 M LiClO..* Overall, LODs of both cations and anions examined in this study are

mainly dictated by their lipophilicities as quantified by their Y values (see Table 1).

3.4.6 EIS of Membrane-Modified Electrodes

Ac impedance responses of PVC/PEDOT- and PVC/POT-modified electrodes confirm that these
thin double-polymer membranes are conductive enough to avoid a significant Ohmic potential
drop in the membranes. A membrane-modified electrode was immersed in 0.01 M Li,SO, and
biased with a dc potential such that no ion transfer occurs across the PVC membrane/water
interface. For the blocking electrode, the impedance, Z, can be expressed by use of a resistor and
a constant phase element as**

1
(Jo)*Q

where R, ¢, and Q are real values and independent of the ac frequency, @, of potential. Equation

Equation 3-8 Z=7Zy—JZ,, =R+

8 fits well with impedance responses in low frequency regions (R < Z., in Figure 8), thereby
yielding the corresponding parameters listed in Table 2. The following discussion is focused on
the resistance, R, which represents the sum of resistances in the bulk membrane and aqueous
phases. Interpretation of the constant phase element can be hardly made because of the presence

of multiple interfaces in the membrane-modified electrodes.

74



0.7

§0.10
0.6 3
g o coiientrmionl}onM "
T 05-
5
o
0.4
0 09 08 07 06 05
Eapp/V

Figure 3-8. Stripping voltammograms of 0 (black dotted), 0.25 (black solid), 0.5 (green), 0.75 (magenta), 1 (blue),
and 1.25 (red) nM hexafluoroarsenate at 0.1 V/s. The inset shows a plot of background-subtracted peak current
versus analyte concentration. The solid line represents the best fit used for determination of LODs. Preconcentration

time was 8 min. A PVC/POT-modified electrode was rotated at 4000 rpm.
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The R values with the membrane-modified electrodes are similar to the R value with a
bare Au electrode (Table 2), indicating that the R values mainly reflect the solution resistance
between the working and counter electrodes. The R value with the PVC/PEDOT-modified
electrode is larger than that with the bare Au electrode only by 0.06 k2, which corresponds to
the resistance of the PVC/PEDOT membrane. Despite a thinner PVC membrane, the R value
with the PVC/POT-modified electrode is larger than that with the PVC-PEDOT-modified
electrode by 0.08 kQ. This result indicates that the undoped POT film is more resistive than the
oxidatively doped PEDOT film. Both membrane resistances of <0.15 kQ and total resistances of
<0.60 kQ are small enough to cause a negligible Ohmic potential drop of < 1 mV in the
membranes when stripping current of <1.5 pA flows across the membranes under the
experimental conditions employed in this study.

It should also be noted that impedance responses of membrane-modified and bare Au
electrodes in lower frequency regions (R << Z,) depend on the dc component of potential such
that « values are affected (data not shown). Impedance responses in higher frequency regions
(Zg =R or lower) are rather independent of the dc bias, thereby yielding similar R values as
listed in Table 2. We were not able to find a good equivalent circuit for the impedance responses
in the higher frequency regions, where data points are limited by the available frequency range of

our instrument (Figure 8b).
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Figure 3-9. Nyquist plots of experimental (circles) and simulated (solid lines) impedance responses in the (a) whole
and (b) higher frequency regions as obtained with PVC/POT-modified (red), PVC/PEDOT-maodified (blue), and
bare (black) Au electrodes in 0.01 M Li,SO,. The dc biases applied to the respective electrodes were 0.15, 0, and 0
V against a Ag/AgCl reference electrode. An equivalent circuit based on a constant phase element was used for the

simulations.
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Table 2. Parameters Determined from Impedance Responses of Membrane-Modified and Bare Au Electrodes in

0.01 M Li,SO,.

electrode R/kQ
PVC/PEDOT® 0.52
PVC/POT® 0.60
bare 0.46

0.89

0.90

0.88

Qa
1.6 x 10°
4.8 x 10°

6.7 x 10

2 The unit depends on «.** ® A PVC membrane was spin-coated on a conducting polymer-

modified Au electrode with 5 mm diameter as described in the Experimental section.
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3.5 CONCLUSION

