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ABSTRACT: A molecularly trichloroacetic acid (TCAA)
imprinted non-crosslinked polypyrole (TCAA-MIPpy)
has been successfully prepared and evaluated in its prop-
erties for both piezoelectric quartz crystal microbalance
(QCM) and electrochemical means of detection, and
application of such sensors for determination of haloace-
tic acid concentrations in water. Haloacetic acid selectiv-
ity was demonstrated in gravimetric or in electrochemi-
cal sensors via either cyclic voltammetric or inter-
digitated conductometric (IDC) analyses studies upon
comparison with nonimprinted polypyrrole and TCAA-
imprinted polypyrrole. The measurement results with all
these systems revealed that the prepared molecularly
imprinted polymer can recognize TCAA well from struc-

turally similar compounds. The TCAA-MIPpy incorpo-
rated with only the IDC transduction system produced
the specific signal for TCAA detection in aqueous envi-
ronment, which is useful for the quantifying TCAA dis-
infection by-product in water. The analytical application
for determination of TCAA in real-life samples was read-
ily achieved with the incorporation of TCAA-MIPpy in
the IDC analysis system, the results revealing the high
sensitivity and selectivity of the method. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 106: 3861-3871, 2007
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INTRODUCTION

Molecularly imprinted polymer (MIP), a syntheti-
cally derived artificial receptor, has been attracting
considerable research interest in the field of chemical
and biomimetric sensors."” Since such receptors are
not affected by harsh conditions during the measure-
ment processes, they can be used both in organic
and aqueous solvents. In addition, the cost of obtain-
ing MIPs is lower, and their preparation and storage
easier than for biological recognition materials. MIPs
can be synthesized by means of molecular imprint-
ing, which involves copolymerization of functional
monomers with appropriate cross-linkers in the pres-
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ence of a template molecule, and subsequent re-
moval of template molecules with a suitable solvent.
MIPs prepared under suitable conditions have re-
cognition cavities that are complementary to the
template molecules, and their performance can be
investigated for the recognition of several analyte
species, including biological compounds, drugs, and
agrochemicals.**

Todate, MIPs are almost always prepared with
cross-linking monomers, such as acrylates, styrenes,
or silanes. This may be because these materials yield
imprinted polymers with potentially high molecular
recognition and with good physical and mechanical
stability of the polymer layer. Over two decades,
noncrosslinked conducting polymers such as poly-
pyrroles, polyvinylchlorides, polyphenols, polypor-
phirin IX, and polyphenyllenediamines have been
applied as molecular recognition systems for detec-
tion of anionic species in electrochemical type sen-
sors.”® Among these conducting polymer materials,
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polypyrroles have many attractive features as selec-
tive recognition elements for chemical sensing pur-
poses: they can be used at neutral pH, and their sta-
ble films can conveniently be polymerized on several
substrate materials. Non-crosslinked polymeric mate-
rials, including polypyrrole, have been found to
have recognition ability for certain inorganic anions
through recognition mechanisms of both size and
shape selectivity.”® However, sometimes the addi-
tion of a molecular recognition compound, e.g. poly-
oxyanion macrocyclics, into these non-crosslinked
polymers is required to assure the specificity for the
analyte.”’” In generating recognition towards target
analytes in a noncrosslinked conducting polymer,
tailor-made methods utilizing molecular imprinting
polymerization is an alternative approach to yield
specific detection for analytes of interest.'"'* This
approach has advantages over the methods involv-
ing the insertion of molecular recognition molecules
into the non-crosslinked conducting polymer. For
example, the molecular imprinting polymerization
method can overcome the problems associated with
the use of entrapment techniques, such as incompati-
bility of polymer layer with a selective molecule,
problematic accommodation of the selective species,
and several concerns about the mechanical proper-
ties, and processibility of the noncrosslinked poly-
mer layer embedding the additional molecule.
Trichloroacetic acid (TCAA), a disinfection by-
product, is produced from chlorination during the
treatment of water.'”> TCAA and analogs such as
dichloroacetic acid (DCAA), monochloroacetic acid
(MCAA), tribromoacetic acid (TBAA), dibromoacetic
acid (DBAA), and monobromoacetic acid (MBAA),
belong to haloacetic acid (HAA) disinfection by-
products group. These HAAs have been found to
have potentially mutagenic and carcinogenic effects
in animals and man.'"*'> Many countries, e.g. USA,
Canada, and Australia, have set regulations with the
maximum permissible levels of TCAA and related
HAAs to control HAAs concentrations in both
domestic and commercial bottled drinking
waters.'®"” The analysis methods for determination
of the HAA concentrations, as recommended by the
USEPA involves chromatography, ie., IC, GC-MS,
GC-ECD."®" The chromatographic techniques, even
though they are sensitive and reliable for measure-
ment of HAA concentrations in water, are compli-
cated, costly and time-consuming, which makes such
chromatographic systems unsuitable for routine
analysis of HAAs in water. Indeed, continuous on-
line monitoring of the regulated HAA disinfection
by-products would be of interest to governmental
agencies involved in the supply of domestic water,
to industries producing bottled water, and to envi-
ronmental agencies for routine monitoring of con-
taminants in rivers, lakes, and water reservoirs.
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Thus, to achieve this goal, a reliable analysis system
must be developed which meets all the essential cri-
teria for such an analyzer, e.g. real-time operation,
low cost, short response time, specificity, sensitivity,
and reliability.

The aim of the present study was to seek a specific
and reliable method for direct detection of HAA dis-
infection by-products in drinking water by means of
molecularly imprinted polypyrrole (MIPpy) sensing
element incorporated with a suitable transducing
analysis system. In generating a predefined HAA se-
lectivity for noncross-linked polypyrrole by molecu-
lar imprinting technique, the electropolymerization
of pyrrole at appropriate voltage was carried out in
the presence of TCAA as a template. This TCAA-
MIPpy was created as a thin-film onto surface of
both a cyclic voltammetric (CV) and inter-digitated
conductometric (IDC) transduction unit, and also on
a piezoelectric quartz crystal microbalance (QCM)
transduction unit. The recognition property and
sensing performance of TCAA-MIPpy integrated in
all these transducer systems has been assessed, for
the application for these sensors for the determina-
tion of HAA concentrations in drinking water.

EXPERIMENTAL
Chemicals and materials

Reagent grade pyrrole was purchased from Fluka
Chemie AG (Buchs, Switzerland). TCAA was
obtained from Riedel-deHaen (Seelze, Germany).
Dichloroacetic acid (DCAA), monochloroacetic acid
(MCAA), dibromoacetic acid (DBAA), and mono-
bromoacetic acid (MBAA) were purchased from
Fluka Chemie AG (Buchs, Switzerland). Malonic
acid was obtained from Aldrich Chemical Company
(Milwaukee, WI). Working standard solutions were
prepared daily depending at appropriate concentra-
tions. All solvents used (methanol and acetic acid)
were of analytical grade and used as received with-
out further purification. KH,PO,, KH,PO,4 NaCl,
HCl, and KCI (Merck, Darmstadt, Germany) of ana-
lytical grade were used for the preparation of buffer
solutions. Buffer solutions were prepared providing
different pH acceptor solutions. A HCI-KCI buffer
was prepared by mixing 0.2 mM HCl and 0.2 mM
KCI in different proportions for pH 0.7 and 1. A
phosphate buffer solution was prepared by adding
appropriate proportions of 0.2 mM K,;HPO, and 0.2
mM KH,PO, for pH values between 6 and 8. An
acidic phosphate buffer solution was prepared by
mixing 0.2 mM K,HPO,, 0.2 mM KH,PO,, and 0.2
mM HCI to give pH 4.

An AT-cut quartz disc 15 mm with gold electrodes
and a resonance frequency of 10 MHz was employed
for investigations. The electrode facing the aqueous
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phase had a diameter of 4.5 mm, while that facing
the gas-phase had a diameter of 2.5 mm; the elec-
trode was prepared by screen-printing techniques.
The IDC devices fabricated in this study were of
thick-film type. The gold paste (Aldrich, WI) was
screen-printed on a 1-mm thick borosilicate glass (12
X 18 mm?) with a pair of 10-finger Au electrodes
having both an electrode width and electrode gap of
0.5 mm. The screen-printed electrode was finally sin-
tered in an oven at 550°C for 3 h. The thickness of
gold layer after sintering was about 1 pm as meas-
ured by an atomic force microscopy (AFM) method.
Cyclic voltammetry was performed using a p-Auto-
lab three-electrode system (Eco Chemie, B.V. Utrech,
The Netherlands). Electropolymerization was accom-
plished on a platinum plate auxiliary electrode with
2 mm diameter as the working electrode, and Ag/
AgCl as reference electrode.

Immobilization of TCAA-imprinted polypyrrole
on the surface of the transducer

The immobilization of TCAA-imprinted polypyrrole
on surface of either the QCM transducer, or the IDC
transducer, was performed by means of a Coulostat
E524 at room temperature (25 * 1°C). For this pur-
pose, the electropolymerization of pyrrole was con-
ducted on Coulostat E524 galvanometer (USA) at a
current density of 2 X 10~ ' peq/s for 50 s in an
aqueous solution containing 0.1M pyrrole and 0.1M
TCAA, under a nitrogen atmosphere. The nonim-
printed polymer (NIP) films, which were employed
as controls, were prepared in the same manner as
the MIP films but using 0.25M KClI instead of 0.1M
TCAA for improving electrical sensitivity in NIP
solution. The coated electrode was subsequently
washed with five portions of 50 mL deionized water
for at least 3 h to extract the template molecules.

For immobilization of the TCAA-imprinted poly-
pyrrole onto the voltammetric transducer surface,
the platinum electrode was immersed in a buffer
solution containing of 0.25M pyrrole and 0.5M
TCAA. Electropolymerization was carried out at cur-
rent density of 0.1 mA cm™? for 1.5 h. The film coat
was then washed in deionized for 1 h. A control
electrode was prepared using the same procedure in
every case, but in the absence of template molecule.
It was found that each MIP electrode yielded similar
responses, but not exactly identical, so that a set of
one MIP and one of corresponding NIP-coated elec-
trodes was freshly prepared for each experiment.

Piezoelectric QCM-analytical detection of analyte

The coated quartz electrode was mounted in a self-
made measuring cell with a 250 pL volume. The
quartz crystal was in contact with the liquid on one

side only. The 100 mL of sample solution was
pumped sequentially through a thermostat set at
25°C and was passed into the measuring cells which
contained the quartz sensor (2 mL/min). The meas-
urements of sample solution and standard were
made on a network analyser (HP 8572C) with home-
built oscillator circuits and self-programmed process-
ing software. For measurement of each test solution,
the frequency of the imprinted polypyrrole polymer
on QCM electrode was recorded in parallel experi-
ments with the corresponding NIP polymer. The
response of sensor exposed to a solution of the ana-
lyte was reported as frequency shift response (-AF)
which is the difference between the values of fre-
quency shift of the MIP electrode and frequency
shift of the NIP electrode. Various concentrations of
standard TCAA and analogs solution (0.1-100 mg
L") were measured. Calibration data for the TCAA-
MIPpy-QCM sensor was obtained using concentra-
tions of standard TCAA and analogs ranging from
0.1 to 100 mg L™". Every measurement was carried
out in triplicate.

Electroanalytical detection of analyte

The electrochemical interaction of the prepared
TCAA-MIPpy film with TCAA and its analogs was
evaluated using both a differential pulse voltammet-
ric analysis and inter-digitated conductometric anal-
ysis. Optimized conditions for preparation of the
polymers and for rebinding measurements were
identified before evaluation of the sensor recognition
properties for each MIP film. In addition, calibration
data for both the developed CV and IDC analysis
system were determined, by incorporation of the
TCAA-MIPpy film as means of detection.

Differential pulse voltammetric analysis

Differential pulse voltammetric analysis of reversi-
ble oxidation peak of TCAA and analogs was con-
ducted in a 150 mL-glass cell with a three-electrode
potentiostatic unit. The MIP-coated electrode was
used as working electrode. CV signals were
recorded at 0.05 mV s ' and a potential window
between —0.8 and 1.6 V. Differential pulse voltam-
metric signals were recorded with a potential win-
dow between —0.8 and 0.6 V at 0.025 mV s~ ' and at
pulse applied of 25 mV. Various concentrations of
standard TCAA and its analogs, in the range of 0.1-
1000 mg L' were analyzed, all measurements being
performed in triplicate.

Inter-digitated conductometric analysis

The coated-IDC electrode was fabricated in a self-
made measuring cell with a 100 pL volume. Sample
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solution (2 mL) was pumped sequentially at a flow
rate of 2 mL/min through a thermostat set at 25°C
and then into the measuring cell, which contained
IDC sensor. The conductometric measurements were
made on a 4284A precision LCR meter (Hewlett
Packard, Germany) connected with a laptop com-
puter. The resistance data were processed using soft-
ware developed in-house. All measurements were
carried out in deionized water at room temperature
(26°C). The resistance measurement of the IDC sen-
sor was performed by applying an alternating poten-
tial (100 mV) to the electrodes with an optimized fre-
quency of 3 kHz. An initial measure of the electrical
resistance of the sensors was recorded with deion-
ized water as a reference. The resistance change of
the TCAA-imprinted pyrrole was measured as a
function of the changes in the resistance of the poly-
mer upon exposure to TCAA or other HAA analogs
at concentrations from 1 to 120 pg L™'. A series of
standard solution of TCAA and analogs (1-120 ng
L") were added to the test solutions. Signal
response of the sensor towards the analyte was
reported as 1/AR, where 1/AR is the conductivity
shift response of the MIP electrode exposed to each
sample solution, where AR is obtained from the
change in resistance response as different, increasing
amounts of analyte are added.

RESULTS AND DISCUSSION
Preparation of TCAA-imprinted polypyrrole films

In this study, the polypyrrole thin films, prepared in
presence of TCAA as template were integrated into
both a QCM and IDC transducer and CV transducer
by using galvanostatic and CV deposition method.
TCAA, a strong acid (pK, = 0.95), which was the
template of this work, allowed the production of an
imprinted polymer film of pyrrole with conducting
properties. During the imprinting, the pyrrole mono-
mer was expected to incorporate a trichloroacetate
anion to compensate cationic charge carried by the
non-croslinked polypyrrole produced. After the re-
moval of TCAA molecules by washing, a cavity with
shape, and size complementary to TCAA was cre-
ated within the network of the polypyrrole film, pre-
sumably at the surface.

Piezoelectric QCM experiments

Piezoelectric QCM, that measures mass loading on
the conducting electrode surface of the crystal, is one
of useful transducers for analysis of analyte in a
bulk solution. QCM is remarkably mass sensitivity,
is relatively inexpensive and easy to fabricate on an
electropolymerizable polymer material. Thus, incor-
porating TCAA-MIPpy with this transduction system
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TABLE I
The Effect of Layer Thickness, and Monomer : Template
Mole Ratio, on Frequency Shift Responses of the
TCAA-MIPpy Coated on QCM Electrode to TCAA
at a Concentration Level of 100 pg L™

Frequency shift” (Hz)

Parameter MIP NIP
Polymer thickness (kHz)
8 1220 153
15 2850 168
20 3200 182
35 3450 237
Monomer:template mole ratio
1:1 1700 200
1:2 1200 400
1:3 1000 300
1:4 800 300

® Mean frequency shift of three independent measure-
ments using three electrodes. The RSD values are less than
0.1%.

would possibly afford an analyser that can be used
for the routine analysis of HAA concentrations in
drinking water. Several parameters (polymer layer
thickness, monomer:template mole ratio, medium
pH, electrolyte concentration) can affect the rebind-
ing property and sensing performance of the TCAA-
MIPpy in QCM transduction system. Thus those
factors were verified before determining in the inter-
action of the prepared TCAA-MIPpy film with the
TCAA analyte.

The various layer thicknesses of the TCAA-MIPpy
coated on the QCM transducer surface varied elec-
trochemically in the range of 8-35 kHz were exam-
ined in the frequency shift response of the sensor
(Table I). The frequency shifts increase with increase
of the polymer thickness, with the greatest shift
occurring between 8 and 15 kHz, and the shift-
increase relatively stable between 20 and 35 kHz. In
contrast, the frequency shifts with the NIP are only
slight. Layer height of the TCAA-MIPpy coated on
the QCM was optimum at about 22 kHz which
equals to 870 nm thickness as calculated by the Sau-
erbrey equation.”” This would suggest that the
imprint site is not only generated at the polymer
surface, but also deep inside the matrix of the non-
crosslinked polypyrrole layer. At the optimum layer
height the imprint cavities are expected to nearly
filllup with the molecular pendents of TCAA.
Besides, the measurement results with the electrode
imprinted with a various mole ratio of monomer
and template revealed that imprinting effect, i.e. the
difference of frequency shift of MIP electrode and
NIP electrode, was the highest at 1 : 1 mole ratio of
monomer:template (Table I). The mechanism for the
generation of the binding cavities for the TCAA tem-
plate in non-crosslinked polypyrrole is proposed as
follows: an oligomer of polypyrrole formed during
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Figure 1 Frequency shifts of the TCAA-imprinted poly-
pyrrole-coated QCM at various background 10 mg L™!
TCAA concentrations, there is a reversible signal when
washing the electrode with pure deionized water. The
small insert demonstrated the QCM electrode pattern.

the early stage of electropolymerization attracts the
TCAA carboxylate anions to compensate its cationic
species located at the backbones, and then this
repeatedly occurs until the reaction is complete in
the predefined time interval; eventually the pores or
channels that have a shape and size complementary
with the template molecules are produced inside an
engineered network of polypyrrole molecules.

The ionic interaction of the template and recogni-
tion site in the TCAA-MIPpy may be affected
by some ionic species in the background solution
resulting in QCM frequency shift response of the
TCAA-MIPpy. Therefore, the effect of the pH of
background solution was also investigated in pure
deionized water and buffer solutions at pH 1, 4, and
7. As shown in Figure 1, the TCAA-MIPpy gives the
highest frequency shifts for the 10 mg L™ (ppm)
TCAA solution in deionized water, when compared
with the other media. In the buffer at pH 4, the
interaction between TCAA and cationic species of
the MIP was strongest, compared with the other buf-
fers. In addition, the results, in Figure 1, show that
the interaction of TCAA with MIP can be reversible
in pure deionized water.

The dependency of the frequency shift response
on TCAA and its analog concentration in the range
of 0.1-100 mg L' was investigated for both the
TCAA-MIPpy and the corresponding non-imprinted
polymer-coated electrode. Figure 2 shows that the
TCAA-MIPpy coated electrode has a good response
with the added TCAA in water sample solutions in
the predetermined concentration range. The fre-
quency shifts responses of the MIP electrode are
higher as the concentration of TCAA is increased. In
contrast, the NIP-coated electrode showed a negligible
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shift of frequency shift response to TCAA (Fig. 2).
This suggests that the imprinting procedures have
produced cavities with a high affinity for the TCAA
in MIP. Saturation of recognition sites with the tem-
plate molecules occurred at the higher concentration
(100 mg L") of added TCAA.

The putative binding sites of the TCAA-imprinted
polypyrrole-coated QCM were identified, by using
noncompetitive analyses method, using five structur-
ally related HAA analogs (DCAA, MCAA, TBAA,
DBAA, and MBAA) and non-HAA analogs such as
acetic acid (AA) and malonic acid (MA) as the sub-
strates. The dependency of the sensor response on
concentration of TCAA and analogs was determined
in the range of 0.1-100 mg L™". Both five HAA ana-
logs and the non-HAA analogs, malonic acid, and
acetic acid in the 0.1-100 mg L™ ' concentration range
generated change in the frequency shift signal of the
MIP electrode, but the level of frequency shift
responses depended on the compound and its con-
centration, as shown in Figure 3. The plot of —AF
values versus the logarithm of concentrations (log C)
of TCAA showed a good linear relation over the
TCAA concentration range of 0.1-100 mg L™" with
the correlation coefficient (R*) of 0.995. By contrast,
the calibration curves generated with both five HAA
analogs and two non-HAA analogs were linear in
the two ranges of 100-1000 pg L~ with correlation
coefficients in a range of 0.980 < R? > 0.995, and 1-
100 mg L™" with correlation coefficients in a range
of 0978 < R* > 0.998. This behavior could be
explained as considering that, at low analyte concen-
tration the analogs bound loosely with the imprint
sites and stripped off while running the analyte so-
lution, but at high analyte concentration the analogs
bound greatly with the MIP binding sites due to
decrease in conductivity of the polypyrrole MIP film
with excess HAA anions in solution. The limit of

] (b)

5

-500
1000
-1500
-2000

=2500 Eat

Frequency shift (Hz)

3000 s

-3500

0 20 40 60 &0 100 120
Concentration of TCAA(mg ")

Figure 2 The frequency shift of (a) the TCAA-imprinted

polypyrrole-coated QCM and (b) the control upon interac-
tion with TCAA at various concentrations.
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Figure 3 The frequency shift response of the TCAA-
MIPpy coated QCM to TCAA and TCAA structurally
TCAA related compounds at various concentrations.

detection obtained from extrapolation of linear seg-
ments of the calibration graph with 3 S/n criterion,
where m is the linear calibration and S were esti-
mated as the standard deviation (n = 3), was 35 pg
L' for TCAA and 40 pug L™ for five HAA analogs.

With the gravimetric-analytical detection method
used, the amount of TCAA and analogs adsorbed on
the polymer layer can be estimated and binding
characteristic of the imprinted layer can be obtained
by Scatchard analyses studies. Table II shows the
binding data for the analysis of TCAA and analogs
in the range of 1-100 mg L™ by the noncompetitive
binding assay using Scatchard analysis.” As shown
in Table II that the association constant (K,) and
binding capacity (Bmax) values were highest in the
case of TCAA template when compared with those
for the analogs. This may be because that the recog-
nition sites generated in the polypyrrole matrix
actually have shape and size complementary with
TCAA molecule.

The specificity of the TCAA-MIPpy-QCM in the
assay ranges of between 100 and 1000 pg L' and 1
and 100 mg L™' was evaluated by measuring the
cross-reactivity or CR (i.e. the ratio of E,,,x measured
for the analog to that of TCAA, where E, . is the
analyte concentration that gave maximum —AF signal
in an assay range). The data are collected in Table II.
The results revealed that TCAA-MIPpy-QCM exhib-
ited low specificity to all the HAA and non-HAA
analogs in range of 100-1000 pg L™" (CR < 27%). On
the contrary, in range of 1-100 mg L~' TCAA-
MIPpy-QCM displayed some degree of specificity to
the HAAs structurally related to TCAA, ie. the
cross-reactivity of TCAA-MIPpy-QCM for DCAA,
TBAA and MCAA is 1.5-3 times higher than that

Journal of Applied Polymer Science DOI 10.1002/app
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achieved for DBAA, MBAA, and other two non-
HAA analogs (acetic acid and malonic acid). This
suggests that analogs with different halogen atoms
and degree of substitution were recognized to vary-
ing degrees depending on their similarity to the
template molecule. The non-halogen substituted
compounds were poorly recognized by the MIP.

Voltammetric experiments

Voltammetric transduction detection involves moni-
toring the current generated upon application of a
potential sweep. This transduction system is consid-
ered to be the most selective electrochemical tech-
nique, since the oxidation or reduction potential of a
particular substrate is its intrinsic property. Several
parameters such as pH employed during polymer
synthesis, measurement pH, current density, as well
as deposition time can affect the signal response of
the voltammetric measurements. Therefore, the effects
of these parameters were examined with respect to
the recognition ability of the polymer layer on the
electrodes. The data are summarized in Table III
The effect of synthesis pH, and measurement pH,
in the range of pH 4-7 on the signal response of the
MIP electrode was studied, using the TCAA-
imprinted polypyrrole film prepared at a 1 : 1 mole
ratio of template and pyrrole with a deposition time
of 54 X 10° s and current density of 0.1 mA cm ™~
The coated electrode with non-crosslinked polypyr-
role produced in the presence or absence of TCAA
template showed significantly different current
responses to the template molecule in cyclic voltam-
metry (Fig. 4). The template molecule-dependent

TABLE II
Binding Characteristics (K, and By,,y) for Analyses of
TCAA and Analogs on the TCAA-MIPpy Coated
QCM Electrode and Cross-Reactivities Related to
TCAA (CR) When the Assay is Conducted for an
HAA Concentration Ranging from 100 to 1000 pg L7,
and from 1 to 100 mg L'

CR? (%)
K, Bimax 100-1000 1-100
Compound (mM™) (nmol) ug L7t mg Lt
TCAA 84.7 61.5 100 100
DCAA 30.5 53.2 27 74
MCAA 29.7 47.2 23 60
TBAA 31.4 48.3 25 62
DBAA 25.4 46.5 20 41
MBAA 25.6 45.3 20 39
Acetic acid 24.3 44.5 19 26
Malonic acid 23.8 443 18 25

® The specificity of the electrode to TCAA analog at a
concentration giving Enax. Emax is defined as the analyte
concentration that gives maximum QCM frequency shift
signal in an assay range.
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TABLE III

Effects of Certain Parameters on the Current Density
Responses of the MIP-Coated Electrode and the
NIP-Coated Electrode

Current peak height® (107> A)

Parameter MIP NIP
Synthesis pH
0.7 1.8 (pH 0.7), 1.8 (pH 1), 4.3 (pH 0.7), 4.6 (pH 1),
53 (pH 4), 9.3 (pH 7) 39 (pH 4), 5.4 (pH 7)
1 23 (pH0.7),3.6 (pH1), 43 (pHO0.7),45 (pH1),
5.0 (pH 4), 5.0 (pH 7) 39 (pH 4), 0.2 (pH 7)
4 1.3 (pH 0.7), 1.3 (pH 1), 0.0 (pH 0.7), 0.0 (pH 1),
3.8 (pH 4), 4.0 (pH 7) 0.0 (pH 4), 0.0 (pH 7)
7 23 (pH07),21 (pH1), 47 (pHO0.7), 14 (pH1),

47 (pH 4), 8.2 (pH 7)

0.2 (pH 4), 0.0 (pH 7)

Current density (mA cm ?)

0.1 61.0 0.0
0.5 8.6 0.0
1.0 0.0 0.0
Deposition time (h)
0.5 5.5 0.0
1.0 6.1 0.0
1.5 7.0 0.0
2.0 7.0 0.0
Monomer : template molar ratio
1:1 6.9 0.0
1:13 6.6 0.0
1:16 6.1 0.0
1:2 7.0 0.0

? Mean current peak height of three independent meas-
urements using two electrodes, and the RSD values are
less than 0.1%. The pH value in parenthesis is pH of mea-
surement.

current change for the MIP-coated electrode compared
to the control electrode indicated the specificity of the
imprinted polymer coated on to the electrode (Fig. 5).

Current x 10 * &)
o,
S

1 08 08 a4 a2 ] 02 04 11 08
Yoltage (V)

Figure 4 The voltammogram for (a) TCAA-imprinted
polypyrrole-coated electrode prepared at 1 : 1 mole ratio
of template and pyrrole, at a deposition time of 5.4 x 10°,
and at a current density of 0.1 mA cm 2 in comparison
with that for (b) nonimprinted polymer when exposed to a
solution of TCAA template.
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The results revealed that the differences in the sig-
nal response of imprinted polypyrrole and corres-
ponding nonimprinted polymer depended on the
synthesis and measurement pH used. As shown in
Table III, the current peak height of the imprinted
polypyrrole at the higher measurement pHs is
higher than at the lower measurement pHs for ev-
ery synthesis pH. However, the current response of
the NIP is not significantly affected by the change
of the synthesis pHs, except at pH 4, which gives
none of current peak height for NIP at every mea-
surement pH, indicating that the imprinted poly-
pyrrole layer has the greatest selectivity at this pH
of synthesis. The differences in signal responses of
the imprinted polypyrrole and corresponding non-
imprinted polymer were largest at pH 7 of mea-
surement to TCAA template when compared to the
other pH. The results showed that the synthesis pH
of 4 and the measurement of pH 7 afforded high
specificity and reasonable transducing signal to
TCAA-MIPpy coated on electrode. The current
change in the TCAA-MIPpy coated electrode may
be due to ionic interactions of the anionic species in
TCAA molecule and cationic species in polypyrrole
backbones, allowing increased continued electropo-
lymerization within the non-crosslinked polypyrrole
network.

A preliminary evaluation of current density effect
in voltammetry detection of TCAA-imprinted poly-
pyrrole was performed by a pulse differential volt-
ammetry analysis. The TCAA-imprinted polypyrrole
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Figure 5 Effect of increasing concentrations of TCAA on
the electrochemical signal response of (a) the TCAA-
imprinted polypyrrole and (b) nonimprinted polypyrrole-
coated voltammetric electrode, at a deposition time of 5.4
X 10°, and at a current density of 0.1 mA cm 2,
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film was prepared at template:pyrrole mole ratio of
1 : 1 with a current density of 0.1 mA cm ™2 and dep-
osition time of 5.4 X 10° s and synthesis pH of 4,
and measured in pH 7 phosphate buffer. As shown
in Table III, increasing the current density results in
the decreased current peak height of the TCAA-
imprinted polypyrrole film. The lowest current den-
sity of 0.1 mA cm™? was sufficient to keep the
TCAA-imprinted polypyrrole film in the low oxi-
dized state, without causing significant over-oxi-
dized state moieties, so that the polypyrrole films
were expected to carry the positive charges on their
backbone, allowing the binding of TCAA anion.

The deposition time used during polymer synthe-
sis is another factor determining the amount of poly-
mer deposited on the electrode surface. The TCAA-
imprinted polypyrrole films were prepared with
various deposition times; these were investigated to
ascertain their effect on current peak height. