J Solid State Electrochem (2005) 9: 312-319
DOI 10.1007/s10008-004-0597-7

ORIGINAL ARTICLE

Mercedes Vazquez - Johan Bobacka
Minna Luostarinen - Kari Rissanen
Andrzej Lewenstam - Ari Ivaska

Potentiometric sensors based on poly(3,4-ethylenedioxythiophene)
(PEDOT) doped with sulfonated calix[4]arene and calix[4]resorcarenes

Received: 31 August 2004 / Revised: 27 September 2003 / Accepted: 29 September 2004 / Published online: 1 December 2004

© Springer-Verlag 2004

Abstract Potentiometric ion sensors have been prepared
by galvanostatic electrosynthesis of the conducting
polymer poly(3,4-ethylenedioxythiophene) (PEDOT)
doped with p-sulfonated calix[4]arene (C[4]S) and p-
methylsulfonated calix[4]resorcarenes (R,[4]S) with alkyl
substituents of different chain length (R;=CHs;
R,=C,Hs; R;=CgH;3). The bowl-shape of these dop-
ing ions makes them suitable as ionic recognition sites,
and their bulky character is expected to prevent them
from leaching out of the conducting polymer membrane.
For comparison, sensors based on PEDOT doped with
poly(styrene sulfonate) (PSS) and poly(vinyl sulfonate)
(PVS) were also constructed. The resulting GC/PEDOT
electrodes were conditioned in 0.01 mol L™! AgNO;
and their performance as Ag" ion-selective electrodes
(ISEs) studied. Results reveal that selectivity and lifetime
of the electrodes is affected by the doping anion struc-
ture, although all electrodes show selectivity towards
Ag " ions. Interaction of Ag™ with sulfur atoms present
in the conducting polymer backbone is considered to be
the main reason for this behavior. A second set of
electrodes was constructed and conditioned in
0.1 mol L™' KCI. These electrodes were tested in chlo-
ride solutions of quaternary ammonium cations, show-
ing that C[4]S and R;[4]S exhibit significant sensitivity
towards pyridinium.
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Introduction

Potentiometric ion sensors based on conducting poly-
mers (CPs) is a field that has grown significantly over
the last decade [1]. The unique properties of CPs as ion-
to-electron transducers make them very suitable for use
as solid contact materials in ion-selective electrodes
(ISEs) based on plasticized PVC membranes [2]. In
solid contact ISEs (SCISEs) the selectivity is induced by
immobilization of ionophores (ion-recognition mole-
cules) in the PVC matrix. However, as a consequence of
new market requirements, miniaturization has become
one of the main issues in sensor construction for
applications in very different fields such as clinical
analysis [3] or environmental monitoring [4]. Therefore,
new approaches in sensor development are needed in
order to simplify the construction procedure and to
facilitate miniaturization. Following this premise,
elimination of the plasticized PVC membrane from
solid contact ISEs by inclusion of ion-recognition
molecules in the bulk of the CP enables simplification
of the sensor. Thus, electrochemical polymerization of
a conducting polymer in presence of a bulky ion with
ion-recognition properties is a simple one-step process
that results in immobilization of the ion-recognition
sites in the CP matrix [5]. In such a design, the resulting
CP membrane has both ion-recognition and transduc-
tion properties.

In this work, p-sulfonated calix[4]arene (C[4]S) and
p-methylsulfonated calix[4]resorcarenes (R, [4]S) have
been used as doping ions in the galvanostatic electro-
synthesis of poly(3,4-ethylenedioxythiophene) (PEDOT)
for construction of potentiometric ion sensors.
PEDOT is used as the CP on the basis of its suitability
as ion-to-electron transducer [6, 7]. Calix[n]arenes and



calix[n]resorcarenes form a huge group of bowl-shaped
molecules that can easily be functionalized. The size of
the cavity and the type of substituent aid molecular
recognition, which makes them very attractive in host—
guest and supramolecular chemistry [8]. Water-soluble
sulfonated calix[n]arenes [9] have previously been used as
doping ions in the conducting polymers polypyrrole
(PPy) [10, 11] and polyaniline (PANI) [12]. The main
objective of this work was to study the performance of
these types of conducting polymer-based electrode as
potentiometric sensors and to determine possible differ-
ences between sensor selectivity based on the different
structures of the doping anions.

