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Abstract
Polypyrrole films doped with sulfonated β-cyclodextrin (PPy/sβ-CD) and carboxymethyl β-cyclodextrin (PPy/CMβ-CD) were
formed on electropolymerisation of pyrrole in a solution of the cyclodextrin sodium salts. Lower rates of electropolymerisation
were evident with the carboxymethyl β-CD and this was attributed to protonation of the carboxylate groups due to an increase in
the interfacial pH at the electrode–solution interface. The PPy/sβ-CD and PPy/CMβ-CD films showed cation exchange behav-
iour with the ingress of Na+ and its associated water molecules on reduction. The PPy/CMβ-CD film showed less electroactive
behaviour which may be related to the lower number of anionic pendants on the CMβ-CD or to the possible precipitation of the
less soluble neutral CDwhich arises due to the protonation of the carboxylate groups. The PPy/sβ-CD showed a high capacitance
of 6.0 mF cm−2 corresponding to a specific capacitance of 71 F g−1 over a wide potential range extending from − 0.60 to 0.60V vs
SCE. Over-oxidation was observed at relatively low potentials, at about 0.60 V vs SCE. A diffusion coefficient of 6.47 ×
10−6 cm2 s−1 and a rate constant of 3.73 × 10−2 cm s−1 were obtained for the ferricyanide redox couple at the PPy/sβ-CD,
indicating little or no inhibition of the ferricyanide redox reaction.
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Introduction

Polypyrrole is one of the most studied conducting polymer
systems, and this is largely due to its ease of preparation and
its wide range of applications, that extend from biological
sensors to energy storage devices [1, 2]. It is readily formed
in the presence of anions that serve to balance the charge on
the polypyrrole backbone as the polymer is deposited. These
anions are retained in the oxidised polymer film as dopants.
The size and charge of the anions influence the properties of
the polypyrrole films, with small anions giving the polymer
anion-exchange properties, while large immobile anions result
in cation exchange [3, 4]. The incorporation of macrocyclic
molecules within polypyrrole, such as cyclodextrins or
calixarenes, gives the polypyrrole additional recognition sites
that can be exploited in a wide range of applications. Several
reports have been published on the incorporation of β-

cyclodextrin within the polypyrrole matrix [5–14].
Cyclodextrins are attractive as they are well known to form
inclusion complexes with a variety of molecules. Provided the
molecule has a suitable size and hydrophobicity, it can form an
inclusion complex with the cyclodextrin. It has also been re-
ported that a 1:1 host–guest complex occurs between pyrrole
and β-cyclodextrin [11]. The formation of this complex was
used to generate hexagonal-shaped polypyrrole particles [12],
while polypyrrole nano- and micro-spheres [13] and nano-
wires [5] were synthesised using β-cyclodextrin as a molecu-
lar template. In addition, cyclodextrins have been employed to
electropolymerise bithiophene in aqueous solutions [15]. In
this case, the inclusion complex that is formed between
bithiophene and the cyclodextrin increases sufficiently the
solubility of the monomer, enabling electropolymerisation.
Similarly, it has been shown that the solubility of 3,4-
ethylenedioxythiophene can be increased in aqueous solutions
on forming an inclusion complex, again facilitating the
electropolymerisation of the monomer [11].

While the cyclodextrin has an influence during the forma-
tion of these polymer systems, it is not clear if the cyclodextrin
remains within the final polypyrrole film. However, if the
cyclodextrin is used as an anionic dopant, then it will remain
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within the polymer matrix. Indeed, it is possible to use the β-
cyclodextrin as a dopant by employing an anionic cyclodex-
trin, where the rim of the cavity is functionalised with anionic
pendants. A number of studies has investigated polypyrrole
doped with sulfonated (sulfated)β-cyclodextrin [16–21], with
potential applications in the delivery of a neutral drug [17], as
sensors [19–21] and in the uptake of cations [18]. These sens-
ing studies suggest that the cavity of the cyclodextrin is suffi-
ciently opened within the polymer matrix and that the cyclo-
dextrin still maintains its recognition properties [19–21]. The
studies on the cation uptake are consistent with the large size
of the anionic dopant, making it an immobile dopant that is not
lost on reduction [18]. Clearly, these cyclodextrin-doped poly-
pyrrole films have a number of potential applications that arise
from combining the conducting polymer matrix with an
ionisable cyclodextrin that exhibits supramolecular
complexing abilities. The incorporation of ionisable cyclodex-
trins within polypyrrole ensures the dispersion of these
charged species, preventing the formation of aggregates and
facilitating the formation of host–guest complexes.While var-
ious studies have focussed on the formation of polypyrrole in
the presence of neutral cyclodextrins, polypyrrole films doped
with charged or ionisable cyclodextrins are poorly
characterised.

The purpose of this study was to investigate the formation
of polypyrrole doped with two anionic cyclodextrins that dif-
fer in terms of the anionic pendants. The pendants selected
were sulfonated (SO3

−) and carboxylated (COO−) groups,
which differ in their pKa values. As detailed, sulfonated β-
cyclodextrin doped polypyrrole, PPy/sβ-CD, has been formed
previously; however, the applications of the polymer film are
the focus in most of these reports and very few details are
provided on the formation of the fi lm or on the
electropolymerisation of pyrrole in the presence of the large
ionisable CD. Temsamani et al. [16] have described the for-
mation of polypyrrole doped with sβ-CD; however, a
supporting 0.1 M LiClO4 electrolyte was employed as the
electropolymerisation solution, giving rise to competitive dop-
ing. Furthermore, very high potentials of 1.8 V vs SCE were
used in the formation of the polymer and this will influence
the properties of the final polymer film.

