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ABSTRACT: Bisphenol A (BPA) sensing was investigated
based on electrochemical impedance spectroscopy (EIS) mea-
surements of an electropolymerized molecularly imprinted
polymer (E-MIP) film. The E-MIP film is composed of varying
ratios of BPA—terthiophene and carbazole monomer complex
deposited onto indium tin oxide (ITO) substrates via anodic
electropolymerization using cyclic voltammetry (CV). Subse-
quently, the interfacial properties of these films were studied
using the non-Faradaic EIS technique. The same technique was
then used to measure the presence of templated BPA which is a
known endocrine disrupting chemical (EDC). Analyses of the
EIS results were performed using equivalent circuits in order to
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model the electrical and impedance properties through the interface. A linear calibration curve was established in the range
0—12 mM concentrations of the analyte. Moreover, the selectivity of the films against bisphenol AF and diphenolic acid was
demonstrated. The E-MIP sensor may have advantages in environmental monitoring of bisphenol A in aqueous analyte/pollutant

samples.

B INTRODUCTION

Bisphenol A (2,2-bis(4-hydroxyphenyl)propane) or BPA is a
chemical of particular importance because of its extensive use in
industry. It is primarily used in the production of plastics mainly
polycarbonate and epoxy resins and as an additive. Owing to the
high use of BPA in manufacturing consumer products, high levels
are expected in surface and industrial wastewaters. Reports have
indicated the health risk posed by exposure to significant levels of
BPA since it exhibits an estrogen-like activity." Its high blood
levels in men and women are associated with reproduction
dysfunction, endometrial hyperplasia, recurrent miscarriages,
abnormal karyotypes, and polycystic ovarian syndrome, a health
hazard to both infant and the general population.” Gas chroma-
tography coupled with mass spectroscopy (GC-MS) and high
performance liquid chromatography (HPLC) has been com-
monly used for quantitative determination of BPA in environ-
mental water and packaged food product samples. These
methods require several sample preparation steps including
extraction and preconcentration. Immunoaffinity chromatogra-
phy is also useful for the extraction of endocrine disrupting
chemicals (EDC)s and pesticide residues. Most of the reported
immunoaffinity columns use polyclonal and monoclonal antibodies.
However, these types of antibodies can be difficult to reproduce in
large quantities and can interfere with the antigen-binding reactions.

v ACS Publications ©2011 american chemical Society

While analytically useful, these techniques cannot meet the
demand to regularly monitor the level of processing additives
that may end up as pollutants. This necessitates the development
of alternative and portable analytical methods including the
development of chemical and biosensors to fill the need.
Molecular recognition or artificial receptors with molecularly
imprinted polymers (MIP) has been a significant tool for the
development of micro- and multianalyte sensors.” ® Binding of
the target analyte with the polymer network is made possible
by the formation of shape-complementary cavities. The MIP
technique is an effective and robust method for obtaining a
recognition element for incorporation in chemical and biological
sensors.” MIPs are usually prepared via the traditional bulk
polymerization of functional monomer, template, and cross-
linker in the presence of a porogen. In bulk polymerization, it
is imperative that the functional monomer must have a consider-
able interaction with the template in order to achieve good
imprinting. Moreover, a cross-linker is commonly included in
order to fix the functional monomers in place and keep the
binding cavities intact. Choices for cross-linkers in vinyl free-radical

Received: ~ May 7, 2011
Revised: August 1, 2011
Published: August 15,2011

6669 dx.doi.org/10.1021/ma2010525 | Macromolecules 2011, 44, 6669-6682



Macromolecules

polymerization generally include ethylene glycol dimethacrylate
(EGDMA), divinylbenzene (DVB), trimethylolpropane tri-
methacrylate (TRIM), and others. While this particular method
and materials has been widely used in MIPs for chromatographic
separation, surface imprinting has proven to be a challenge for
polymer films used as recognition elements in flat surface
transduced chemical and biological sensors. There are several
considerations: (1) molecular recognition is a function of the
surface chemistry at the polymer—template interface, (2) the
generation of signal resulting from the detection of template is
significantly enhanced when the MIP is directly interfaced on the
transducer’s surface, and (3) analyte binding is both a function
of porosity and gradient affinity (adsorption) to the film. In
principle, an imprinted polymer can be grown directly from a
surface with a chemically or physically adsorbed initiator, a
technique demonstrated by Schweitz.'® Living/controlled poly-
merization techniques have also been employed to produce an
imprinted polymer from the surface."" Sellergren and co-workers
modified a surface with a 2photosensitive dithiocarbamate which
functions as an iniferter.'* On the other hand, Malitesta et al.'®
reported very thin molecularly imprinted film on a gold-coated
quartz crystal (QCM) by electropolymerization of phenols and
aromatic amines.

In general, imprinting electropolymerization may prove ad-
vantageous especially matters that concern mass transfer and
accessibility by enabling the direct immobilization of the polymer
matrix film onto the transducer’s surface and allowing control
over film thickness. These factors are regarded to be very
important in achieving the desired sensitivity of a sensor. Early
reports of glucose oxidase entrapped in polypyrrole'* paved the
way for the use of conducting polymers in the development of
biosensors, with the potential benefit of an enhanced charge
transport across the polymer matrix. Guo et al."® investigated the
adhesion/spreading and proliferation of mammalian cells on
electropolymerized porphyrin films for biosensing applications.
In their work, sufficient hydrophilicity for cell attachment was
observed and that the QCM technique was successfully applied
for monitoring cell growth for real time, continuous, and on line
monitoring, Zhang et al.'® focused their attention to the utiliza-
tion of a polypyrrole graft copolymer, poly(styrenesulfonic acid-
graft-pyrrole), to functionalize reduced graphene oxide via 77—z
noncovalent interactions in the fabrication of an electrocatalytic
biosensor. The biosensor is intended to be used for the determi-
nation of hypoxanthine, a good indicator of fish products
freshness in food industries. The determination of hypoxanthine
in this biosensor was achieved by measuring the oxidation
current of hydrogen peroxide and uric acid at the electrode
interface. While Zhang et al. made use of a grafted copolymer for
the determination of hypoxanthine, Choi et al.'” reported the use
of SPR in the detection of mycoestrogen zearalenone with the
electropolymerized molecularly imprinted polypyrrole film as
the recognition system. In particular, a shift from 85.702° to
85.917° has been observed when 3000 ng/mL of the analyte was
injected into the SPR cell and saturation was observed after
40 min. Despite the number of strategies employed for the prep-
aration of imprinted polymers on surfaces, a standard protocol
is yet to be established for surface molecular imprinting with
respect to electropolymerized conducting polymers.