Both C[4]S and R,,[4]S have a bowl-shaped structure,
but a different number of -OH groups placed in different
positions. The position of the sulfonate group is also
different. The acidic character of the molecules is,
therefore, not the same. R,[4]S with different alkyl
substituents is used to study the effect of alkyl chain
length on the performance of the sensor. PEDOT doped
with the bowl-shaped C[4]S and R,[4]S are compared
with PEDOT doped with poly(styrene sulfonate)
(PSS). PSS is a linear molecule with sulfonate-substi-
tuted aromatic rings as pendant groups. For compari-
son, poly(vinyl sulfonate) (PVS) is also used as doping
anion. PVS is also a linear molecule with sulfonate
groups, but without aromatic rings. In this way, the role
played by the aromatic ring of the doping anion can be
evaluated. The chemical structures of the different
dopants studied are shown in Fig. 1.

Fig. 1 Chemical structures of
p-tetrasulfonated calix[4]arene
(1), p-tetra(methylsulfonated)
calix[4]resorcarene (2),
poly(styrene sulfonate) (3),
poly(vinyl sulfonate) (4), (semi) OH
3D representation of

p-tetrasulfonated calix[4]arene 1
(1*), choline (5), acetylcholine

(6), trimethylphenylammonium

(7), pyridinium (8), and

N-methylpyridinium (9)

SOy
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Experimental
Chemicals

p-Tetrasulfonated calix[4]arene (4-sulfonic calix(4)arene)
(C[4]S) in the acid form is commercially available and
was obtained from ACROS organics. p-Tetra(methyl-
sulfonated) calix[4]resorcarenes (R,[4]S) (R;=CHs;
R,=C,Hs; R3=CgH;3), as the sodium salts, were syn-
thesized by following Kazakova’s procedure [13]. A
small change in the procedure was made in the R3[4]S
synthesis, however—no addition of acetone was neces-
sary to precipitate the end product, because this pre-
cipitated during the neutralization step. Poly(sodium
4-styrene sulfonate) (NaPSS, MW~70,000) and
poly(sodium vinyl sulfonate) solution (NaPVS) were
obtained from Aldrich. The monomer 3,4-ethylenedi-
oxythiophene (EDOT, >97%) was obtained from Ba-
yer. All other chemicals were analytical-reagent grade.
ELGA ultrapure water (resistivity 18.2 MQ cm) was
used to prepare all solutions.

Fabrication of the potentiometric sensor
by electrochemical polymerization

Electrochemical synthesis of poly(3,4-ethylenedioxythi-
ophene) (PEDOT) was carried out by using an Autolab
General Purpose Electrochemical System (AUT20.

SO3- 03. 03-
HO OH -(-CHZ—CH—);n
4
4 4 ~CHCHY-
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2b R2 = C2H5
2¢c R3 = C6H1 3
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FRA2-Autolab, Eco Chemie, The Netherlands) con-
nected to a conventional one-compartment electro-
chemical cell. The working electrode was a glassy carbon
(GC) disc electrode with an area of 0.07 cm”. A GC rod
was used as the auxiliary electrode. No reference elec-
trode was used, in order to prevent any anion other than
the desired doping anion from being trapped in the
polymer film during the electropolymerization proce-
dure. Prior to polymerization, the GC working electrode
was polished with 0.3 pm alumina, rinsed with water
and cleaned ultrasonically for at least 15 min. PEDOT
was deposited on the GC working surface by galvano-
static electrochemical polymerization from a deaerated
aqueous solution containing 0.01 mol L™! EDOT and
the supporting electrolyte: 1 mmol L~' H(C[4]S),
I mmol L' Na(R,[4]S), 0.1 mol L' NaPSS or
0.1 mol L™' NaPVS. The chemical structures of the
anions of the supporting electrolytes used are shown in
Fig. 1; hereafter they will be denoted by the abbrevia-
tions (1) =C[4]S, (2a)=R [4]S, (2b) =R,[4]S,
(2¢) =R;[4]S, (3)=PPS, and (4)=PVS. To produce a
polymerization charge of 25 mC, a constant current of
0.014 mA (0.2 mA cm?) was applied for 1785 s in the
process of polymerization of PEDOT. The resulting
electrodes based on PEDOT (GC/PEDOT) doped with
different doping anions were conditioned in 0.1 mol L'
KCI solution for at least 1 day before further use. These
electrodes were kept in 0.1 mol L' KCI between mea-
surements. A second set of all the different GC/PEDOT
electrodes was conditioned in 0.01 mol L™' AgNO;
prior to measurements and from now on they will be
called Ag " -ISEs when considered as a group. The Ag " -
ISEs were kept in 0.01 mol L™' AgNO; between
measurements.