Experimental

Pyrrole was distilled under vacuum before use and kept refrig-
erated in the dark to prevent oxidation. Carboxymethyl β-
cyclodextrin (CMβ-CD), with an average of 3.5 anionic car-
boxylate groups, and sulfonated β-cyclodextrin (sβ–CD),
with a degree of substitution from 7 to 11 mol of sulfonate
per mol ofβ-CD, were obtained fromAldrich as sodium salts.
The sβ-CD was purified further by dissolving the sample in
deionised water and then dried under vacuum at a pressure of

0.01 mbar while stirring and heating at 70 °C for 12 h using a
Schlenk line. All other chemicals were of analytical reagent
grade and used without further purification. Deionised, Milli-
Q, water was used for the preparation of all solutions and the
pH was maintained at a value of 5.0.

Electrochemical experiments, including potentiostatic,
cyclic voltammetry and electrochemical quartz crystal mi-
crobalance measurements (EQCM) were carried out using
a CHi440 potentiostat (Model EA160), while rotating disc
voltammetry experiments were performed using an EG&G,
Model 636 ring disc electrode system. A standard three-
electrode cell consisting of a working electrode, a Pt wire
(d = 0.10 cm) counter electrode and a saturated calomel
reference electrode (SCE) was used. The working elec-
trode consisted of glassy carbon (d = 4.0 mm) encased in
a larger insulating Teflon sheath and set in place using non-
conducting epoxy resin. The electrical contact was
achieved using a copper wire. The electrodes were
polished using 1.0 μm diamond polish (Buehler MetaDi
Monocrystalline Diamond suspension) on a Buehler
micro-cloth washed with deionised water and sonicated,
to ensure a clean and smooth surface. For the EQCM ex-
periments, a silver/silver chloride (Ag|AgCl) electrode was
used as the reference. A gold quartz crystal electrode (A =
0.20 cm2) obtained from IJ Cambria Scientific was used as
the working electrode, while a Pt wire (d = 0.05 cm) was
employed as the counter electrode. The mass change was
computed by monitoring the changes in the frequency of
the oscillating quartz crystal. The frequency is related to
the mass through the well-known Sauerbrey equation [22],
Eq. 1, where ƒ0 is the resonant frequency, Δm is the mass
change, A is the surface area of the electrode, ρq is the
density and μq is the shear modulus of quartz [22, 23].

Δ f ¼ −
2 f 20 Δm

A ρq μq

� �1=2
ð1Þ

Differential scanning calorimetry (DSC) was employed to
study the water content of the polymers. A 2.0 mg sample was
heated from 30 to 300 °C, at a constant rate of 10 °C min−1,
under a nitrogen atmosphere. A Perkin Elmer Pyris 6.0 system
was used and the data were analysed by means of Pyris Data
Analysis software. NMR measurements were carried out by
dissolving pyrrole and/or sβ-CD (a six-fold higher concentra-
tion) in D2O and 0.1 M NaCl. The NaCl was employed to
maintain a near constant ionic strength. The data were collect-
ed using a 500 MHz NMR spectrometer. The surface mor-
phology of the polymer samples was obtained using a
Hitachi scanning electronmicroscope. The samples were sput-
ter coated with gold using an Emitech K550x gold sputter
coater prior to analysis.
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The PPy/sβ-CDwas formed using cyclic voltammetry or at
0.70 V vs SCE with 0.2 M pyrrole in 0.01 M or 0.02 M sβ-
CD, while the PPy/CMβ-CD was formed at 0.80 V vs SCE
using 0.3 M pyrrole and 0.02 M CMβ-CD. Unless otherwise
stated, the bulk polymers were deposited to a charge density of
0.20 C cm−2 (equivalent to a charge of 0.025 C). Thinner
polymer films were employed for the EQCM analysis, depos-
ited to 0.10 C cm−2. No supporting electrolyte was added to
the electropolymerisation solutions. For comparative pur-
poses, chloride was used as a dopant and PPy/Cl was formed
at 0.70 V vs SCE in 0.2 M pyrrole and 0.1 M NaCl. All the
experiments were carried out at room temperature and were
repeated at least three times and the plots shown are the aver-
age of these three experiments.