The subnanomolar LODs that were obtained for both cationic and anionic analytes by employing
PVC/PEDOT- and PVC/POT-modified electrodes, respectively, are the lowest LODs reported so
far for ion-transfer stripping voltammetry. The subnanomolar LODs were obtained for lipophilic
ions as predicted by eq 2. The great sensitivity for lipophilic ions is potentially useful for
environmental analysis because high lipophilicity of an ion is relevant to its bioaccumulation and
toxicity. Hexafluoroarsenate® and perchlorate® are two of the most lipophilic inorganic anions
in the Hofmeister series. Moreover, we have recently employed ion-transfer voltammetry to
demonstrate that perfluoroalkyl carboxylate and sulfonate, which are an emerging class of
organic contaminants,* are much more lipophilic than their alkyl counterparts.®” Other lipophilic
ions that potentially possess adverse health effects include ionizable pharmaceuticals® and ionic
liquids.> These ions are detectable also by ion-transfer voltammetry.*®#?

The subnanomolar LODs represent practical limits for monovalent ions. An even lower
LOD as expected for a more lipophilic monovalent ion requires extremely long preconcentration
(>>1 hr). On the other hand, an ion with a larger charge will give a lower LOD without
prolonged preconcentration, because stripping currents based on a thin-layer behavior vary with
the square of the charge number.*® Picomolar LODs are expected for ion-transfer stripping
voltammetry based on facilitated extraction of polyions, e.g., polypeptide protamine (~+20)*®
and pentasaccharide Arixtra (~—10).*” The extremely high sensitivity may be useful for detection

of these biological polyions in complicated biological and biomedical samples such as whole

blood, where a liquid/liquid interface is fouled to lower voltammetric sensitivity.'®
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Voltammetric cation detection with a thin polymeric membrane supported on a
conducting-polymer-modified electrode was demonstrated for the first time by employing a
PEDOT film. In contrast to anionic analytes, many ionophores with excellent selectivity among
cations were developed for potentiometry.* These highly selective ionophores will significantly
widen the range of applications of PVC/PEDOT-modified electrodes. On the other hand, a LOD
for either cation or anion as obtained with a PVC/PEDOT- or PVC/POT-modified electrode,
respectively, is ultimately dictated by the Nernst equation (eq 2). In this regard, our voltammetric
approach contrasts to a recent potentiometric approach with a PVC/PEDOT-modified
electrode.”® In the latter approach, both cationic analytes and their co-ions are galvanostatically
extracted into a PVC membrane to inevitably obtain a non-equilibrium super-Nernstian response.
A LOD of such a non-selective potentiometric response is compromised in comparison to a LOD

of an equilibrium, selective Nernstian response.>
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SUPPORTING INFORMATION

Finite Element Simulation of CVs

CVs at PVC/POT- and PVC/PEDOT-modified electrodes were numerically analyzed by
employing the finite element method as reported elsewhere.>* Specifically, CVs were simulated
by using COMSOL Multiphysics version 3.5a (COMSOL, Inc., Burlington, MA. An example of
the finite element simulation is attached.

A current response was simulated as a function of the potential drop at the PVC

PvC
w

membrane/water interface, A~¢ . An experimental CV, however, is obtained against the
potential applied to the underlying gold electrode, E,pp, Which is also used for a redox reaction of

a conducting-polymer film as given by

Eapp = AAP%C¢ + AF\)/;/C¢ - Eref (Sl)

where A% ¢ is the potential drop across the PVVC/conducting polymer/gold junction, and Eet is

k,%%% a linear relationship between A”V¢¢

the reference electrode potential. In our previous wor
and Eqyp Was observed empirically for PVC/POT-modified gold electrodes. With this empirical

relationship of a constant value of 0A"“¢/2E, , eq Sl is equivalent to

app’
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app [ 6E

app

A =N07 9- N g = (E (S2)

where E is the applied potential at A"V ¢ = A"VC4” . In the analysis of CVs in Figures 2 and 5,
0N,/ 1 OE,,, was assumed to be same for two ions i and j so that the difference of their formal

potentials is given by

aAPVC ¢
ok

app

AV - AT e =(E] —E])

]

(S3)

It should also be noted that this assumption may be an origin of the deviation between
experimental and simulated CVs for a PVC/PEDOT-modified electrode in Figure 2. In contrast,

a good fit is obtained for a PVC/POT-modified electrode by using this assumption (Figure

5)'81,82
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COMSOL Model
A copy of the COMSOL model is available free of charge in the Supporting Information via the
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4.0 DOUBLE-POLYMER-MODIFIED PENCIL LEAD FOR STRIPPING

VOLTAMMETRY OF PERCHLORATE IN DRINIKING WATER

This work has been published as A. Izadyar, Y. Kim, M. M. Ward, and S. Amemiya, J. Chem.