Potentiometric measurements

The potentiometric measurements were performed with
a homemade multi-channel mV-meter connected to a PC
for data acquisition. The reference electrode was
Ag|AgClIKCI (3 mol L™!). When measuring in nitrate
solutions, a salt bridge containing 1 mol L~' KNO; was
used to connect the reference electrode to the test
solution.

The potentiometric response of GC/PEDOT elec-
trodes conditioned in 0.1 mol L™! KCI was studied in
KCI aqueous solutions with and without background
electrolyte (0.1 mol L™ NaCl). Selectivity coefficients
were determined by the separate solution method
(SSM). When a large number of cations are tested this
method is undoubtedly the fastest compared with any
other available method. We therefore decided that
SSM was the best method in our work, despite its
limitations [14], to compare several different types of
electrode in a large number of test solutions. Selec-
tivity measurements were done in 0.01 mol L™! solu-
tions of different alkali, alkaline earth, and organic
cations. The pH of the test solutions was usually in

the range 5.3-6.9 except for solutions containing ace-
tylcholine (ACh™) and pyridinium (Py ™), for which
the pH was in the range 3.7-4.3, and of course solu-
tions containing H' as the only cation (pH=2).
Chloride salts were used for all cations tested except
for the N-methylpyridinium cation (MPy ™), for which
the iodide salt was used.

The potentiometric response of the Ag’-ISEs was
studied in AgNOj; aqueous solutions with and without
background electrolyte (0.1 mol L' KNOs). Selectivity
coefficients were determined by the SSM. Selectivity
measurements were done in 0.01 mol L™ solutions of
the studied ions, except for Hg? ", Fe’>™ and Fe*" for
which a 107* mol L™ solution at pH 3 was used (pH
was fixed by using 1072 mol L™' HNOj; as constant
background electrolyte). The contribution of H™ to the
response in these acidic solutions was cancelled by
comparison with the electrode response in acidic solu-
tions of Ag™ (107 mol L™ AgNOj; at pH 3). The other
test solutions had pH in the range 5.1-5.6, and pH=4.7
for Cu®>" and Pb>" cations. Nitrate salts were used for
all cations tested.

The activity coefficients were calculated according to
the extended Debye—Hiickel equation [15]. Correction
for the liquid-junction potential was applied (Henderson
equation). All the measurements were performed at
room temperature (23 £2°C).

Cyclic voltammetry (CV) measurements

Cyclic voltammetry (CV) measurements were per-
formed by using an Autolab General Purpose Electro-
chemical System (AUT20.FRA2-AUTOLAB, Eco
Chemie, The Netherlands). CV measurements were
done in a one-compartment three-electrode electro-
chemical cell where the GC/PEDOT electrode under
study was connected as the working electrode. A GC
rod was used as the auxiliary electrode and the refer-
ence electrode was an Ag/AgClKCI(3 mol L") elec-
trode. When measurements were performed in nitrate
solutions, the reference electrode was connected to the
solution via a salt bridge containing 1 mol L™' KNO;
solution. For all the measurements temperature was
23+ 2°C.