Results and discussion

Formation of PPy/sβ-CD

The anionic sβ-CD, with 7 to 11 anionic sites per molecule,
provides the solution with a high conductivity and ionic
strength. Therefore, it can be used without any supporting
electrolyte. In order to compare the electropolymerisation of
pyrrole in sβ-CD and in a chloride electrolyte, the concentra-
tions of the two dopants were altered to give a constant solu-
tion conductivity. Typical data are shown in Fig. 1a, where the
electropolymerisation is compared for the sβ-CD and chloride
dopants, where the conductivity of the solutions was
5.0 mS cm−1. The onset of electropolymerisation occurs at
about 0.50 V vs SCE in both systems. However, between
0.50 and 0.60 V vs SCE, higher currents are achieved in the
presence of sβ-CD, with the current beginning to increase
more rapidly at 0.55 V vs SCE. With the chloride system,
similar current increases are only evident at a higher potential
of 0.60 V vs SCE. However, in the vicinity of 0.75 V vs SCE,
the rate of electropolymerisation is somewhat slower with sβ-
CD with the slope of the plots at 77 mAV−1 for PPy/Cl and
38 mAV−1 for PPy/sβ-CD. These lower slopes may be con-
nected to the slower diffusion of the large sβ-CD anions. The

early onset of electropolymerisation at approximately 0.50 V
vs SCE for the sβ-CD suggests that the pyrrole is free and not
included inside the cavity of the cyclodextrin. It has been
reported that a shift of the anodic potential in the positive
direction, during the electrochemical polymerisation of pyr-
role in the presence of a neutral β-cyclodextrin, is due to the
formation of an inclusion complex between the monomer and
the CD [11]. This is not evident in Fig. 1a. Indeed, on record-
ing 1H NMR spectra for pyrrole in the absence and presence
of an excess (six-fold) of sβ-CD in D2O, no change in the
chemical shift was observed. Identical chemical shifts at δ =
6.78 ppm (2H, s) and δ = 6.23 ppm (2H, s) were seen in the
absence and presence of sβ-CD. This indicates that the anion-
ic pendants on the rim of the CD cavity prevent the host–guest
complexation between sβ-CD and pyrrole. The mass–time
curve recorded using EQCM at 0.70 V vs Ag|AgCl in
0.01 M sβ-CD and 0.1 M pyrrole is presented in the inset in
Fig. 1a. There is an induction period of about 2–3 s before the
mass begins to increase and then a linear increase in the mass
is observed with increasing time, with a gradient of 0.1 μg s−1

(R2 = 0.998). This mass–time gradient increases with the con-
centration of pyrrole, sβ-CD and the applied potential; how-
ever, the ratio of the mass to charge remains at approximately
4.25 × 10−4 g C−1. This induction period depends on the rate
of electropolymerisation and is no longer evident at 0.80 V vs
SCE. It is probably related to the adsorption of the anionic
cyclodextrin at the gold substrate. However, it is also possible
that an inclusion complex is formed, or electrostatic interac-
tions occur, between the anionic cyclodextrins and radical
cations generated on oxidation of pyrrole. These interactions
would reduce the rate of the radical coupling reactions. This
will ultimately depend on the lifetime of the radical cations
compared to the stability constant of any inclusion complex or
ion pair formed.

The electropolymerisation and simultaneous redox ac-
tivities of the polymer film formed in the presence of
0.01 M sβ-CD are shown in Fig. 1b. The characteristic
broad waves are seen with the peak current for both the oxi-
dation, at about − 0.20 V vs SCE, and reduction, centered
around − 0.60 V vs SCE, increasing with cycle number. This
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Fig. 1 a Voltammogram for the oxidation of pyrrole in the presence of
0.2 M pyrrole with 0.01 M sβ–CD (—)and 0.10 M NaCl (─ ─ ─ ), inset
shows the mass–time plot recorded at 0.70 V vs SCE in 0.01 M sβ-CD

and 0.1M pyrrole. bCyclic voltammogram recorded at 50mV s−1 during
the formation of PPy/sβ-CD in 0.1 M pyrrole and 0.01 M sβ-CD

J Solid State Electrochem (2019) 23:615–626 617



shows that increasing amounts of conducting PPy/sβ-CD are
deposited. Very good reproducibility was obtained on forming
the PPy/sβ-CD films and this is clearly illustrated in Fig. 2a
where the data from three different experiments are presented
for the formation of PPy/sβ-CD at 0.70 V vs SCE. There is
very little variation in the currents or shape of the current–time
plots. An initial rapid current decay is followed by a rise in the
current before near constant currents are observed at longer
polarisation times. This is consistent with the formation of a
polymer monolayer, followed by continued three-dimensional
growth. It is clearly evident that nearly identical currents are
observed over the 15-s period. Furthermore, the time required
to deposit the polymer to a charge density of 0.20 C cm−2 was
computed as 25.1 ± 0.1 s, averaged over ten experiments,
again indicating very good reproducibility. However, this high
level of reproducibility was only achieved by preparing fresh
solutions before each experiment.

The surface morphology of PPy/sβ-CD is shown in Fig. 2b
for PPy/sβ-CD films formed to a charge density of 1.13 C
cm−2, where the characteristic cauliflower morphology is ev-
ident. The cauliflower or globular structures range in size with
some reaching diameters as high as 18 μm, as shown in the
inset in Fig. 2b. The micrographs shown in Fig. 2c, d were
recorded for PPy/sβ-CD films formed to a final charge density
of 0.35 and 0.09 C cm−2, respectively. It seems that as the
thickness of the polymer decreases, this leads to the appear-
ance of smaller globular particles, which agrees well with the

AFM study reported by Suarez and Compton for polypyrrole
films doped with perchlorate and p-toluenesulfonate [24].