Conjugated polymers are amenable to surface MIP due to
their electropolymerizability and doping—dedoping or redox
reversibility properties.'® Like polypyrrole and polyaniline, poly-
thiophenes can be both oxidatively or reductively doped in a

OH

2-(9H-carbazol-9-yl)acetic acid 2-(2,5-di(thiophen-2-yl)thiophen-3-yl)ethanol

Figure 1. Structures of the carbazole and terthiophene monomers used
in this study and a molecular model representation of (2,2-bis(4-hydro-
zxyphenyl)propane) or bisphenol A (see Figure S1 for BPA—monomer
complexation modeling studies in the Supporting Information).

proper solvent.'® The presence of sulfur in polgthiophenes also
enables it to be reduced and thus n-doped.3 Moreover, the
electron density distribution of the thiophene ring in the
presence of other functional groups enhances the reactivity of
the thiophene monomer.** There have been a number of studies
on electrochemically prepared polythiophene films for sensing
applications.”" On the other hand, the use of carbazole has gained
considerable attention since the discovery of ghotoconductivity
in poly(N-vinylcarbazole) (PVK) by Hoegl.”* Carbazole-based
polymers exhibit properties such as formation of relatively stable
radical cations (holes), high-charge carrier mobilities, and high
thermal and photochemical stability.”> Moreover, carbazoles
have been studied as photoconductive polymers and organic
photoreceptors.**

In this study, we have utilized the anodic electropolymeriza-
tion of both terthiophene and carbazole monomers to prepare
electropolymerized MIPs (E-MIPs) for the detection of BPA.
The monomer 2-(2,5-di(thiophen-2-yl)thiophen-3-yl)ethanol
or simply labeled as GO 3TOH is a terthiophene-based -
conjugated monomer. Since, it has been established that the
polymer morphology is also affected by the stoichiometry and
the concentration of the template and monomer,® we have also
investigated the effect of copolymerization of GO 3TOH with
carbazole, 2-(9H-carbazol-9-yl)acetic acid. The design of the
polymer network composition should complement the size,
shape, and orientation of the monomer functional group to the
imprint template. The intrinsic conductivity, stability, and pro-
cessabiltiy of both the terthiophene and the carbazole monomers
in both doped and neutral states*® make them good candidates
for the preparation of imprinted polymers via coelectropolymer-
ization. Their quantitative coelectropolymerization has been
previously demonstrated by us resulting in smooth film forma-
tion and a high degree of compatibilization.”® The chemical
structures of the functional monomers utilized in this study are
shown in Figure 1 (see Figure S1 for monomer—BPA modeling).

Although a range of MIP-based chemosensors have already
been reported,”” the electrochemical approach in tandem with
the MIP protocol process has not been largely explored because
of issues pertaining to homo§eneous film formation and difficulty
in in situ characterization.”® Also, the possible interference or
degradation of the template/analyte with the electropolymerization
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process is a main concern. It is therefore important to develop
E-MIP methods in which templating is efficient and an in situ
monitoring method be employed with electrodeposition. In
previous studies, electrochemistry coupled with the QCM or
E-QCM was employed for the in situ growth monitoring of the
MIP films on a gold electrode surface as well as for analyte
sensing.”*” The E-QCM technique permitted the simultaneous
monitoring of the frequency (mass) and the viscoelastic behavior
of the film during electrodeposition.30 Also, the -V or I-T
(current Vs time) measurements were recorded on the same Au-
QCM electrode. Another method that has been shown to be
useful for this type of application is the electrochemical surface
plasmon resonance spectroscopy or EC-SPR.®

Thus, we present a protocol for depositing E-MIP films based
on copolymers of terthiophene and carbazole derivatives utilizing
electrochemical impedance spectroscopy (EIS) to generate a
BPA sensor. In this case, an advantage is that an electropolymer-
ized film brings about a network film containing cavities for the
binding of BPA without the use of an added cross-linker.® The
sensitivity and selectivity of the E-MIP film toward BPA were
determined using the EIS technique. EIS is yet to be demon-
strated as an effective and robust method for investigating
electrode processes, for determining the surface adsorption
kinetics and mass-transport parameters, and for adopting smaller
electrochemical perturbations for analyte detection in sensors.

B EXPERIMENTAL SECTION

Chemicals. 2-(9H-Carbazol-9-yl)acetic acid (labeled as CbzCOOH),
bisphenol A, tetrabutylammonium hexafluorophosphate (TBAH), bi-
sphenol AF, and diphenolic acid were purchased from Sigma-Aldrich
and VWR. All chemicals were used as received. Aqueous solutions were
prepared from water purified using a Millipore system (resistivity 18.2
MQ-cm). The synthesis of the GO 3TOH is as follows:*>*" the synthesis
of ethyl 2-(2,5-di(thiophen-2-yl)thiophen-3-yl)acetate (3T ET) was
carried out by first synthesizing ethyl 2-(2,5-dibromothiophen-3-yl)-
acetate as reported in the literature.”® Ethyl 2-(2,5-dibromothiophen-3-y1)-
acetate and 2-(tributylstanny1)thiophene were then added to a dry
DMEF solution of dichlorobis(triphenylphosphine)palladium. After three
freeze—thaw cycles, the mixture was heated at 100 °C for 48 h. The
mixture was cooled to room temperature and poured into a beaker
containing 150 mL of water and subsequently extracted with CH,Cl,. The
compound 3T ET was reduced under the following conditions: 10 mL of
THEF was added, dropwise, under nitrogen to an ice-cooled 100 mL THF
suspension of LiAlH,, to yield 2-(2,5-di(thiophen-2-yl)thiophen-3-yl)-
ethanol (GO 3TOH). In principle, the dendron synthesis can be carried
out to succeeding generations, G2, G3, G4, .., as needed in an AB,
convergent manner.' %

Instrumentation. Cyclic voltammetry (CV) was performed on an
Autolab General Purpose Electrochemical System (GPES) PGSTAT12
module with a three-electrode cell. GPES software was used to run data
acquisition. Electropolymerization were performed on gold-coated glass
slides or indium tin oxide (ITO) surfaces which were cleaned according
to the following protocol: The gold-coated glass slide were cleaned in
piranha solution for 60 s (H,0,/H,SO,, 1:3, v/v), whereas 3 x 1.5 cm
cut ITO slides were washed with Alconox (Sparkleen) and were
subsequently rinsed and sonicated in Milli-Q water for S min. Successive
washing in different solvents ensued, namely, in isopropyl alcohol,
hexane, and toluene, in which each washing was accompanied by
10 min sonication. Both gold and ITO slides were then subjected to
plasma cleaning using a March Plasmod GCM 200 for 300 s at 10 W with
an Ar gas purge.

This electrochemical set up is also equipped with a Frequency
Response Analyzer module (FRA). The FRA hardware consists of a
digital signal generator module, a signal conditioning unit, and a fast
analog-to-digital converter with two channels. The Fit and Simulation
version 1.7, built in the FRA software, allowed the fitting of the circuit
parameters to the measured data using the nonlinear least-squares
method. EIS sensing was done by monitoring actual kinetic curves. A
typical measurement for comparison was done with 0—12 mM con-
centrations of BPA in acetonitrile. Various concentrations were specified
for sensitivity studies. The EIS curve was recorded three times.