Educ., 2012, 89, 1323-1326.

4.1 INTRODUCTION

Recently, significant attention has been given to the environmental and public health effects of
perchlorate contamination of drinking water source.! The potential health effects associated with
perchlorate include the disrupted production of thyroid hormones due to the blocking effect of
perchlorate on Na*/I” transporter in the thyroid.? In the past, perchlorate salts were widely used
in the manufacture of munitions, explosives, fireworks, and so forth. Moreover, perchlorate was
discovered on Mars by NASA’s Phoenix Lander® as well as on most continents of earth
including Antarctic Dry Valleys,* indicating its natural occurrence. In February 2011, the U.S.
Environmental Protection Agency (EPA) announced a decision to regulate perchlorate in

drinking water, for which an interim health advisory level of 15 ppb (~150 nM) has been set.

The present EPA-recommended methods for the trace analysis of perchlorate require highly
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sensitive instruments that are commonly unavailable in undergraduate teaching laboratories, such
as an electrospray ionization mass spectrometer and a suppressed conductivity detector for liquid
or ion chromatography.

Here we introduce a double-polymer-modified pencil lead as an inexpensive and
disposable (maintenance free) electrode for upper-division undergraduate instrumental
laboratories to enable the simple detection of nanomolar concentrations of perchlorate. The
proposed method is based on ion-transfer stripping voltammetry6 through the novel application
of pencil lead electrodes, which, in principle, is distinguished from their previous educational
applications such as ion-selective potentiometry’ and anodic-stripping voltammetry.® The high
perchlorate sensitivity and selectivity of the voltammetric sensor are due to the high lipophilicity
of perchlorate in comparison with common inorganic anions in drinking water,® which is
represented by the Hofmeister series as the measure of the free energy of the hydration of these
anions:

ClO, > NO;™ >Br > NO, = CI" > HCO5 > H,PO,” = F = SO,~

Specifically, students fabricate their own electrodes and perform perchlorate analysis in a
3—4 h laboratory session to obtain hands-on experience with the electropolymerization of a
conducting polymer film; ion and electron-transfer electrochemistry; and cyclic and stripping
voltammetry. In addition, students can use the versatile double-polymer-modified electrodes to
detect anions of interest beyond perchlorate and evaluate their lipophilicity as the critical

molecular property related to their environmental toxicity™® and pharmaceutical activity.**
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4.2 EXPERIMENTAL SECTION

4.2.1 Reagents

3-Octylthiophene, lithium perchlorate, lithium sulfate, tetradodecylammonium bromide
(TDDABT), poly(vinyl chloride) (PVC; high molecular weight), 2-nitrophenyl octyl ether
(oNPOE), and anhydrous acetonitrile were obtained from Aldrich (Milwaukee, WI). Potassium
tetrakis(pentafluorophenyl)borate (KTFAB) was purchased from Boulder Scientific Company
(Mead, CO). TDDATFAB was prepared by the metathesis of KTFAB and TDDABT as reported

elsewhere.*?

4.2.2 Fabrication of Pencil Lead Electrode

A pencil lead electrode was fabricated using a super hi-polymer lead (0.7 mm, HB, Pentel of
America, Torrance, CA) partially insulated with a FEP (fluorinated ethylene propylene) heat
shrink tubing (24 Gauge, heat shrink ratio 1.3:1, Zeus, Orangeburg, SC). As shown in Figure 4 in
the Supporting Information, the end of the tubing was sealed using 5-min epoxy (ITW Devcon,
Danvers, MA) to minimize the penetration of an acetonitrile solution into the gap between the
pencil lead and the tubing during POT (poly(3-octylthiophene)) deposition, thereby maintaining
a well-defined electrode area. Additionally, a PTFE-coated Cu wire (polytetrafluoroethylene; 20
WAG, Alpha Wire, Elizabeth, NJ) was attached to the pencil lead electrode using silver epoxy
H20E (Epoxy Technology, Inc., Billerica, MA) to facilitate electrode handling. An electrode

with a good electrical connection gives a resistance of 1-2 Q through pencil lead and Cu wire.
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Noticeably, no perchlorate response is obtained using the uncoated pencil lead electrode, which

proves the necessity of the coating (see below).

4.2.3 Electrochemical Experiments

A computer-controlled CHI 600A electrochemical workstation (CH Instruments, Austin, TX)
was used for the electropolymerization of POT by cyclic voltammetry and for ion-transfer
stripping voltammetry of perchlorate. The respective voltammetric experiments were performed
using the following three electrode cells with a Pt counter electrode

Pt|POT|150 mM 3-octylthiophene and 25 mM TDDATPBA (acetonitrile)|pencil lead (cell 1)
Ag|AgCI|3 M KCl||1 mM Li,SO4 (water)||100—1000 nM LiCIO4 and 1 mM Li,SO, (water)

[TDDATFAB (oNPOE/PVC membrane)|POT|pencil lead (cell 2)
In cell cell 1, a POT-modified Pt wire served as a stable quasi-reference electrode in
acetonitrile,”® whereas a double junction Ag/AgCl reference electrode was used in cell 2.
Typically, a group of three students shared one potentiostat to perform all electrochemical

measurements in the laboratory session.

424 HAZARDS

Acetonitrile is highly flammable, is harmful by ingestion and skin absorption (irritant), affects
lungs, blood, kidney, liver, and central nervous system, and causes serious eye damage. Lithium
sulfate is also harmful by ingestion and has target body effects on central nervous system, kidney,
and cardiovascular system. Lithium perchlorate is an irritant and is not combustible. It, however,

is a powerful oxidizing agent and forms explosive mixtures and shock sensitive mixtures with
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combustible or easily oxidizable materials. Also, lithium perchlorate decomposes violently or
explosively at high temperatures and releases oxygen in fire situation. TDDABT is an irritant.

KTFAB is explosive and causes irritation by inhalation and contact with skin and eyes.

4.3 RESULTS AND DISCUSSION

4.3.1 Principle

Figure 1 shows the principle of ion-transfer stripping voltammetry of perchlorate with a
PVC/POT-modified pencil lead electrode. The plasticized PVC membrane serves as the reservoir
of perchlorate, which is preconcentrated from an aqueous sample, while the POT film is
necessary as an ion-toelectron transducer to mediate continuous current flow between the
ionically conductive PVC membrane and the electronically conductive solid electrode.9 In the
preconcentration step, the POT film is oxidized by the underlying pencil lead electrode upon the
application of a sufficiently positive potential to drive the transfer of anionic perchlorate from the
aqueous phase into the solid-supported PVC/POT membrane. After sufficiently long
preconcentraion (typically 5 min for 100 nM perchlorate), the potential of the pencil lead is
linearly swept toward the negative direction, such that the reduction of the oxidized POT film
drives the reverse transfer of highly concentrated perchlorate into the aqueous phase, thereby
yielding a high stripping current response. Noticeably, the POT membrane is not suitable for the
preconcentration of an aqueous cation into the PVC membrane,™® which requires a conducting
polymer that is initially in the stable and readily reducible form, such as an oxidatively doped

poly(3,4-ethylenedioxythiophene) membrane.™
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Figure 4-1. Scheme for the preconcentration (black arrows) and stripping (red arrows) of perchlorate at the

PVC/POT-modified pencil lead electrode and the corresponding electrode potential (bottom).
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4.3.2 Electrode Modification

Students were able to readily prepare their own PVC/POT-modified pencil lead electrodes
(Figures 2A and 4 in Supporting Infromation). A pencil lead was partially covered with an FEP

heat-shrinkable tubing to expose the graphite surface with a well-defined length of ~5 mm, as

shown in Figure 2A. The exposed surface of the pencil lead was coated with a POT membrane
through electropolymerization by cyclic voltammetry using cell 1 (Figure 2B). 3-Octylthiophene
(OT) was substantially oxidized at >1.25 V, resulting in polymerization at the exposed surface.
The growth of the POT membrane with continued cycling of the potential was confirmed by the

successive increase in its oxidation and reduction peaks at ~1.0 and ~0.75 V, respectively.

Typically, 6 potential cycles produced a POT membrane with adequate redox capacity for
stripping voltammetry of nanomolar concentrations of perchlorate (see below). Then, the
POTmodified pencil lead electrode was simply dip-coated with a plasticized PVC membrane
from a THF solution of PVC, oNPOE as a plasticizer, and TDDATFAB as organic supporting
electrolytes (see Supporting Information for the membrane composition) and dried in air (Figure

5 in the Supporting Information).

4.3.3 Stripping Voltammetry of Nanomolar Perchlorate

Stripping voltammetry was performed to analyze standard solutions of 100—1000 nM perchlorate
in tap water. Perchlorate, preconcentrated into the PVC membrane for 5 min at 0.83 V, was
stripped by linearly sweeping the potential toward the negative direction at 0.1 V/s (Figure 3A).
The lack of a significant diffusional tail in the peak-shaped voltammograms indicates that the
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Figure 4-2. (A) Optical image of a PVC/POT-modified pencil lead. (B) CVs of POT deposition on a pencil lead

electrode in cell 1. Scan rate, 0.1 V/s.
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PVC/POT membrane is thin enough to exhaustively strip the accumulated perchlorate, thereby
maximizing the current sensitivity and also keeping the membrane free from perchlorate after
each measurement. The stripping peak current is proportional to the aqueous concentration of
perchlorate down to 100 nM (Figure 3B), which is lower than the interim health advisory level of

15 ppb (~ 150 nM) perchlorate in drinking water set by the EPA. This high sensitivity is due to

the thermodynamically favorable transfer of perchlorate at the preconcentration potential, which
is 0.21 V more positive than the peak potential of 0.63 V for perchlorate stripping. Only
perchlorate responses were observed because, as expected from the Hofmeister series, the tap
water sample contained no lipophilic interfering anions that would be favorably preconcentrated
into the PVC membrane.® Moreover, no well-defined peak-shaped response was obtained with
the background tap water sample, where a negligible quantity of perchlorate was present. In such
a case, the analysis of a spiked unknown sample is recommended (see an example in Supporting

Information).

4.3.4 Evaluation of lon Lipophilicity

If time allows, students are encouraged to study other anions of interest using a PVC/POT-
modified pencil lead for their highly sensitive detection as well as for the evaluation of their
lipophilicity. In addition to perchlorate, hexafluoroarsenate is also a serious environmental
contaminant with sufficiently high lipophilicity™ to give nanomolar sensitivity (parts B and C of
Figure 3). Importantly, the stripping peak potential serves as the quantitative measure of ion
lipophilicity; that is, the stripping of a more lipophilic anion is less favorable and therefore

requires more negative potentials. The comparison of peak potential for perchlorate (0.63 V in
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Figure 4-3. Stripping voltammograms of (A) perchlorate and (C) hexafluoroarsenate spiked in tap water and (B) the

corresponding plots of peak current versus concentration. Scan rate, 0.1 V/s.
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Figures 3A) with that for hexafluoroarsenate (0.55 V in Figure 3C) confirms higher lipophilicity

of the latter.

44  CONCLUSIONS

The double-polymer-modified pencil lead electrodes are inexpensive, readily fabricated,
disposable (maintenance free), and rich in concepts and methodologies of electrochemistry
including ion and electron transfers and their coupling, electropolymerization, and cyclic and
stripping voltammetry. Students can use their own electrodes to quantitatively address whether
their local drinking water is contaminated with nanomolar perchlorate. In addition, students can
use a PVC/POT-modified electrode to screen the lipophilicity of various anions, for example,
perfluoloalkyl oxoanions®® and ionized drug molecules,™ as a physicochemical parameter, which

affects their environmental toxicity and pharmaceutical activity, respectively.
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SUPPORTING INFORMATION

Purpose

The purpose of this experiment is to determine the concentration of perchlorate spiked in tap
water by ion-transfer stripping voltammetry using a double-polymer-modified pencil-lead
electrode. If time allows, students are encouraged to investigate other anions and evaluate their

lipophilicity.

Background

The background information of the proposed perchlorate sensor is detailed in Y. Kim, Y and S.
Amemiya, Anal. Chem. 2008, 80, 6056-6065. Students are encouraged to read this paper and
references therein to learn about the environmental contamination of perchlorate, EPA methods
for perchlorate analysis, potentiometric and voltammetric ion-selective electrodes for trace

analysis, and the theories of the voltammetric ion sensors.

Equipment

A computer-controlled CHI 600A electrochemical workstation (CH Instruments, Austin, TX)
was employed for the electropolymerization of poly(3-octyl thiophene) (POT) and for stripping
voltammetry of perchlorate. The macro program of the CHI instrument facilitates stripping

voltammetric measurements.
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Chemicals

3-octylthiophene (C12H20S, 65016-62-8)

Lithium perchlorate (LiClO,4, 7791-03-9)

Lithium sulfate (Li,SO,4, 10377-48-7)

Tetradodecylammonium (TDDA) bromide (C4gH100NBr 14866-34-3)
Poly(vinyl chloride) (PVC, high molecular weight, 9002-86-2)
2-Nitrophenyl octyl ether (0NPOE, C14H2103N, 37682-29-4)
Acetonitrile (C,H3N, 75-05-8)

Potassium tetrakis(pentafluorophenyl)borate (KTFAB, C,4F20BK, 89171-23-3)

Harzards

The hazard identification of these chemicals is listed in Table 1.

Electrode Materials

Super hi-polymer lead (0.7 mm, HB, Pentel of America, Torrance, CA)

FEP heat shrink tubing (24 Gauge, Heat Shrink Rat 1.3:1, Zeus, Orangeburg, SC)
5 minute epoxy (ITW Devcon, Danvers, MA)

Silver epoxy H20E (Epoxy Technology Inc., Billerica, MA)

PTFE-coated Cu wire (20 WAG, Alpha Wire, Elizabeth, NJ)
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Table 4-1. Hazard Identification

chemicals
3-octylthiophene
lithium perchlorate
lithium sulfate
TDDABr

PVC

oNPOE
acetonitrile

KTFAB

health hazard

flammability
1

0

physical hazards
0

0
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Pencil-Lead Electrode

1. Cut a pencil lead into two equal parts (3.0 cm each).

2. Cut a 2.0 cm-long FEP heat shrinkable tube.

3. Cut a 5.0 cm-long copper wire.

4. Cover the pencil-lead by tube to expose 4 mm from the uncut end.

5. Attach the copper wire to the cut end of the pencil lead using silver epoxy.

6. Keep the electrode at 100°C in the oven for 30 minutes to cure the epoxy and also shrink the
tube.

7. After cooling the electrode, use 5 min epoxy to seal the heat shrinkable tube at the side near
the Cu wire. This sealing is needed to avoid the penetration of acetonitrile into the gap between
the pencil lead and the FEP tube, which causes an ill-defined electrode area.

8. Keep the electrode in the oven at 100 °C for 5 min to cure the epoxy (Figure 1).

Electrode Modification

1. Conduct the film deposition by cyclic voltammetry using a three-electrode arrangement (cell 1
in the main text) so that the polymer reduction current reaches 60-100 YA at 0.1 V/s (Figure 1b).
Typically, the potential of a pencil-lead electrode is cycled 6 times between 0 V and the potential
where the monomer oxidation current reaches 0.4 mA. The final potential is set to 0 V to obtain a
neutral POT film. After POT deposition, wash the modified electrode with acetonitrile.

2. Prepare a 1 mL THF solution containing 8 mg of PVC, 31 pL of oNPOE, and 4.4 mg of

TDDATFAB.
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Figure 4-4. Design of an unmodified pencil lead electrode.

Figure 4-5. Drying PVC/POT-modified electrodes directed upward.
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3. Immerse a POT-modified pencil lead (~1.5 cm in depth) into the THF solution for 10 s.
Remove the electrode from the solution and direct the immersed end upward to drain the THF
solution from the tip (Figure 5). THF will completely evaporate within 5 min to remain a PVC

membrane (Figure 2a).

Preparation of Standard Solutions

1. Following aqueous solutions were prepared with tap water collected from the cold water tap of
a laboratory sink after the water was allowed to run for 15 min.

2. Prepare 250 mL of 1 mM Li,SO,4 by weighing out 27.49 mg of solid Li,SO,4 and dissolving it
in 250mL water using a volumetric flask.

3. Prepare 50 mL of 1 mM LiCIO, by weighing out 5.32 mg of solid LiCIO,4 and dissolving it in
50 mL of 1 mM Li,SO4 using a volumetric flask. Dilute 1.00 mL of the 1 mM LiCIO, stock
solution with 50 mL of 1 mM Li,SO4to prepare 20 uM LiCIlO4 in 1 mM Li,SO,.

4. Dilute 50, 150, 300, 400, and 500 pL of the 20 uM LiCIO,4 solution with 10 mL of 1 mM
Li,SO, solution to prepare 5 other standard solutions containing approximately 100, 300, 600,

800, 1000 nM LiCIlO,4 (see Table 1 for accurate concentrations).

Stripping Voltammetry

1. The instrument is CHI 600A electrochemical workstation equipped with Faraday cage for
stripping voltammetry measurements. Use a three-electrode arrangement with a double-junction
Ag/AgCI reference electrode (BASI, West Lafayette, IN) and a Pt-wire counter electrode (cell 2

in the main text).

103



2. Measure a cyclic voltammogram with the 1 mM Li,SO,4 background solution to find the
anodic potential where the current reaches to —0.6 pA (Figure 6). The optimum preconcentration
potential is 10-30 mV more positive in comparison to this potential.

3. Use 5 min preconcentration time and record a stripping voltammogram of 1 mM Li,SO4 until
stable background voltammograms are obtained. With a typical electrode, the fist two
background voltammograms overlap with each other very well.

4. Record the stripping voltammogram of each LiClO, solution with 5 min preconcentration

(Figure 3a).
Data Analysis for Standard Solutions and Spiked “Unknown” Samples.

1. Carry out the least-square analysis of peak currents versus perchlorate concentrations in
standard solutions (Table 2) to determine slope, m, intercept, b, and standard deviation about

regression, s, as given by (N is the number of standard solutions)

ny!_zxfzyf

(ZN )z =0.5358 (S-1)
25—
b= @ =0.1706 (S-2)

2 Zi2 2 2 in2
R A

5, = =0.0117 (S-3)
N-2
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Figure 4-6. Background CV of a PVC/POT-modified pencil lead electrode in 1 mM Li,SO,. Scan rate, 0.1 V/s.
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Table 4-2. Analytical Results of Standard Solutions

concentration, X;, UM peak current, Xi Vi XiYi
Yi, HA
0.100 0.236 0.0100 0.055696 0.0236
0.296 0.323 0.0874 0.104329 0.0955
0.488 0.420 0.2380 0.176400 0.2049
0.769 0.580 0.5917 0.336400 0.4462
0.952 0.690 0.9070 0.476100 0.6571
2.604 2.249 1.8341 1.148925 1.4272
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2. Measure a peak current, y,, of a spiked “unknown” sample and calculate the corresponding

concentration, x,, and its standard deviation, s, using the calibration curve (Table 3) and the

following equations.

P Ml (S-4)
m
(s, Y
_% s 1 + LT _qu (S-5)
oW ()
mz lez - N!

INSTRUCTOR NOTES

1. Information about hazards is given in the main text and student instructions.

2. Preparation of TDDATFAB is not included in the 3—4 hour laboratory session. This salt can be

prepared in a large scale (5—10 g) and stored in a refrigerator.
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Table 4-3. Analytical Results of Spiked Samples

sample 1 sample 2 Sample 3
spiked concentration, UM 0.392 0.583 0.676
measured peak current, yy, HA 0.383 0.484 0.543
calculated concentration, x,, pM? 0.40 0.58 0.69
standard deviation, s, pM? 0.02 0.02 0.02

& Calculated using the results of the least-square analysis of the data in Table 2.
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5.0 IONOPHORE SYNTHESYS FOR ELECTROCHEMICAL RECOGNITION AT

LIQUID/LIQUID MICROINTERFACES

This work has been published as P. J. Rodgers P. Jing, Y. Kim, and S. Amemiya. J. Am. Chem.
Soc. 2008, 130, 7436-7442 and also as P. Jing, Y. Kim, and S. Amemiya, Langmuir., 2009, 25,

13653-13660.

lonophores were synthesized to investigate the interfacial recognition and extraction of
heparin and low-molecular-weight heparin at nitrobenzene/water microinterfaces. A synthetic
heparin mimetic, Arixtra is electrochemically extracted from the water phase into the bulk
nitrobenzene phase containing highly lipophilic ionophores, methyltridodecylammonium 1 or
dimethyldioctadecylammonium 2.' Moreover, octadecylammonium 3-4 and octadecyl-
guanidinium 5 are introduced as new, simple ionophores to model recognition sites of heparin-
binding proteins at liquid/liquid interfaces. A new heparin ionophore 6, 1-[4-
(dioctadecylcarbamoyl)butyl]guanidinium, is the first to enable the voltammetric extraction of

various polyanionic heparins with average molecular weights of up to ~20 kDa including those

in commercial preparations (i.e., Arixtra (1.5 kDa), Lovenox (4.5 kDa), and unfractionated
heparin (15 kDa), as well as chromatographically fractionated heparins (7, 9, 15, and 20 kDa)).?
TFAB salts of quaternary ammonium ionophores 1-3 and a supporting electrolyte TDDA

were prepared as reported previously.” TFAB salts of octadecylammonium 4 or
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octadecylguanidinium 5 were prepared by metathesis of KTFAB and octadecylguanidinium p-
toluenensulfonate or octadecylamine hydrochloride in methanol. A dichloromethane solution of
the mixture was washed several times with deionized water. The solvent was removed by rotary
evaporator and the product was dried further under vacuum. Octadecylguanidinium p-
toluenensulfonate was synthesized and characterized as described elsewhere.?