Formation of PPy/CMβ-CD

A similar approach was employed to electrochemically syn-
thesise PPy/CMβ-CD and again no supporting electrolyte was
added. However, the concentration of pyrrole was increased to
0.3 M, and a higher applied potential of 0.80 V vs SCE was
used; otherwise, the growth of the polymer was very slow. The
CMβ-CD sodium salt has a lower degree of substitution with
an average of 3.5 carboxylate groups on each CD. The con-
ductivity of the CMβ-CD solution was measured as
3.10 mS cm−1, which is somewhat lower than the value ob-
tained for the sβ-CD solution (5.0 mS cm−1), consistent with
the lower number of anionic groups for the CMβ-CD. A typ-
ical current–time plot recorded during the formation of PPy/
CMβ-CD is shown in Fig. 3a. On comparing these data to Fig.
2a, it is clear that the rate of electropolymerisation is signifi-
cantly lower in the presence of the CMβ-CD anions. The
current only begins to increase after about 40 s and then the
rate of the current increase is low indicating a slow nucleation
process followed by a slow growth of the polymer on the
deposited PPy/CMβ-CD. The current only begins to increase
after a 5-min period.

While the conductivity of the electropolymerisation solution
will have an influence on the rate of electropolymerisation, the
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Fig. 2 aCurrent–time plots (three
repeated experiments) for the
electropolymerisation of pyrrole
at 0.70 V vs SCE in 0.2M pyrrole
and 0.02 M sβ-CD and SEM
micrographs of PPy/sβ-CD
formed at 0.70 V vs SCE
deposited to a charge density of b
1.13 C cm−2, c 0.35 C cm−2, and d
0.09 C cm−2
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pKa value of the two pendants will have a greater influence.
The pKa of carboxylic acids is typically about 4.0, while the
pKa of acetic acid, which has a methyl group, is somewhat
higher at 4.7. On the other hand, the pKa value for H2SO3 is
1.9. This clearly illustrates that the sulfonated pendant is diffi-
cult to protonate, while an equilibrium between the anionic
carboxymethyl pendant and its corresponding neutral acid form
will exist, as illustrated in Eq. 2.

—CH3COOH ⇋ —CH3COO
− þ Hþ ð2Þ

An estimate of the % of anionic groups as a function of pH
can be obtained using the well-known Henderson-
Hasselbalch equation, Eq. 3. Using a value of 4.0 for the
pKa, about 55% of the pendants will be anionic at a pH of
4.4, but the % will decrease rapidly to only 5% at a pH of 3.0.
It is well known that protons are released during the
electropolymerisation reaction. The degree of acidification de-
pends on the rate of electropolymerisation and interfacial pH
values as low as 3.0 have been reported in the presence of
perchlorate and chloride anions [25]. Therefore, as the inter-
facial pH decreases, the concentration of the anionic pendants
will decrease, and as no other dopants are available, the rate of
electropolymerisation will be slow, consistent with the data
presented in Fig. 3a. Furthermore, as more of the pendants
become neutral, the solubility of the cyclodextrin in the solu-
tion phase will decrease.

% −COO−½ � ¼ 100

1þ 10 pKa−pHð Þ ð3Þ

The surface morphology of the PPy/CMβ-CD is shown in
Fig. 3b, where the globular and cauliflower structures are again
evident. The globular structures appear to be smaller in diam-
eter compared to the morphology seen with PPy/sβ-CD.
Although PPy/CMβ-CD was deposited to the same charge
density as PPy/sβ-CD, the rate of electropolymerisation is con-
siderably slower and this will have an influence on the surface

morphology [24]. These data clearly show that polypyrrole can
be doped with CMβ-CD, but the rate of electropolymerisation
is low and to maintain the CD in solution, low rates of
electropolymerisation are desirable; otherwise, the interfacial
solution becomes too acidic and the cyclodextrins will become
insoluble and precipitate within the polymer matrix.

Redox and ion exchange properties of PPy/sβ-CD
and PPy/CMβ-CD

The cyclic voltammograms recorded for PPy/sβ-CD and PPy/
CMβ-CD in 0.10 M NaCl are shown in Fig. 4a, b, respective-
ly. In Fig. 4a, the first cycle is shown and compared to the
voltammograms recorded with higher cycles, where steady-
state conditions are achieved. There is a pronounced reduction
wave for the first cycle centered at approximately − 0.56 V vs
SCE, which corresponds to the incorporation of Na+ from the
electrolyte solution. This is consistent with the large and bulky
size of the Sβ-CD which is not expelled during reduction of
the polymer. Instead, reduction is accompanied by the ingress
of Na+ cations from the NaCl electrolyte. The corresponding
anodic peak at about − 0.32V vs SCE represents the expulsion
of cations. It is also evident that this behaviour, although
slightly suppressed, is observed for the successive cycles, in-
dicating that the ionic exchange is reversible. In Fig. 4b, the
steady-state voltammogram is shown for PPy/CMβ-CD. The
reduction wave is centred at approximately − 0.40 V vs SCE,
about 160 mV higher than that seen with PPy/sβ-CD. This
potential shift is probably related to the lower thickness of the
PPy/CMβ-CD. It is well known that the appearance and shape
of the redox waves depend on the thickness of the polymer
films [26]. Indeed, on reducing the thickness of the PPy/sβ-
CD, the reduction peak became less broad shifting the peak
potential closer to the value adopted by the PPy/CMβ-CD
(illustrated in Fig. 4c). However, the PPy/CMβ-CD film is
more difficult to oxidise with oxidation extending from about
− 0.20 to 0.70 V vs SCE, while oxidation of the PPy/sβ-CD
begins at about − 0.40 V vs SCE. It is also clear that the
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Fig. 3 a Current–time plot for the
electropolymerisation of pyrrole
from a solution of 0.3 M pyrrole
and 0.02 M CMβ-CD at 0.80 V
vs SCE. b SEM micrograph of
PPy/CMβ-CD deposited at
0.80 V vs SCE to a charge density
of 1.13 C cm−2
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currents are considerably higher for the PPy/sβ-CD, indicat-
ing a higher capacitance. The high capacitance of PPy/sβ-CD
may be associated with the large number of anionic pendants
on the CD cavity. As each CD cavity has an average of nine
sulfonated groups, it is unlikely that these are all involved in
the doping process. This would not only place considerable
strain on the CD but also on the polymer matrix. Instead, some
of these groups are probably free and the charge is compen-
sated by Na+ cations from the electrolyte. Indeed, Naoi and
co-workers [27], in studying the doping of polypyrrole
sulfonated naphthalene, concluded that the PPy-trisulfonate
doped films possessed free sulfonated groups without any
charge compensation.