For X-ray photoelectron spectroscopy (XPS), photoelectrons were
collected on a Physical Electronics Model 5700 XPS instrument using a
monochromatic Al Kot X-ray source (1486.6 eV) operated at 350 W.
The analyzed area, collection solid cone, and take off angle were set at
800 mm, 5°, and 45° respectively. A pass energy of 11.75 eV was
employed, resulting in an energy resolution of better than 0.51 eV. All
spectra were acquired in vacuum (5 x 10~ Torr or better) and at room
temperature. A Shirley background subtraction routine was applied
throughout the experiment. The binding energy scale was calibrated
prior to analysis using the Au 4f;, line. Charge neutralization was
ensured through cobombardment of the irradiated area with an electron
beam. Data processing was carried out using the Multipak software
package.

Ellipsometry measurements were conducted using the OPTREL-
Multiskop at an angle of 60° with respect to the surface normal and at a
fixed wavelength of 632.8 nm. A and 1 values were obtained for the
polymer films and the clean gold-coated quartz crystal surface. The
ellipsometry data were then fitted using a fitting program (Elli, Optrel),
assuming a refractive index (RI) of 1.5 for the polymer layer.*

UV —vis spectroscopy measurements were carried out on a Perkin-
Elmer Lambda 20. Fluorescence spectra were obtained in a Perkin-
Elmer LSSOB spectrometer using 250 nm excitation.

B RESULTS AND DISCUSSION

In Situ CV Deposition of Imprinted and Nonimprinted
Copolymer Films. In contrast to our previous report’ in which a
terthiophene dendron was only used for the imprinting of folic
acid, this study has explored the use of another s7-conjugated
monomer, to be codeposited with the GO 3TOH terthiophene
monomer in certain ratios. We speculated that the amount of
specific binding cavities from electropolymerized film can be
adjusted with the addition of another conducting monomer
containing additional functional group. The approach was to
introduce a carbazole containing —COOH moiety to generate a
receptor capable of immobilizing more template molecules via
noncovalent interactions present in the prepolymerization mix-
ture. In this manner, the quantity and quality of resulting E-MIP
recognition sites may be enhanced. The imprinted copolymer
film was prepared by in situ CV deposition on the surface of ITO.
The technique allows for the preparation of films with varying
thickness by CV and directly interfaces the imprinted polymer
onto the surface of a working electrode which can also be
interfaced to an EIS system. The potential window, number of
cyclic scans, and polymer composition were optimized to estab-
lish the most appropriate conditions in obtaining the best film
that will exhibit high sensitivity and selectivity toward BPA.
Polymerization was typically conducted by cycling the potential
from 0 to 1.1 V at a scan rate of SO mV/s for ten times (10 cycles).
The E-MIP film was prepared from a 50 uM solution of
monomers and 5 mM BPA complex in acetonitrile (ACN)
containing 0.1 M of tetrabutylammonium hexafluorophosphate
(TBAH) as supporting electrolyte. A control polymer film, i.e.,
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Table 1. Molar Ratio of the CbzCOOH and GO 3TOH
Monomers in the Prepolymer Solutions Used in the Electro-
polymerization of Imprinted (with Bisphenol A) and Non-
imprinted (without Bisphenol A) Polymer Films

prepolymer solution ~ CbzCOOH concn (uM) GO 3TOH concn (uM)

1 S0

2 50
3 25 75
4 NY 50
S 75 25

the nonimprinted polymer (NIP) film, was prepared under the
same conditions but in the absence of the template (bisphenol A).
Table 1 gives the details on the monomer composition used to
prepare the imprinted and nonimprinted electropolymerized
films.

In a typical CV experiment, the film formation was monitored
through changes in current per cycle. At each CV cycle, the
oxidation current increases, suggesting a stepwise growth of the
polymer film on the substrate’s surface. The electrochemical
polymerization represents a statistical reaction between the
terthiophene units and the carbazole group resulting to further
cross-linking.** The term cross-linking refers to the ability of
the monomer—template complex to enable terthiophene—
terthiophene, terthiophene—carbazole, and carbazole—carbazole
reactivity, intra- or intermolecularly. During the electropolymer-
ization process, the formation of linear polymeric or oligomeric
species is also possible from free terthiophene and carbazole
units. The dual function of the monomers, i.e., as functional
monomers and as cross-linkers, is regarded to be responsible for
the generation of binding cavities that complement the size and
shape of BPA, which enhances the sensing capability of the
polymer. Hence, it was significant to look at the effect of varying
polymer composition of the imprinted polymer film upon
binding of BPA. Variations in the polymer composition was
performed by electropolymerizing different molar ratios of GO
3TOH and CbzCOOH (Table 1). Each resulting film was char-
acterized and compared to films prepared from only one mono-
mer, i.e., either GO 3TOH or CbzCOOH only.

The growth formation of each polymer film was characterized
by CV. Figure 1 gives the voltammogram for 75 uM GO 3TOH
and 25 uM CBzCOOH copolymer film composition. The CV of
the other different molar ratios of GO 3TOH and CbzCOOH are
shown in the Supporting Information.

As shown in the voltammograms, film formation for the
imprinted polymer was different from the growth formation of
the nonimprinted polymer film. The deposition of the imprinted
polymers resulted to a relatively higher increase in anodic peak
current compared with the nonimprinted films. This evidently
shows that the presence of BPA enhanced the cross-linking of the
monomers, resulting in a much higher current density. The
polymer films containing a higher amount of GO 3TOH tend to
give a moderately higher oxidation peak current (Supporting
Information, Figure S2). This leads to the assumption of distinct
structures between the E-MIP and the NIP films and that higher
density films were obtained from imprinted films compared to
nonimprinted films. It is also noteworthy to discuss the observed
changes in the doping behavior of the formed conjugated
polymer backbone which may have been influenced by the
prepolymer complexation of the template with the monomers.

(a) = BPA imprinted GO 3TOH and CBzCOOH copolymer film
non imprinted (control) 75uM GO 3TOH and 25M CBzCOOH copolymer film
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Figure 2. Cyclic voltammograms of the imprinted and nonimprinted
copolymer films: (a) 75 uM GO 3TOH and 25 uM CBzCOOH; (b) 25
uM GO 3TOH and 75 uM CbzCOOH. Potential cycling from 0 to 1.1V
ata scan rate of 50 mV/s for 10 cycles with 0.1 M of TBAH as supporting
electrolyte.

The anodic peak potentials were found to have shifted after the
10th cycle of deposition of the E-MIP compared to the non-
imprinted films on the ITO surface. This suggests that incorpora-
tion of the BPA may have caused conformational changes on the
polymer backbone brought about by more H-bonding and other
possible noncovalent interactions between the template and the
monomer. Moreover, it may be speculated that transitions
observed in the peak potential have led to the formation of
polymer networks that are highly cross-linked and yet with a
lower extent of s-conjugation depending on the respective
amount of GO 3TOH or CbzCOOH present in the film.***®
The UV—vis spectroscopy technique was also employed in
this study to ascertain the changes in the 77-conjugation of the
electrocopolymerized films formed after electrochemical deposi-
tion on ITO. A shift in the absorption maximum to longer
wavelength signifies greater 77-conjugation. On the other hand, it
can be assumed that the polymer backbone conformation is more
disordered (twisted) if the absorption maximum is shifted to
shorter wavelength. To illustrate this point, the UV —vis spectra
of the GO 3TOH films were compared (Figure 3). It is assumed
that in the presence of BPA conformational changes may have
occurred due to numerous intermolecular interactions between
functional groups of BPA and that of the polymer. Such causes a
decrease in 77-conjugation and a more aggregated structure of the
formed polythiophene—polycarbazole resulting to a slight shift
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Figure 3. UV—vis spectra of the (a) imprinted (MIP) and (b)

nonimprinted (NIP) GO 3TOH films. Films were electrodeposited on
ITO via CV employing two potential scan windows: 0—1.1 and 0—1.3 V.

in the A, to shorter wavelength (blue shift) and to decrease in
intensity (hypochromic shift). This was indeed observed in the
case of the E-MIP film. The observed hypochromic shift may be
attributed to the occurrence of more conformational defects
disrupting the s-conjugation within the polymer structure
compared to the NIP films. This is a consequence of the presence
of the BPA in the matrix affording a more conformationally
disordered backbone and networked structure. The energetics of
the BPA—copolymer interaction could have exceeded that of the
sr-orbital overlap of the resulting polymer backbone causing the
tvnstlng of the polymer structure.”’ In a parallel study, Leclerc
et al.** were also able to observe a blue shift in the polymer
backbone absorption upon binding of the avidin to the biotin
containing polythiophene.

As with the case of the UV absorption of electropolymerized
NIP film, in the absence of the template molecules, the electro-
polymerized NIP film may have adopted a more planar and a
much longer polymer backbone compared with the electropoly-
merized MIP film as indicated by slight shift in the A,,,,, to longer
wavelength. Polymers with longer chain lengths are thus ex-
pected to manifest changes in its absorption spectrum brought
about by inter- and intrachain interactions during film organiza-
tion occurring from solution to solid substrate. Longer chain
lengths easily 1nduce chain—chain contacts as well as random
chemical defects® which, as a result, led to the formation of a few
aggregates and other supramolecular structures such as low-
energy excitons, ** which affect the resulting optical properties of
the polymer film.

We also attempted to explain the observations generated from
the CV experiments using the in situ E-QCM technique. With the
E-QCM technique, it is possible to correlate electrochemically
induced mass changes on the quartz crystal electrode per CV

cycle. Simultaneous with the reduction and oxidation peaks on
the voltammograms, the changes in frequency can be recorded
from the QCM. Adopting the electrochemically stimulated
conformational relaxation (ESCR) model developed by Otero
et al*" to explain for the observed E-QCM data, we also
considered that the polymer film expands upon the application
of anodic potential due to insertion of the hexafluorophosphate
counterions as well as of BPA molecules into the polymer
network. This results to a corresponding decrease in the fre-
quency due to an increase in mass attributable to polymer growth
parallel to the metal surface. As also explained by Otero’s group,
the growth of polymer is controlled by a structural relaxation
involving conformational changes of polymer segment and a
swelling of the polymer due to electrostatic repulsion between
the chains and to incorporations of counterions and BPA
molecules. On the other hand, during the cathodic cycle
(reduction), the change in the frequency (increase) is due to
dedoping of ions, signaling a decrease in mass due to shrinking of
the polymer. As the polymerization progresses through repeated
cycling of the potential, the diffusion of the counterions and BPA
molecules became more difficult due to cross-linking, enabling
the deposition of suitable number of template molecules within
the polymer network. This can be equated to the formation of
suitable number of binding sites for the subsequent rebinding of
BPA molecules. The changes in frequency can then be translated
into the corresponding deposited mass of the polymer film
adsorbed on the surface through the Sauerbrey equation**

Af = —2*Am/A(p )" (1)

where f; is the fundamental resonant frequency of the QCM
(5§ MHz), A is the area of the electrode (1.327 cm?), pg is the
density of the quartz (2. 65 g/cm ) , and g is the shear modulus
of the quartz (2.95 x 10° N/cm?).

Figure S3 (Supporting Information) depicts the progress of
electropolymerization (raw data) of the imprinted and nonim-
printed (control) polymer films on gold-coated quartz crystal. As
illustrated in the plot, the electrochemical deposition of polymers
after 10 CV cycles brings about the formation of polymer films as
indicated by a large shift on the frequency of the quartz crystal. In
both plots, it was shown that a relatively denser film was obtained
when the template (BPA) was incorporated in the prepolymer
mix (E-MIP). These correspond to a higher surface mass density
for the imprinted polymer films relative to the nonimprinted
films, regardless of the polymer composition. However, the mass
deposition is generally well-behaved for the electrochemical
deposition of the imprinted copolymer films, which resulted in
the observed linear growth rate coincident with a highly rever-
sible redox behavior for the film. In view of the foregoing
discussion, the use of conducting polymers for E-MIP prepara-
tion proved to be advantageous as their electrochemical proper-
ties can be modulated due to template—polymer association and
variations in its oxidation— reductlon state may induce changes in
its complexation behavior* to permit an enhanced sensing
capability for the E-MIP film toward BPA molecules, as inter-
preted from the E-QCM, CV, and UV data.

Characterization of the Imprinted and Nonimprinted
Copolymer Films. The effect of polymer composition was
investigated in the preparation of the E-MIP as this may
eventually affect the structural integrity of the resulting film
and sensor performance.** It has been previously pointed out
that an E-MIP film must possess a reasonable mechanical stability
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Figure 4. Different thickness of the (a) imprinted and (b) nonimprinted polymer films at various composition ratios as measured by ellipsometry.

with the desired amount of recognition sites and allow for facile
release and rebinding of the template.”® In a traditional bulk MIP
polymerization, a cross-linker is incorporated to enable polymer
network formation which could hold and maintain the cavities
that were formed even after washing. In this study, it was
ascertained that copolymerization of the two monomers brings
about the same effect as that of the addition of a cross-linker. The
—OH and —COOH terminal groups present in each monomer
provide additional sites in which BPA could possibly interact
noncovalently toward complex formation.

The film thickness of both imprinted and nonimprinted
polymer films prepared from different monomer concentrations
of GO 3TOH and CbzCOOH was determined using ellipsome-
try. Generally, thin films were obtained from the electropoly-
merization of imprinted films as shown in Figure 4. Imprinted
polymer films have thicknesses ranging from 2 to 15 nm. The
films were also evaluated by SPR, and the results for the different
polymer compositions are summarized in Figure S11 of the
Supporting Information. Results emphasized the important role
of thickness on the consequent performance of the E-MIP
copolymer films. Thin films generally give an indication of a
better mass transport of the target analyte during template
removal and template rebinding processes. The desired property
of the imprinted films to rebind with BPA is dictated by the film’s
surface mass density and thickness as these will enhance the
efficiency of template removal and will facilitate the penetration
of the template molecules within the polymer film resulting to
occupation of the preformed cavities. Chen et al.** demonstrated
the influence of film thickness on the formation of the binding
cavities for uric acid. They reported that an increased loading of
poly(amine—imide) resulted in an increase in film thickness
alongside with an increase in the number of template molecules
that have been trapped within the polymer network. Therefore,
we may also ascertain that the large difference in the film
thickness between MIP and NIP films is related to the increase
in the number of BPA molecules that have been trapped within
the polymer network. Moreover, with more BPA/template
molecules incorporated in the E-MIP film, nonhomogeneity of
the layer thickness was also observed.*®

The wetting properties of the electropolymerized films
(contact angle measurements with water) vary with polymer
composition and in the presence of the template. However, no
clear trend was observed for films prepared in either the presence
or absence of the template as the measured contact angle differs
with varying polymer composition of the E-MIP film. Variations
in the degree of polymerization of the individual monomer
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(terthiophene and carbazole) brought about by variations in
the nucleating ability of each monomer in the presence and
absence of the template molecules may be crucial. Yet, the data
also shows that E-MIP films were generally hydrophobic than the
NIP film surface as suggested by moderately higher contact angle
values. These results imply that the fabricated E-MIP copolymer
films have varying degree of hydrophobicity, which may have
been influenced not only by the differences in the copolymer
composition of the resulting films due to inter- and intrachain
polymer interactions but also to the increase in the loading of the
template molecules that have been trapped within the polymer
network (commensurate to the distribution of functional groups
during the polymer formation). This gives rise to additional
intermolecular forces of attraction. This may be important in
assessing the effect of nonspecific adsorption with these films.
The results comparing the various thicknesses and their wetting
properties are also summarized in the Supporting Information
(Table S2).

The AFM images, shown in Figure S4 of the Supporting
Information, display surface morphologies of the copolymer
films, with and without the BPA molecules. The E-MIP film
has relatively thicker surface compared to NIP as a result of the
insertion of BPA molecules within the confines of the polymer
network. Moreover, with the introduction of BPA molecules,
there were more aggregates that have been formed and were
visibly seen on the AFM images, which is possibly associated with
the presence of additional intermolecular forces of attraction due
to template—monomer interactions. This makes the surface of
the E-MIP film rougher as compared with the nonimprinted film.
This observation was also supported by the data obtained from
water contact angle measurements, which indicate higher contact
angle values (correspondingly, have higher surface energy and
greater hydrophobicity) for the E-MIP film than the NIP. Based
on Wenzel”’ and Cassie—Baxter*® theories, the increase in
contact angle of the surface is related to the increased in surface
roughness. Furthermore, Marmur™® suggested that the increase
in the hydrophobicity is due to the increase in the heterogeneity
of the surface.

It was also observed that the film thickness of the imprinted
films was found to be dependent on the amount of GO 3TOH;
that is, film thickness tends to increase with increasing concen-
tration of the GO 3TOH in the polymer film. Thus, in addition to
ellipsometry, surface plasmon resonance (SPR) analysis was
conducted. SPR gives a highly sensitive response due to change
in refractive index on the gold surface.>® The resulting best fit
(as calculated and then compared with the measured curves)
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Figure 5. Observed shift in the minima of the SPR curve to higher angle
in the presence of bisphenol A. SPR curves before and after electro-
polymerization and after template (BPA) removal: (a) nonimprinted
film and (b) imprinted polymer film. SPR curve for bare gold was used as
reference.

gives the optical thickness of the MIP film (see Supporting
Information).>!

A significant shift on the minima of the SPR curve as shown in
Figure Sa,b was observed upon the electrochemical deposition of
equimolar amounts of GO 3TOH and CbzCOOH on Au
substrate, for both nonimprinted and BPA imprinted polymer
films. This is indicative of a change in the dielectric constant of
the dielectric layer on top of the gold surface upon the formation
of the polymer film. Specifically, an increase in the resonance
angle was observed upon the interaction of the electropolymer-
ized GO 3TOH and CbzCOOH films with the template (BPA).
The resonance angle shifted from 43.9° to 48° in the case of the
MIP film against the observed shift from 43.8° to 45.1° for the
electrodeposition of NIP film. Such shift on the minima of the
SPR curves (but without affecting the reflectance of the SPR
curves) reflects on the specific recognition between the binding
sites of the E-MIP film and BPA as well as the successful
incorporation of the template molecules within the polymer
structure (BPA). This observation was further affirmed when the
resonance angle decreased to 47.4° when the MIP film was
subjected to washing with various solvents such as methanol:
acetic acid (80:20 v/v), methanol, and acetonitrile to effect the
removal of the template. However, the resonance angle of the
nonimprinted GO 3TOH and CbzCOOH film only shifted by a
mere 0.1° ie., from 45.1° to 45.0°. This minute shift can be
ascribed to the weak and nonspecific adsorption due to the
variation in the cross-linking/conformational arrangement of
the copolymer film without the template. Figure Sa,b depicts
the observed shift in the minima of the SPR curve after template
washing for nonimprinted and MIP films, respectively. As such,

the SPR results give a clear demonstration of the finite change in
the thickness and/or refractive index of the polymer films with
and without BPA as template. On the basis of experimental
results and the fitting parameters employed during simulations
using Winspall software (employing algorithms based on the
above shown Fresnel equations), E-MIP film thickness depicts a
change from 24.2 to 14.2 nm after BPA washing. On the other
hand, template removal for the nonimprinted film renders the
film thickness to vary from 9.1 to 7.2 nm.

Theoretical Modeling of the Polythiophene-co-polycar-
bazole—BPA Complexation. The efficiency and selectivity of
the resulting E-MIP film are dictated by the number and the
relative strength of the prepolymer complex or template—
monomer interactions®> and hence must be given utmost
importance during the optimization stage of the polymerization
process. Modeling studies could be an important tool in tandem
with experimental results to envisage important structural or
mechanistic information leading to the formation of high affinity
sites in an electropolymerized terthiophene—carbazole E-MIP film.

The theoretical modeling studies were performed in order to
predict the possible interactions of the monomers with BPA
molecules through calculations of the stabilization energies of the
resulting monomer—template complexes. The theoretical part of
this study permits the visualization of such interactions, which
aids us in identifying the plausible interplay of effects such as the
nature of interaction of the monomers with the template upon
the resulting sensory properties of the E-MIP copolymer film
that we have observed from our experimental data. The theore-
tical model of the interactions of BPA molecules with different
ratios of GO 3TOH and CbzCOOH was obtained from semi-
empirical PM3 calculations using Spartan 08 as shown in Figure 6.
The model suggests the formation of preformed arrangement of
the monomers and template within the network, which may be
correlated to our assumption with regards to the insertion of BPA
molecules within the polymer network during electrodeposition.
The interaction energy between the monomers and template was
obtained from calculated heats of formation using eq 2:

AE = Ebisphenol A/G1 3TOH/CbzCOOH complex

— [Ego stort + Eisphenot o + Ecbzcoon] (2)

A negative value for AE denotes favorable interaction between
the monomer and the target analyte.>® The calculated interaction
energy for such conformation or arrangement of the GO 3TOH/
CbzCOOH—BPA complex, 1:3:1 ratio, is —35.9 kJ/mol, sug-
gesting that a relatively stable complex is formed at a high molar
ratio of the carbazole derivative, predicting a fairly good affinity of
the BPA with the CbzCOOH functional monomer. As also
predicted by the model shown in Figure 6, the proposed
arrangement of molecules may have been made possible by an
H-bonding interaction providing stability to the formed complex
between GO 3TOH, CbzCOOH, and BPA. In particular, a
favorable donor—acceptor H-bonding between the oxygen
atoms in the HO- of the GO 3TOH monomer, the carboxyl
moiety present in CbzCOOH, and the hydrogens of the hydroxyl
groups of the template (bisphenol A) are possibly formed as
implied by the calculated bond distances. The model predicts the
formation of H-bonds if calculated bond distances (represented
by broken lines) are less than or equal to 2.00 A.

The interaction of excess amount of GO 3TOH with BPA and
CbzCOOH cannot be discounted too as results of semiempirical
calculations suggest that a relatively stable complex can also be
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(b)

Figure 6. Predicted complex structure between bisphenol A and GO 3TOH and CbzCOOH monomers within the imprinted polymer matrix through
PM3 semiempirical calculations using Spartan 08, Wavefunction, Inc.: (a) equimolar ratio of GO 3TOH-CbzCOOH; (b) 75:25 GO 3TOH-CbzCOOH;

(c) 25:75 GO 3TOH-CbzCOOH.

formed giving a net stabilization energy for the complex equal to
—24.3 kJ/mol. The disordered arrangement observed is caused
by the random orientation of the monomer units. The reliability
of the E-MIP film as a receptor may also be gauged by the relative
flexibility of the template in the presence of functional mono-
mers. The orientation of the template at each stage of E-MIP
preparation, ie., electropolymerization, solvent washing, and
template rebinding, must have been preserved in order to attain
high rebinding efficiency. In order to predict the changes on the
conformation of BPA in the absence of the functional monomers
(Figure 7), a single point energy calculation was performed.
From such calculations, the angle generated by C-2 (phenyl ring 1),
C-13 (tertiary carbon), and C-10 (phenyl ring 2) was measured
and was used as reference to prefigure the extent of twisting that
may have occurred to the two phenyl rings when in contact with
monomer molecules. The angle obtained was 111.2°.

The results of the conducted modeling studies show that the
bond angle varies with polymer composition. Semiempirical
calculations show that the bond angle decreases upon interaction
of BPA with 3:1 molar ratio of GO 3TOH:CbzCOOH. Never-
theless, it may be predicted from these calculations that as the
amount of the functional monomer is increased, the bond angle
between the phenyl rings has also increased. Theoretically, this
demonstrates the interaction of the BPA with the functional

monomers; with the two phenyl ring tend to pull away from each
other due to hydrogen bond formation of the hydroxyl group
attached to each phenyl ring. We presupposed that this was
probably the most favorable conformation for the BPA to permit
extensive interactions with the monomers, which may have
explained for the observed progression of the electrochemistry
of the thiophene—carbazole moieties in the presence of BPA
during the electrochemical deposition as suggested by our CV
data. In their study involving the preparation of imprinted
polymer nanowires for protein binding, Li et al.>* reported the
same line of reasoning that protein molecules might have a
precisely positioned amide group that permitted a multitude of
simultaneous hydrogen bonds, which formed between the
oriented amide groups within the binding site and the protein
surface polar residues.

Template (BPA) Removal Studies by X-ray Photoelectron
(XPS) and Fluorescence Spectroscopy. The XPS technique
was used to confirm the successful incorporation of the template
molecule on the imprinted polymer. XPS spectra were obtained
from film samples electropolymerized on a gold-coated BK7
glass (Figure S7, Supporting Information). BPA was then
removed from the imprinted polymer by dissolution in the
following solvents—methanol/acetic acid (1:4, v/v) and acet-
onitrile—followed by washing with methanol and subsequently
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Figure 7. (a) Predicted conformation of bisphenol A generated after performing single point energy calculations, i.e., in the absence of the functional
monomers. (b) Plot correlating calculated changes in the bond angle (C,o—C;3—C, of BPA) with varying polymer composition.

dried under a stream of nitrogen gas. Washing of the polymer
film was repeatedly done for each solvent for a total washing time
of 6.5 h. The NIP which served as control was also treated in the
same way as the MIP. In the absence of an elemental marker on
the template’s structure, the high resolution scan for C 1s
electron for imprinted film samples was used to determine the
extent of BPA removal from the polymer films. C 1s electron
signal from E-MIP film can be tracked at binding energy equal to
284 eV. A decrease in the number of counts per second indicates
successful removal of BPA. Translating this decrease in the
number of counts per second into atomic concentration of C
1s, the E-MIP film was found to contain ~81.08% C, whereas
upon BPA removal, the atomic concentration for C 1s was found
to be ~80.38%. Though high resolution scans for O 1s was not
considered, per se, due to the presence of adventitious oxygen, it
was also deemed relevant to obtain the ratio of O atom
concentration with C atom concentration before and after
template removal. Experimental results yield ~0.144 O 1s/C
1s ratio before BPA removal while approximately 0.116 O 1s/C
1s ratio was calculated after the release of the template from the
E-MIP network. This clearly reinforces the results obtained from
SPR measurements wherein it was shown that the film thickness
diverged before and after template washing, which proved
successful formation of binding cavities within the polymer
network via the liberation of BPA molecules.

The film samples without template were subjected to fluores-
cence analysis (results summarized in Table S1 of the Supporting
Information). Fluorescence is the emission which results from
the return to the lower orbital of the paired electron.> Poly-
thiophenes and polycarbazoles generally display significant fluo-
rescence due to the presence of delocalized electrons present in
conjugated double bonds. The relatively high fluorescence of
these compounds can be explained by the position of the
nonbonding orbital which is perpendicular to the plane of the
ring, allowing it to overlap the p-orbitals on the adjacent carbon
atoms.*® Comparison of the emission intensities of the imprinted
and nonimprinted polymer films after electropolymerization
showed that BPA enhances the fluorescence emission of the
polymer film. The observed enhancement may be attributed to
the complexation of BPA with the copolymer facilitated by the
formation of H-bonds arising from interactions of the —COOH
group of the carbazole, —OH group of the GO 3TOH, and that of
phenolic —OH groups of BPA.>” The conformational flexibility
of the cross-linked polymer film was assumed to have been
further hindered due to the efficient trapping of BPA in
the binding cavities within the polymer network.>**” Thus,
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successful template removal may be gauged by a decrease in
the intensity. Table S1 (Supporting Information) provides a
summary of the emission intensities obtained from imprinted
and nonimprinted polymer films before and after template
removal.

Evaluation of the Analytical Performance of the E-MIP
Sensor by Electrochemical Impedance Spectroscopy (EIS).
Electrochemical impedance spectroscopy was used to demon-
strate the difference in the interfacial properties of conducting
polymer films® deposited on the ITO substrate. Changes in the
dielectric and electrical properties of the copolymer films during
rebinding of BPA were investigated. Specifically, BPI imprinted
and nonimprinted copolymers of GO 3TOH and CBzCOOH
films were electrodeposited (CV) onto the surface of ITO. The
potential was cycled from 0 to 1.1 V ten (10 cycles) times at scan
rate of 50 mV/s. The respective electrical responses of the films
were obtained using the Autolab Frequency Analyzer
(Brinkmann). The impedance data (amplitude and the phase
shift of the resulting current) were recorded at each frequency
from 100 kHz to 0.01 Hz. A total of 50 points were collected for
each impedance measurement. A sinusoidal potential modula-
tion of 10 mV amplitude was superimposed on a constant dc
potential (0 V) during impedance measurements. The data
obtained were then fitted (minimum of S0 iterations) into a
particular equivalent electrical circuit using the complex non-
linear least-squares (CNLS) admittance fitting program with the
instrument. This is to obtain the following parameters: solution
resistance (R;), charge-transfer resistance (R,), n, CPE, or
differential capacitance (C,). The Warburg circuit represented
by R;(C,[R,W,]) may be used to describe the rebinding of BPA
with the imprinted polymer films (Scheme 1 and Supporting
Information). This equivalent circuit is preferentially used to
model those modified surfaces with defects/channels for ion
transport or adsorption. Components of the electrochemical
polymer sensor system represented by the corresponding terms
in the equivalent electrical circuit are as follows: (a) Ry, the ohmic
resistance of the electrolyte solution; (b) R,, the resistance of the
polymer film layer; and (c) C;, capacitor reflecting the properties
of the double layer.

Electropolymerization of the imprinted films on the ITO
surface resulted in changes on the electrochemical surfaces and
that the behavior of NIP and E-MIP films can be differentiated
using the EIS technique. The Nyquist plots, in which the
imaginary impedance, Z”, is plotted against the real number,
Z', are shown in Figure S8 of the Supporting Information.
This type of plot provides information as to the nature of the
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Scheme 1. Synthesis of GO 3TOH Terthiophene Dendron

S Br. s
| / | / Br
Br,
—
o CHCI3
— \/0
o

S,
MSn(Buk

Pd(PPh);
DMF
]
S S, S
an\
OH
GO0 3TOH

electrochemical process occurring at the electrode—electrolyte
interface. The Nyquist plot indicates that the imprinted copol-
ymer film exhibited both diffusion-related and charge-transfer-
related processes, represented by the straight line and the
semicircle region (green curve), respectively.’’ On the other
hand, the nonimprinted copolymer exhibited only a diffusional-
limited electrochemical process. Another useful plot from EIS
analysis is the Bode phase plot, which gives information as to
the relative insulating/conducting property of the polymer film.
The Bode phase plots from the E-MIP and NIP films indicate
that at lower frequencies the phase angles deviated from 90°,
suggesting that the materials on the ITO surface are not free of
defects. As a result, current leakage, through either ionic
channels or electronic conduction exists.”> This could be
attributed to the intrinsic structure of the polymer film. This
supports the assumption that the polymer films are permeable,
which is an important property especially if the films are
intended to be used for molecular recognition. Polymer film
in sensors must act as a variable resistance to the passage of
permeating molecules.®®

The effect of the dc potential during impedance measurements
as well as of time on the permeability of the imprinted GO 3TOH
polymer film was also investigated. The applied dc potential was
varied from +0.2 to —0.2 V, and the impedance spectra were
obtained at each dc potential over a frequency range of 100 kHz
to 0.01 Hz. As demonstrated in Figure S9 of the Supporting
Information, it is evident that the total impedance of both the
E-MIP and NIP polymer films increases as the electric potential is
shifted toward the cathodic range, implying a reduction on the
permeability of the polymer film brought about by minimal
structural changes in the film. Interestingly, anodic shift of the
electric potential causes the NIP film to be resistant to the
penetration of ions or molecules. In contrast, the E-MIP film
manifested a relatively good permeability at this potential range
as indicated by the lower total impedance magnitude. Since the
E-MIP films are electrochemically active, sensing of BPA was
performed at 0 V dc potential, in which the polymer possesses an
intermediate permeability. This is to prevent the films from
undergoing structural changes brought about by the applied
electric potential.
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Figure 8. EIS response of (a) imprinted (E-MIP) GO 3TOH-CbzCOOH
copolymer film and (b) nonimprinted (NIP) to bisphenol A.
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Figure 9. Dependence of the total impedance on increasing BPA
concentrations: calibration plot of the BPA imprinted copolymer sensor.

Figure 8 depicts the distinct EIS response of the E-MIP against
the NIP in sensing BPA, denoting successful imprinting. The
E-MIP film was exposed to varying concentrations of BPA, i.e.,
from 0 to 12 mM, noting the change in the differential capaci-
tance (C;) at each concentration.®” It can be observed from the
Nyquist plots that the radii of the semicircles decrease linearly
with increasing concentration of BPA. It is assumed that the
template (bisphenol A) molecules were able to penetrate and
bind with the cavities present within the imprinted polymer

6678 dx.doi.org/10.1021/ma2010525 [Macromolecules 2011, 44, 6669-6682



Macromolecules

>
-
N

@

»
=)
:

N
N

3.94
3.84
3.7-

Capacitance, uF
>

36{ &
35|

®) 44,

0 2 4 6 8 10 12 14 16 18
Bisphenol A concentration, mM

4.0
3.9

® w
N @
2 2

3.6 *
*

Capacitance, pF

3.54

0 2 4 6 8 10 12
Bisphenol A concentration, mM

Figure 10. Plots depicting the observed variations on the capacitance of the imprinted (a) and nonimprinted polymer films (b) against increasing

concentrations of the bisphenol A.

OH

bisphenol A

1,1,1,3,3,3-Hexafluoro-2,2-bis
(4-hydroxyphenyl)propane

(a) 1 —==—diphenolic acid
e} —e— bisphenol AF
104
w94
EX
o
84
®e ]
. | e—
7| g I<g— " ——e

0 2 4 6 8 10 12
Concentration, mM

HO. o

Y e
»

HO

4,4-Bis(4-hydroxyphenyl)valeric acid

(b)

7.59
=== diphenolic acid
7.04 ==o=bisphenol AF

o5 e

6.0 o—°

5.5 o~ /'

5.0

4.5
4.0
3.5

R, MQ

0 2 4 6 8 10 12
Concentration, mM

Figure 11. Observed changes in (a) capacitance and (b) charge-transfer resistance upon rebinding of bisphenol AF and diphenolic acid: demonstrating
the relative selectivity of the imprinted polymer film toward bisphenol A. The chemical structures of the competing molecules are also shown.

network. On the other hand, the binding (or nonbinding) of BPA
with the NIP did not result to any change in the impedance
values. This provides support to the assumption that the NIP film
was impermeable to ions or molecules.

The eflicient trapping of BPA molecules in binding cavities
within the E-MIP film caused the decrease on the electrochemi-
cal current brought about by an impediment in the flow of the
electrons in an ac circuit. BPA molecules are assumed to have
blocked the electrode surface and that the extent of such blockage
is dependent on the concentration of BPA.** Changes in the total
impedance obtained during the rebinding of the different con-
centrations of BPA on the imprinted film were used to calculate
the amount of BPA using the equation of the line, [BPA]/

Z = 0.00411[BPA] — 0.00078 (R2 = 0.9989), as illustrated in
Figure 9. Sensitivity of the sensor, which is a measure of
its ability to discriminate between small differences in BPA
concentration, was found to be equal to 0.004 11 /mM. The
limit of detection (LOD), which gives the minimum concentra-
tion of BPA that can be detected at a known confidence level, was
calculated to be 0.42 mM.

As also demonstrated in Figure 10, differential capacitance of
the E-MIP film was found to increase linearly with concentration
of BPA. This denotes successful immobilization of BPA onto the
cavities formed within the E-MIP sensor film. It is based on the
assumption that the change in capacitance is due to the permea-
tion of BPA molecules into the cavities formed within the film.*®
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Fairly good linearity (+* = 0.977 78) was obtained from the plot
of difterential capacitance with this concentration range of BPA.
The observed changes on the capacitance can be correlated to the
ratio of the dielectric constant to the thickness of the polymer
film. The permeation of BPA may have resulted in the corre-
sponding increase in the dielectric constant of the polymer film,
causing the increase in capacitance values.® The eventual change
in the thickness of the imprinted copolymer film upon rebinding
of BPA may also be attributed to the changes in the structural
properties such as porosity or mechanical of the copolymer films
which usually accompanies the absorption process.®® Both vari-
ables are associated with the packing structure of the polymer
films deposited on the ITO surface. Jennings et al.>® attributed
higher packing density and conformational order to surfaces
possessing (a) a smaller dielectric constant due to the exclusion
of polar solvent molecules from the hydrophobic surface and (b)
a thicker film due to a correspondingly smaller tilt angle.

Recognition Selectivity of BPA Imprinted Polymer. The
selectivity of the BPA-imprinted polymer was investigated by
exposing the E-MIP polymer film to increasing concentrations of
bisphenol AF and diphenolic acid. The structures of these
compounds are similarly related to that of the structure of
bisphenol A. Diphenolic acid has a carboxylic acid group while
bisphenolic AF contains several fluorine atoms. Their chemical
structures are shown in Figure 11. EIS data show that there was a
dramatic change in the electric response of the polymer films to
these competing molecules. The polymer films used for this
experiment manifested insulating properties as displayed in the
Bode phase and total impedance magnitude plots shown in
Figure S7 of the Supporting Information. Hence, the films can be
regarded as near-ideal capacitor, and thus the data pertaining to
capacitance and charge transfer resistance can be obtained by
fitting it to a simple series R;(R,C,) equivalent circuit. The
Nyquist plots of bisphenolic AF and diphenolic acid are more
similar to the NIP films. Unlike the Nyquist plots of the BPA
which showed that the radii of the semicircles decrease linearly
with increasing concentration of BPA, these plots showed only a
straight plot with some deviation in linearity at lower concentra-
tions (Figure 12). It is assumed that only the original template
(bisphenol A) molecules were able to penetrate and bind with
the cavities present within the imprinted polymer network. On
the other hand, the binding (or nonbinding) of bisphenolic AF
and diphenolic acid with the E-MIP resulted only in a very small
change in the impedance values unlike with the original BPA
template (Figure 8). This provides support to the assumption
that the E-MIP film was impermeable to these analogous
molecules.

Comparing the response of the bisphenol A-selective E-MIP/
EIS sensor to bisphenol AF and diphenolic acid as competing
analogues, it can be derived from Figures 11 and 12 that the
polymer film’s capacitance did not change in the presence of
increasing concentrations of these analogues. However, the
capacitance values obtained after the rebinding of these ana-
logues were found to be higher than the capacitance values
obtained from the rebinding of BPA. This suggests the possible
occurrence of some nonselective binding as the films exhibited a
small resistance to penetration of these analogues.

The charge transfer resistance noted during the binding of the
competing molecules accounts for the inherent electrochemical
activity of the polymer film. This could represent some of the
diffusion-limited processes occurring at the polymer film—
electrode interface. The plot of charge-transfer resistance versus
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Figure 12. Observed changes in impedance upon rebinding of (a)
bisphenol AF and (b) diphenolic acid on the templated BPA E-MIP
copolymer film: demonstrating the relative selectivity of the imprinted
polymer film toward BPA.

concentrations of the diphenolic acid indicates nonselective
binding at lower concentrations ranging from 0 to 2 mM
concentration (Figure 11). As the concentration was increased,
the inability of the film to recognize diphenolic acid becomes
more prominent as indicated by an almost constant charge
transfer resistance. On the other hand, bisphenol AF can be a
potential competitor for the binding of BPA at this concentration
range as suggested by the linear plot of charge-transfer resistance
against increasing concentrations of BPA. The charge-transfer
resistance value obtained for the rebinding of bisphenol AF was
found to be higher than the charge-transfer resistance obtained
from the rebinding of BPA. Still, this is indicative of a more
efficient rebinding of the original templated BPA molecules to
the imprinted polymer surface since the bisphenol AF did
not exhibit both diffusion-related and charge-transfer-related
processes.

Thus, it was demonstrated that the polymer E-MIP films
exhibited preference to the original BPA template over bisphenol
AF and diphenolic acid and that the EIS techniques has been
demonstrated to be an effective technique in assessing the
interfacial properties of the E-MIP as well as functioning as
a sensor with very good sensitivity and selectivity figures
of merit.
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B CONCLUSIONS

We have demonstrated the application of electrochemical
impedance spectroscopy (EIS) in an artificial chemical receptor
prepared as E-MIP using electropolymerizable terthiophene and
carbazole monomers for the imprinting of bisphenol A, a known
endocrine disrupting chemical. The copolymers of bifunctional
monomers of —COOH from the carbazole derivative and —OH
functional group from terthiophene were found to possess good
molecular recognition properties than when these respective
monomers were singly electropolymerized. As in any electro-
polymerized films for sensing applications, a compromise of
thickness and efficient formation of pre polymer complexes must
be achieved in order to ensure maximum rebinding of the
template molecules. Cyclic voltammetry offers a simple means
of depositing sensor films directly onto substrate surfaces while
the EIS techniques provides a versatile means of measuring the
amount of template bound to the polymer matrix. Moreover, in
this study, the EIS has been demonstrated to give extensive
information related to the permeability and thickness of the
polymer material deposited on the surface that may be used in
advancing technologies relating to sensing via reversible surfaces
through electric potential control and to development of dy-
namic surfaces for advanced sensing technology.
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