Results and discussion

Calix[n]arenes are known to be selective for organic
cations (quaternary ammonium cations) [8, 16]. This is
why electrodes based on PEDOT doped with C[4]S and
R,[4]S were tested in chloride solutions of organic ca-
tions after being conditioned in 0.1 mol L~! KClI solu-
tions. Calix[n]arenes are also known to host soft metals
[8, 17] such as Ag ™. Therefore, another set of electrodes
based on PEDOT doped with C[4]S and R,[4]S were
conditioned in 0.01 mol L~! AgNOj; and are referred to
as Ag " -ISEs.



Sensitivity and selectivity of GC/PEDOT electrodes
conditioned in 0.1 mol L™! KCI

The potentiometric response of the electrodes based on
PEDOT doped with the different anions (1)—(4) in KCI
solutions with and without 0.1 mol L' NaCl as back-
ground electrolyte is shown in Fig. 2. For easier com-
parison of the different electrodes, the calibration plots
in Fig. 2a. are shifted relative to each other on the
y-axis, except for curve (1), that has its original potential
values. The calibrations in KCl solutions without
background electrolyte (Fig. 2a). were done in solutions
from 10~ to 107® mol L~" and back to 107! mol L' in
order to check the reproducibility of the response.

As can be seen in Fig. 2a, hysteresis is present in all
the electrode responses. The slope and standard poten-
tial values for the calibration curves in Fig. 2a. are
shown in Table 1.

All electrode types show sub-Nernstian cationic re-
sponses in the concentration range studied (107'—

(@ 7000 _
B——00n o g 7 (GC)
600 /qﬁ 4)
500 e
< 4‘ / (2c)
400 1 _— v
% 300- d ;%V - (2b)
= —_—— ?ﬁ ./. (2a)
w200 , __,—14 s
.?O .7. (1)
100 e T
hd d -é'
o — &
-100 T T T T T T
6 5 -4 3 2 -1
log a,.
(b) 180- . (2
1704 / v (2)
160 ° ' ° O//

)
150 v v v v/./.
-

; 1404 = L] ] L] (2b)
E E)
w1304 /
A “
120_ A A A — /<
110 e
100 +————— T

Fig. 2 Calibration plots for electrodes based on PEDOT doped
with (filled square) C[4]S (1), (filled circle) R[4]S (2a), (filled
triangle) R,[4]S (2b), (inverted filled triangle) R3[4S (2¢), (filled
diamond) PSS (3) and (filled sideways triangle) PVS (4) determined
in a KCl and b KCI+0.1 mol L~" NaCl. All PEDOT-based
electrodes were previously conditioned in 0.1 mol L™' KCI. The
calibration curve for a bare GC electrode is also shown (open
squares). For clarity the calibration plots in (a) are shifted
arbitrarily toward more positive potentials on the y-axis, except
for curve (/) that has its original values
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Table 1 Slope and standard potential (mean values = SD, n=3)
calculated from the linear range of the calibration plots (107~
10~* mol L™") for GC/PEDOT electrodes after conditioning in
0.1 mol L™! KClI solution

Doping anion  Slope (mV decade™’)  Standard potential (mV)

Cl41s 42.0+0.4 204+ 1
R,[4]S 43.9+0.6 22342
R-[4]S 39.3+0.9 206+4
R5[4]S 46.0+0.3 21443
PSS 52.640.1 197.6+0.4
PVS 45+3 162+7

107° mol L") with slopes ranging from 39 to 46 mV
decade™", except for electrodes based on PEDOT doped
with PSS (PEDOT/PSS) that have a higher slope
(52.6+0.1 mV decade™"). Considering the large size of
the doping anions used they are expected to be immo-
bilized in the conducting polymer film due to steric
impediments. Therefore, the electrodes show cationic
responses [6]. For comparison, the potentiometric re-
sponse of bare glassy carbon electrodes in KCI solutions
is shown in Fig. 2a. Finally, electrodes based on PEDOT
doped with PVS (PEDOT/PVS) showed the lowest
reproducibility between samples (SD + 3) and the fastest
deterioration of the potentiometric response, leading to
the conclusion that they are less stable electrodes than
the rest. Furthermore, the standard potential shown by
PEDOT/PVS electrodes is lower than those shown by
the other electrodes.

In Fig. 2b, examples of calibration plots determined
in KCl solutions with a constant background
(0.1 mol L™' NaCl) in the concentration range 10~'—
107° mol L™" are shown. It can be seen that electrodes
based on PEDOT doped with the anions (1)-(4) are not
selective for K ions, in comparison with Na ™. Even at
high concentrations of K the slopes of the calibration
lines are very low (ca. 15 mV decade™'). Response times
were calculated in KCl solutions with a constant back-
ground (0.1 mol L™! NaCl). The response time was de-
fined as the time required for the electrode potential to
become equal to its steady state value within 1 mV after
increasing the concentration of K* from 107° to
1072 mol L™ in the same sample solution. The response
times were in the range 10-30s, and the short-term
potential drift at the two concentrations considered was
between —0.3 and 0.1 mV min~".

Selectivity coefficients were estimated by using the
SSM in solutions of alkali, alkaline earth, and organic
cations considering K ¥ as the main ion for the selec-
tivity coefficient calculations (Fig. 3). The selectivity
coefficients values obtained cannot be regarded as
absolute values, because of the inaccuracy of the SSM
method in our system where ions of different charge are
involved [14], but they are still useful in order to com-
pare the performance of our different electrodes.

First, electrodes based on PEDOT doped with
C[4]S and R,[4]S are more sensitive to H™ than those
for which PSS and PVS are used as dopants.
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Fig. 3 Selectivity coefficients (log Ky, ;) calculated by the
SSM method for electrodes based on PEDOT doped with
different doping anions and previously conditioned in 0.1 mol L™
KCl. TrMA™" trimethylammonium, TMA " tetramethylammoni-
um, TEA" tetracthylammonium, TPA " tetrapropylammonium,
TBA™ tetrabutylammonium, Ch* choline, ACh™ acetylcholine,
TrMPA™ trimethylphenylammonium, Py™ pyridinium, MPy™* N-
methylpyridinium

Furthermore, a decrease in the length of the alkyl
chain of the calix[4]resorcarene doping anions in-
creases the pH sensitivity of the sensor. Electrodes
based on C[4]S and R,[4]S as dopants have very
similar behavior, exhibiting the highest log Kk . ; for
the organic cations, compared with the other dopants.
Special attention should be paid to their affinity to-
wards Py ", which might be because of cation—n
interaction between the positive charge of the guest
cation and the aromatic rings of the host (or doping
anion) [8, 18]. Also hydrogen bonding between the N—
H groups of Py and the ~OH groups of C[4]S and
R,[4]S might contribute to the selectivity towards Py .
Actually, all the electrodes tested show higher affinity
for Py” compared with the other cations tested (with
the exception of H' in the cases mentioned previ-
ously). However, the affinity of PEDOT/PVS for Py "
cannot be attributed to cation—rm interactions or
hydrogen bonding with the doping anion, because of
the lack of aromatic rings in the structure of PVS.
This indicates that interactions also occur between the
organic cation and the conducting polymer backbone
itself. The selectivity of the PEDOT-based electrodes is
relatively independent of the lipophilicity of the or-
ganic cations (TMA ™, TEA™, TPA™, TBA ™). This is
in contrast with the behavior of ion-selective electrodes
based on plasticized PVC membranes, for which
selectivity toward the tetraalkyl ammonium cations
normally increases with the lipophilicity of the cation
[18]. In the case of the dopants R;[4]S, Rj;[4]S, PSS,
and PVS, the values of log Kx + (j=TMA™, TEA™,
TPA™, TBA™) are rather similar to the values shown
for alkali and alkaline earth metal cations, or even
more negative, as for PVS.