The TFAB salt of 1-[4-(dioctadecylcarbamoyl)butyl]guanidinium 6 or N,N-dioctadecyl-
guanidinium 7 was prepared by metathesis of KTFAB in ethanol and the p-toluenesulfonate or
lactate salt of the respective ionophores in dichloromethane as reported for preparation of TFAB
salts of the other ionophores investigated in this work.?® The p-toluenesulfonate salts of
ionophore 6°* and octadecylguanidinium® and the lactate salt of ionophore 7> were synthesized

and characterized by *H NMR as described below.

Scheme 5-1. Structure of lonophores 1-7

CH3(CHy)11~ - (CH2)11CH3 CH3(CH2)17~ - (CH2)17CH3
1 2
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N
H.C 3 CH H'® H NN
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T 0 ™
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“H H {CHa)17CHg “H  {CHy)y7CH;
1 '
6 7
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A 1,2-DCE solution of Arixtra-ionophore 6 complexes was obtained by anion exchange
between p-toluenesulfonate of the ionophore 6 salt in a 1,2-DCE solution and Arixtra in a
dialyzed solution. Specifically, a 200 uL 1,2-DCE solution of 3 mM p-toluenesulfonate salt of
ionophore 6 and 0.1 M TDDATFAB was washed three times with an 800 puL. aqueous solution of
0.4 mM Arixtra and 1 mM HEPES at pH 7.0. The resulting 1,2-DCE solutionwas directly used

for cyclic voltammetric experiments.

1-[4-(Dioctadecylcarbamoyl)butyl]guanidinium ptoluenesulfonate. The p-toluenesulfonate salt
of ionophore 6 was synthesized as reported by Kunitake and co-workers.>* *H NMR (CDCls, §)
0.89 (t, J = 6.6 Hz, —CH,(CH,)16CH3, 6H), 1-1.9 (m, —CH,(CH,)16CH3 and CH,CH,CH,NH,
68H), 2.3-2.5 (br, CH,C(O) and ArCH; b5H), 3.1-34 (m, -CH,(CH,);CH;3 and
CH,CH,CH,NH, 6H), 6.9-7.1 (br s, NH, and NH, 5H), 7.17 (d, J = 8.1 Hz, Ar H, 2H), and 7.73
(d, J = 8.1 Hz, Ar H, 2H).

N,N-dioctadecylguanidinium lactate. The lactate salt of ionophore 7 was synthesized as
follows.>? 50 mg L(+)-lactic acid in 0.3 mL n-butanol was added to a solution of 500 mg N,N-
dioctadecylamine in 1.5 mL n-butanol at 60 °C. The mixture was stirred at 120 °C for 3 hours.
Then, 47.3 mg cyanide dissolved in 0.5 mL n-butanol was added to the mixture. After the
mixture was stirred for 3 hours at 120 °C, the crude product was precipitated in acetone, filtered,
and washed with diethyl ether several times. The final product (400 mg, 64 %) was dried further
under vacuum. *H NMR (CDCls, 8) 0.89 (t, J = 6.4 Hz, —CH»(CH,)16CH3, 6H), 1.2-1.7 (m, —
CH2(CH)16CH3 and —CH(OH)CHs, 67H), 2.5-3 (br s, NH, and NH, 5H), 3.1-3.4 (m, -

CH2(CH;)16CH3 and —-CH(OH)CHgs, 5H), and 4.2 (m, -CH(OH)CHjs, 1H).
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1- Octadecylguanidinium p-toluenesulfonate. The p-toluenesulfonate salt of ionophore 7 was
synthesized as reported by Kunitake and co-workers.>® *H NMR (DMSO-ds, 8) 0.84 (t, J = 6.6
Hz, —-CH,(CH2)16CHs, 3H), 1-1.5 (m, —CH2(CH>)16CHgs, 32H), 2.28 (s, ArCHs, 3H), 3.05 (q, J =
6.6 Hz, —~CH2(CH,)1sCHs, 2H), 6.6-7.4 (br s, NH, and NH, 5H), 7.1 (d, J = 8.1 Hz, Ar H, 2H),

and 7.46 (d, J = 8.1 Hz, Ar H, 2H).
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