The low electroactivity observed with the PPy/CMβ-CD
film may be due to the lower number of anionic pendants;
however, it is also possible that the precipitation of small
amoun t s o f i n so lub l e CMβ -CD occu r s du r i ng
electropolymerisation. In Fig. 4c, steady-state voltammo-
grams are shown for PPy/sβ-CD and PPy/Cl formed to a
charge density of 0.20 C cm−2 which correspond to the charge
used to deposit PPy/CMβ-CD. It is clear that the currents
obtained with these polymer films, reaching about
200 μA cm−2 between − 0.20 and 0.30 V vs SCE, are signif-
icantly higher than that obtained with the PPy/CMβ-CD film,
where the maximum current is only 40 μA cm−2. While the
fixed charge may not give the same polymer thickness for the
PPy/sβ-CD and PPy/CMβ-CD systems, the difference in the
voltammograms is too large to be connected to variations in
the film thickness or porosity. This was further checked by
comparing the two polymers formed to a final current of
1.0 mA. Again, a similar result was obtained when the poly-
mers were cycled in 0.1 M NaCl; the PPy/CMβ-CD showed
poor electroactivity. This lends support to the idea that small
amounts of insoluble CMβ-CD may be formed due to the
protonation of the ionised β-CD, giving the poorly soluble
neutral CD.

These exchange processes are further evident in Fig. 5a, b
where the mass changes obtained using EQCMmeasurements
are shown for PPy/sβ-CD. The polymer films were cycled in a
0.1 M NaCl solution, from 0.60 to − 1.2 V vs Ag|AgCl, at a
scan rate of 10 mV s−1. Steady-state conditions for the ionic
exchange were achieved after ten cycles. On initial reduction
of the polymer, an increase in the mass is observed, starting at
about − 0.10 V vs Ag|AgCl and becoming more rapid at about
− 0.50 V vs Ag|AgCl, which is in good agreement with the
data obtained for the bulk polymer, Fig. 4a. This is consistent
with the insertion of Na+ to maintain electroneutrality. Clearly,
the first and tenth cycles have different shapes. The tenth cycle
indicates mixed cation and anion exchange properties. A small
decrease inmass is observed on reducing the PPy/sβ-CD from
0.50 to − 0.10 V vs Ag|AgCl, which is consistent with the loss
of Cl−. On the other hand, an increase in mass is observed on
reduction of the PPy/sβ-CD from − 0.30 to − 0.70 V vs
Ag|AgCl, which can be attributed to the ingress of Na+ to
balance the anionic sβ-CD. This apparent transition from cat-
ion exchange to mixed ion exchange may be due to the large
ingress of Na+ observed on initial reduction. Some of the Na+

cations become trapped within the polymer matrix, leading to
a subsequent ingress of Cl− anions to maintain electroneutral-
ity as the polymer is oxidised [28]. Indeed, the Δmass, at the
end of the redox cycling, is positive, signifying that some of
the ionic species injected into the polymer are not subsequent-
ly lost. In Fig. 5c, d, the first cycle data are shown for PPy/
CMβ-CD. The traces are somewhat noisy as the change in
mass is small and close to the detection limit. However, it is
clear that an increase in mass is observed as the PPy/CMβ-CD
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Fig. 4 Cyclic voltammograms recorded at 50 mV s−1 in 0.10M NaCl for
a PPy/sβ-CD deposited at 0.70 V vs SCE to a charge of 0.8 C cm−2, first
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0.80 V vs SCE to a charge of 0.2 C (cycle 15) and c PPyCl (_ _ _) and PPy/
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is reduced. Although, the PPy/sβ-CD and PPy/CMβ-CD
films were deposited to the same charge, there is a much lower
mass change seen with the PPy/CMβ-CD. This is consistent
with the lower electroactivity of the PPy/CMβ-CD seen in the
steady-state voltammograms, Fig. 4b.

Uptake of Na+ and H2O at PPy/sβ-CD

The PPy/sβ-CD which is easily synthesised, as the sulfonated
pendants are difficult to protonate, and shows good
electroactivity was studied further to obtain more details on
its redox processes and capacitance. Using EQCM, the uptake
of Na+ and water molecules was studied. In order to apply the
Sauerbrey equation to this analysis, the film must behave as a
rigid and perfectly elastic layer. This rigid film approximation
is normally valid when thin polymer films are used. In an
attempt to avoid viscoelasticity complications, films were
grown to a maximum charge density of 0.10 C cm−2.
According to Faraday’s law, the mass, m, is a linear function
of charge, Eq. 4, where q is the charge, n represents the num-
ber of electrons transferred and j is the current density.
Therefore, a plot of the mass as a function of the charge con-
sumed during polymerisation should be linear if these visco-
elasticity complications are absent. As highlighted in Fig. 6a,
linear plots (R2 = 0.999) were obtained for the deposition of
PPy/Cl and PPy/sβ-CD deposited to a charge density of 0.12
C cm−2 (25 mC), which is beyond the maximum value of 0.10
C cm−2 used in this analysis, and hence these polymer films
were assumed to be rigid. Another aspect that is clearly evi-
dent from the frequency–charge and mass–charge plots is the
higher mass deposited for PPy/sβ-CD which is approximately
1.06 × 10−5 g in comparison to the mass of 7.06 × 10−6 g for
PPy/Cl. This gives mass–charge slopes of 4.25 × 10−4 for

PPy/sβ-CD and 2.82 × 10−4 g C−1 for PPy/Cl, which are con-
sistent with the higher mass of the sβ-CD dopant.

q ¼ ∫t0 j dt ¼ mnF ð4Þ

Assuming that only Na+ takes part in the charge balance,
then the mass change on reduction of the polymer can be
calculated using Eq. 5. This theoretical mass associated with
Na+ exchange was calculated and is plotted in Fig. 6b together
with the experimental data for the first cycle. Clearly, the
mass–charge plot for the experimental data is divided into
two linear segments. At low charge values, which correspond
to the potential interval from 0.50 V to about − 0.10 V vs
Ag|AgCl, the charge is carried by species with a molecular
mass lower than Na+. This is probably related to the ingress of
protons [29]. At the higher charges, which correspond to more
negative potentials, the mass carrying the charge is higher than
Na+. This can be explained in terms of water incorporation,
where the water accompanies the Na+ forming a solvation
shell around the Na+ cation. The ingress of the solvated Na+

is not observed at the more positive potentials, suggesting that
this phenomenon may be related to a change in the porosity of
the reduced PPy/sβ-CD [24].

m ¼ Mw
F

QM ð5Þ

The significance of the solvation shell involved in the so-
dium exchange was further investigated by assuming that all
the water incorporated is associated with the Na+. In this case,
the variation of mass,Δm, during reduction of the polymer is

a b

c d

Fig. 5 EQCM data recorded on
cycling at 10 mV s−1 in 0.1 M
NaCl a frequency–potential b and
mass–potential plots for PPy/sβ-
CD, 1st reduction cycle (—), 10th
reduction cycle (…), c frequency–
potential and d mass–potential
plots for PPy/CMβ-CD, 1st
reduction cycle
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given by the mass of the sodium and water molecules, as
described in Eq. 6, where MwNa

+ and MwH2O represent the
molecular mass of Na+ and H2O, respectively, while ξ corre-
sponds to the number of moles. The charge, q, associated with
the movement of the cation, Na+, is given by Eq. 7, where F is
Faraday’s constant. Using h to represent the hydration num-
ber, Eq. 8, it is possible to write Eq. 9, where h is expressed in
terms of mass and charge. On fitting the EQCM data for the
PPy/sβ-CD polymer to Eq. 8, the h value was found to be
4.08. This value is in good agreement with the work reported
by Torresi et al. [30] who concluded that an average of 4.5
water molecules accompanied the ingress of Na+ on reduction
of polypyrrole doped with dodecylbenzenesulfonate.

Δm ¼ MwNaþ ξNaþ þMwH2O ξH2O ð6Þ
q ¼ F ξNaþ ð7Þ
ξH2O ¼ h ξNaþ ð8Þ

h ¼ FΔm
q MwH2O

−
MwNaþ
MwH2O

ð9Þ

The swelling of the polymer and incorporation of water
molecules during reduction of the PPy/sβ-CD was confirmed
using DSC analysis. Reduced and oxidised samples of PPy/
sβ-CD were dried in an oven, at 50 °C for 96 h prior to
recording the DSC thermograms. On heating the samples,
the amount of water lost from the reduced polymer was sig-
nificantly higher, as evident from Fig. 6c. While this does not
provide sufficient evidence for different water contents as the
oxidised and reduced PPy/sβ-CD films have different poly-
mer backbones, with the reduced polymer enriched in Na+

cations, these results corroborate the incorporation of water
within the polymer matrix as the films are reduced.
Furthermore, it is evident that the oxidised PPy/sβ-CD con-
tains water molecules. As the polymer samples were heated at
50 °C for 96 h, any residual water is removed and the endo-
thermic peak at about 100 °C can be attributed to strongly
bound water. It appears that the water molecules incorporated
with the intake of Na+ are weakly bound and the endothermic
peak is shifted to a lower temperature. The broad and unsym-
metrical shape of this endothermic peak suggests that both
strongly bound and weakly bound water are present in the
reduced PPy/sβ-CD.

Capacitance and stability of PPy/sβ-CD

The voltammograms recorded for PPy/sβ-CD (Fig. 4) are
consistent with a high capacitance. A complementary study
on the ability of the PPy/sβ-CD film to store charge was
performed using electrochemical impedance spectroscopy.
Representative impedance plots, presented as Bode plots, are
shown in Fig. 7 for PPy/sβ-CD films under open-circuit con-
ditions (approximately 0.25 V vs SCE), and polarised at −
0.80 and 0.70 V vs SCE. In all cases, the data were recorded
following a 60-min polarisation period at the desired potential
to ensure steady-state conditions were achieved. This was fur-
ther tested by recording the impedance from high to low fre-
quencies and then from low to high frequencies and no hys-
teresis was observed following this pre-polarisation period.
Clearly, the applied potential, and in turn the oxidation state
of the polymer, has a significant influence on the impedance
response. The impedance profile changes from a simple one-
time constant model when the polymer is reduced to a two-
time constant model when the polymer is oxidised at 0.70 V
vs SCE. These data were fit to the equivalent circuits depicted
in Fig. 7. A simple Randles cell was used to model the data
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Fig. 6 a EQCM data recorded during the formation of PPy/Cl (- - -) and
PPy/sβ–CD(—) at 0.70 V vs SCE in 0.2M pyrrole and 0.02M sβ–CD, b
Mass–charge plot for the theoretical (…) and experimental (—, - - - -)
redox activity of PPy/sβ–CD films cycled at 10 mV s−1 in 0.1 M NaCl
and c DSC thermogram of PPy/sβ–CD reduced in 0.10 M NaCl at
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when the polymer was reduced, or partially reduced, while a
second CPE was added for the oxidised polymer. In these
circuits, R1 represents the solution resistance, R2 represents
the charge-transfer resistance, while CPE1 and CPE2 are con-
stant phase elements.

The impedance responses of the PPy/sβ-CD and PPy/Cl
films were recorded as a function of the applied potential to
probe the capacitive properties of the polymers at different
levels of oxidation and reduction. The constant phase element
CPE1 (Randles cell) with an exponent n = 0.93 was used to
represent the capacitance of the reduced or partially reduced
polymer, while CPE2 with n = 1.0 was employed to give an
estimate of the capacitance of the oxidised polymer. The n
value for CPE1 varied from 0.71 to 0.73 for the oxidised
polymer and therefore it was not used to represent capaci-
tance. The data presented in Fig. 8 show the capacitance plot-
ted as a function of the applied potential for PPy/sβ-CD and
PPy/Cl. It is clearly evident that the capacitance is higher for
the PPy/sβ-CD films, reaching a value of about 6.0 mF cm−2.
The capacitance is essentially constant between 0.60 and
− 0.60 V vs SCE; however, there is a considerable drop in
the capacitance, as the potential is increased above 0.60 V vs
SCE, reaching values as low as 0.018 mF cm−2 at 0.70 V vs
SCE. This decay in the capacitance is related to the over-
oxidation of the polypyrrole matrix. As the potential is re-
duced further to − 0.80 V vs SCE, there is a reduction in the
capacitance. This is consistent with the formation of the re-
duced PPyo/sβ-CD−Na+ film. This transition is observed at
about − 0.50 V vs SCE which is in good agreement with the
voltammetry data presented in Fig. 4a. The PPy/sβ-CD film

can be readily reversed between the reduced and the oxidised
or partially oxidised states by switching the applied potential
between − 0.80 and 0.50 V vs SCE and nearly identical ca-
pacitance values are recorded prior to and after reduction,
indicating very good reversibility. As the sβ-CD is a large
and immobile dopant, these potential variations give rise to
the insertion and expulsion of sodium cations and their asso-
ciated water molecules and chloride anions from the electro-
lyte solution, as illustrated in Fig. 5. On comparing these data
with the PPy/Cl film, it is seen that the PPy/sβ-CD is over-
oxidised at a lower potential of about 0.60 V vs SCE com-
pared to 0.70 V vs SCE for the PPy/Cl. The reduced polymer,
PPyo, is formed on reduction of PPy/Cl to give low
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Fig. 8 Capacitance plotted as a function of potential for PPy/sβ–CD (●)
and PPy/Cl (○) recorded in 0.1 MNaCl. Error in the fitted circuit element
was 2.1%

Fig. 7 Bode plots and circuit
elements for PPy/sβ–CD
recorded in 0.10 M NaCl using a
perturbation amplitude of 5.0 mV,
measured at open-circuit potential
(───), at − 0.80 V vs SCE (─ ─
─) and 0.70 V vs SCE (…..)
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capacitance values, while the higher values obtained for the
PPy/sβ-CD are associated with the formation of PPyo/sβ-
CD−Na+.

The specific capacitance was calculated using the mass of
the polymer obtained from EQCM data. The mass–charge
slope of 4.25 × 10−4 g C−1, obtained from Fig. 6a, was used
with the charge consumed during formation of the polymer to
compute the mass of the PPy/sβ-CD as 10.6 μg. Using the
capacitance of 6 mF cm−2 obtained in Fig. 8, this gives a
specific capacitance of 71 F g−1. The thickness of the PPy/
sβ-CD film was measured as 430 ± 30 nm using a Tencor
profilometer. The surface area of the polymer was estimated
using the ferricyanide redox couple as 0.1397 cm2, which
corresponds to an increase of 11% compared to the geometric
surface area (0.1257 cm2). This gives a volume of 6.01 ×
10−6 cm3 and a volume to charge ratio of 2.4 × 10−4 cm3

C−1, which compares well to the values reported by
Holzhauser and Bouzek, which range from 1.86 × 10−4 to
3.0 × 10−4 cm3 C−1 depending on the dopant [31]. Using the
mass and computed volume, the density of the polymer was
estimated at 1.76 g cm−3. This is somewhat higher than the
value of 1.5 g cm−3 [31] that is typically used as the density of
polypyrrole and this is consistent with the highmass of the sβ-
CD dopant. Although, the sβ-CD is large and bulky and will
probably give a porous polymer with a high volume, the high

mass of the dopant appears to have more influence on the
density.

Electron transfer at the PPy/sβ-CD modified electrode

Potassium ferricyanide, K3Fe(CN)6, was employed to study
the rate of electron transfer at the PPy/sβ-CD interface.
Rotating disc voltammetry (RDV) was used and the data were
fitted to the Koutecky–Levich relationship to obtain the rate
constant, k, Eq. 10. In this analysis, iL is the limiting current, n
is the number of electrons transferred, F is Faraday’s constant,
k is the rate constant, D is the diffusion coefficient, ν is the
kinematic viscosity, A is the surface area, c is the concentration
of the electroactive species and ω is the rotational rate. The
diffusion coefficient was evaluated by applying the Levich
equation, Eq. 11.

1

iL
¼ 1

n F A k c
þ 1:61

n F A ν−1=6 D2=3 c ω1=2
ð10Þ

iL ¼ 0:621 n F A D2=3 υ−1=6 c w1=2 ð11Þ

Typical RDV data collected using a scan rate of 5 mV s−1

are shown in Fig. 9. Limiting currents were observed from
about 0.0 to − 0.20 V vs SCE and these increased with the
rotation rate. Levich plots, where the limiting current was
measured at − 0.10 V vs SCE, are presented in Fig. 10a for
unmodified GC, PPy/Cl and PPy/sβ-CD. These show good
linearity. Diffusion coefficients of 6.47 × 10−6, 6.21 × 10−6

and 5.3 × 10−6 cm2 s−1 for PPy/sβ-CD, PPy/Cl and GC, re-
spectively, were obtained from these data. The somewhat
higher values recorded with the polymer system are probably
connected with a larger surface area. The inverse of the limit-
ing current plotted as a function of the inverse of the square
root of the rotation rate is shown in Fig. 10b. The linear plot
for PPysβ-CD is very similar to that obtained for the PPy/Cl
system, with similar rate constants. The rate constants were
calculated as 3.73 × 10−2, 3.32 × 10−2 and 3.63 × 10−2 cm s−1

for PPy/sβ-CD, PPy/Cl and GC, respectively. At these slow
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Fig. 9 RDV data recorded in 5.0 × 10−3 M K3Fe(CN)6 and 0.10 M NaCl
at 250, 500, 1000, 1250, 1500 rpm, at a scan rate of 5 mV s−1, at PPy/sβ-
CD
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scan rates, Nernstian equilibrium is achieved and the rate con-
stants for the three substrates are very close. However, at
higher scan rates, kinetic limitations were evident. At a scan
rate of 50 mV s−1, the Levich plots no longer pass through the
origin for the PPy/sβ-CD and PPy/Cl modified electrodes.
These results show that the electron transfer process is only
slightly inhibited by the presence of the polymer and the pres-
ence of the large and bulky sβ-CD dopant does not give rise to
any significant reduction in the rate of electron transfer.

The reversibility of the ferricyanide redox couple was also
studied using cyclic voltammetry and compared for the un-
modified GC, PPy/Cl and PPy/sβ-CD modified electrodes.
Data obtained on computing the ratio, jox/jred, are summarised
in Table 1. The jox/jred ratios obtained with the PPy/sβ-CD
films are approximately 0.9 for scan rates from 25 to
150 mV s−1, while much lower values are obtained with the
PPy/Cl polymer system. Indeed, the ratios obtained for the
PPy/sβ-CD modified electrodes compare very well with the
un-modified GC electrode, indicating that the presence of the
large sβ-CD dopant does not inhibit electron transfer.

Conclusions

Polypyrrole was formed in the presence of sβ-CD to generate
highly conducting PPy/sβ-CD films, while less conducting
PPy/CMβ-CD films were achieved. This highlights the role
of the anionic pendants during electropolymerisation. While
the conductivities of the CMβ-CD and sβ-CD solutions were
relatively high at 3.10 and 5.0 mS cm−1, respectively, in near
neutral solution, the carboxylate groups are protonated to give
the neutral carboxylic acid as the solution becomes acidified at
the electrode–solution interface. On the other hand, the
sulfonated groups are considerably more difficult to protonate
and remain as anions in acidic solutions. This solution equi-
librium, with the weak carboxylic acid/carboxylate equilibri-
um system, leads to a low rate of electropolymerisation as the

anions are converted to the neutral CD at the electrode–
solution interface.
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