WR2[4]S

BR3[4]S apPss @EPVS
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Sensitivity and selectivity of GC/PEDOT electrodes
conditioned in 0.01 mol L™' AgNO; (Ag™-ISEs)

The potentiometric response of Ag’-ISEs in AgNOs
solutions with and without 0.1 mol L~' KNO; as
background electrolyte are shown in Fig. 4. For easier
comparison of the different electrodes the calibration
plots in Fig. 4 are shifted relative to each other on the
y-axis, except curves (1) and (GC) that have their ori-
ginal potential values.

From the calibrations in AgNOs solutions without
background electrolyte (Fig. 4a) it can be seen that the
electrodes have rather reproducible behavior during
calibration from 10~' down to 107® mol L™ and back
to 107! mol L', at least for electrodes based on PE-
DOT doped with the C[4]S and R,[4]S (n=1, 2, 3) an-
ions. Fig. 4b shows that all the electrodes are selective to
Ag", in comparison to K. The slopes and standard
potential values for the calibration curves in Fig. 4 are
shown in Table 2.

All electrodes show Nernstian (or slightly super-
Nernstian) response to silver with rather good repro-
ducibility between samples (n=3), except for the
PEDOT/R[4]S-based electrodes that exhibit higher
standard deviations (SD). The detection limit (DL) for
these electrodes is in the range of ca. 10 *°-
107*¥ mol L™!, except for PEDOT/R;[4]S electrodes
(DL ca. 107>% mol L™"). Surprisingly, the bare GC
electrode is also sensitive to Ag* (62.0+0.1 mV dec-
ade™!, n=2) as shown in Fig. 4b (DL ca. 10> mol L™").
This might indicate that metallic Ag is deposited on the
GC surface when the GC electrode is in contact with
Ag" in solution [19, 20]. The reproducibility of the re-
sponse for different bare GC electrodes tested in AgNO;
solutions without constant background (0.1 mol L™!
KNO3) is poor, which is in contrast with the response of
the PEDOT-based Ag*-ISEs. Deterioration in the re-
sponse of PEDOT/PSS and PEDOT/PVS is also ob-
served with aging (about 8% loss of slope after
1 month). The response times for Ag"-ISEs were cal-
culated in AgNOj solutions at a constant background
(0.1 mol L' KNO;) as indicated in the previous
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Fig. 4 Calibration plots for electrodes based on PEDOT doped
with (filled square) C[4]S (1), (filled circle) R4[4]S (2a), (filled
triangle) Ry[4]S (2b), (inverted filled triangle) R5[41S (2¢), (filled
diamond) PSS (3) and (filled sideways triangle) PVS (4) determined
in a AgNO3 and b AgNO3;+0.1 mol L™ KNO;. All PEDOT-
based electrodes were previously conditioned in 0.01 mol L™
AgNO;. Also shown is the calibration curve for a bare GC
electrode (open square). For clarity the calibration plots in (a) and
(b) are shifted arbitrarily toward more positive potentials on the
y-axis, except curves (/) and (GC) that have their original values

section. The response times were in the range 27-87 s,
and the short-time potential drift at the concentrations
considered (10 and 1072 mol L™') was between —1.8
and —0.1 mV min .

The influence of the doping anion on the selectivity is

shown in Fig. 5. As discussed before, selectivity coeffi-
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cient values calculated by SSM for our system cannot be
regarded as absolute values, but only as relative values
for comparing our different electrodes.

It can be seen that the responses to alkali (log Kag+,
i~ —2,..., —2.5) and alkaline earth (log Kag+, j ®=3,...,
—3.5) metals are very similar for all types of PEDOT-
based Ag'-ISEs. The electrodes based on PEDOT
doped with R,[4]S (the shortest alkyl-substituted
calix[4]resorcarene) show higher log Ka,+ _ j values than
the other electrodes. The interference from H™ (log
Kag+. n+ =—04) and Fe’ " (log Kag+. pe3+ =—0.8) is
particularly significant for PEDOT doped with R,[4]S.
In general, all Ag”-ISE show affinity toward Fe’™,
typically one of the main interferents for Ag " -selective
electrodes because of the interaction of Fe** with sulfur
atoms [21]. Actually, all electrodes used in this work
have sulfur atoms in the conducting polymer backbone
(PEDOT). Another typical interferent in Ag ™ detection
by Ag™-ISEs is Hg” " [21, 22]. The Hg?* interference is
significant also for the PEDOT-based electrodes (log
Kag+ . He2+~—0.5,...,—1).

Finally, as seen in Fig. 5 bare GC electrodes show
very low selectivity coefficient values for all the cations
tested (log Kag+, j~—3,...,—4) except for Hg?" and
Fe’". Actually, log Kag+ . pe3+ >0, which represents the
main interference obtained in our measurements.
A possible explanation for this interference could be that
the silver deposited on the electrode surface during
measurements in silver nitrate solutions will be oxidized
by Fe’" which is a strong oxidizing agent. Then, the
selectivity of bare GC electrodes towards Ag " is lost.

Electroactivity of Ag in the film

The effect of the presence of metallic Ag in the film after
conditioning in 0.01 mol L™' AgNO; can be seen in
Fig. 6 for the Ag"-ISE based on PEDOT doped with
R;[4]S.

The initial cyclic voltammogram shows the beginning
of an oxidation peak at ca. 0.4-0.5V and a clear
reduction peak at ca. 0.27 V, which are superimposed on
the redox (doping) process of PEDOT (curve 1 in
Fig. 6). The oxidation peak at ca. 0.4-0.5 V can be
attributed to oxidation of Ag (Ag® — Ag™ +e7) and the

Table 2 Slopes and standard

potentials (mean values = SD, Doping anion

Calibration in AgNOj

Calibration in AgNO;+0.1 mol L™!

n=13) calculated from the linear KNO?
?g?%&ﬁ)%lgg‘%hzf:grog dgioatfster Slope . Standard potential Slope » Standard potential
conditioning in 0.01 mol L™! (mV decade™) (mV) (mV decade™) (mV)
AgNOj; solution
C[4]S 60.7+0.3 586.8 0.4 59.1+0.4 588+ 1
R,[4]S 60+3 600+4 61+5 582+ 14
. o R,[4]S 58.8+0.9 57342 60+1 57243
Linear range 10710 R;[4]S 61.1+0.6 56942 61.540.3 566.1+0.8
mol L o PSS 56+1 543+4 59.4£0.4 546.1£0.4
Linear range 10~ 107" PVS 57.8+0.4 536.3+0.9 58.7+40.1 534.2+0.2

mol L~}
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Fig. 5 Selectivity coefficients 1-
(log Kag+, j) calculated by the
SSM method for electrodes
based on PEDOT doped with
different doping anions (figure
legend) and previously
conditioned in 0.01 mol L™
AgNO3

log Kags, |

reduction peak at ca. 0.27 V to the reduction of Ag™"
(Ag" +e” — Ag") in the polymer film. Pretreatment of
the electrode by applying a potential of 0.4 V for 3 min
has only a minor effect on the cyclic voltammogram
(curve 2 in Fig. 6). However, after application of 0.5 and
0.6 V the redox waves at ca. 0.4-0.5 and ca. 0.27 V
disappear (curves 3 and 4 in Fig. 6). This indicates that
oxidation of metallic Ag to Ag™ causes a loss of silver
from the polymer film. However, the cyclic voltammo-
gram still contains some features that indicate the
presence of traces of silver in the film. These features are
seen most clearly as a step-wise increase in the reduction
current at ca. 0.1-0.2 V and a step-wise decrease in the
oxidation current at ca. 0.4 V. This means there is an
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Fig. 6 Cyclic voltammograms for PEDOT(R;[4]S) electrodes pre-
viously conditioned in 0.01 mol L~! AgNO; (for at least 1 day)
after no pretreatment (/) and after applying a potential of 0.4 V (2),
0.5V (3), 0.6V (4), 0.7V (5) and 0.8V (6) for 3 min in a
pretreatment step. Cyclic voltammograms recorded after polymer-
ization of PEDOT(R5[4]S) before any conditioning are shown in
the inserted figure. All voltammograms shown are the tenth scan of
a series, except for the voltammogram after no pretreatment (/)
and polymerization (inserted figure) that are the third scan of a
series. Voltammograms were recorded in 0.1 mol L™' KNO; at
0.1 Vs~' scan rate
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interfering cation, j

additional broad reduction wave from +0.1 to —0.5V
and a corresponding oxidation wave up to ca. +0.4 V.
This additional current might arise from Ag™ complexes
(with lower redox potentials than free Ag™) present in
the polymer film. It is known that complexation of Ag ™"
by strong coordinating ligands can shift the reduction
potential of Ag® by 0.5V in the negative direction,
which has been utilized in “‘solvato-controlled doping”
of conducting polymers [23]. After application of even
higher positive potentials (0.7 and 0.8 V) the current
decreases in the whole potential range studied (curves 5
and 6 in Fig. 6) and the shape of the cyclic voltammo-
gram becomes similar to that of the PEDOT electrode
obtained after polymerization before any conditioning
in AgNO; (Fig. 6, inserted figure). This indicates that
Ag” ions bound to the polymer can be removed by
applying a sufficiently positive potential that creates
strong electrostatic repulsion between Ag " and the po-
sitive charges of oxidized PEDOT. However, some loss
in electroactivity of the PEDOT/R5[4]S film is seen after
total stripping of silver. This might be because of irre-
versible structural changes in the CP film caused by
anodic stripping of silver. The same behavior was also
observed for electrodes based on PEDOT doped with
PVS after conditioning in 0.01 mol L~' AgNO;. In
contrast, no loss of electroactivity was seen for PEDOT/
R;[4]S films conditioned in KCIl (without silver in the
film) under the same experimental conditions. This loss
of electroactivity at the positive potentials applied can
therefore be related to the stripping of silver from the CP
film, and not to overoxidation of the CP film.
Conclusions from these experiments are in good
agreement with the observation of metallic deposits in
the CP layer after conditioning of the electrodes in
0.01 mol L™' AgNO;. Visual inspection of the elec-
trodes also reveals the presence of a grey layer on top of
the CP film. Such features may result from oxidation of
the conducting polymer by Ag" giving rise to deposits
of metallic silver in the polymer film, as previously de-
scribed for polyaniline [24], poly(1,8-diaminonaphtha-
lene) [25], poly(3-alkylthiophene) [23] and polypyrrole
[26]. In addition to complexation of Ag" by the poly-
mer, the presence of metallic Ag in the polymer film



might also contribute to the sensitivity and selectivity
towards Ag”™ shown by the PEDOT-based electrodes
studied.

Conclusions

Poly(3,4-ethylenedioxythiophene) (PEDOT) doped
with sulfonated calix[4]arenes and calix[4]resorcarenes
were studied as potentiometric sensors for inorganic
and organic cations. The results show that the doping
anions influence the sensitivity and selectivity of the
conducting polymer-based potentiometric sensors.
Measurements made in solutions of alkali metals,
alkaline earth metals, and organic ammonium cations
reveal different selectivity patterns for the PEDOT-
based electrodes doped with different anions. Signifi-
cant sensitivity to pyridinium was observed when C[4]S
and R,[4]S were used as dopants. However, PEDOT
doped with sulfonated calix[4]arenes and calix[4]resor-
carenes is more sensitive to pH than PEDOT doped
with PSS and PVS. All PEDOT-based electrodes
studied show high selectivity to Ag” ions. The life-
times of the electrodes were found to depend on the
structure of the doping anions. PEDOT doped with
PSS and PVS have shorter lifetimes than the other
PEDOT-based electrodes studied. The doping ion
influences also the selectivity to Ag’. However, the
results indicate that the Ag’ selectivity is largely a
feature of PEDOT itself. Even PEDOT doped with
NO5 were found to be selective to Ag™ (results not
shown). The potentiometric response to Ag™ might be
partly because of interactions between Ag' and the
sulfur atoms present in the backbone of PEDOT and
partly because of the presence of metallic Ag in the
polymer film.
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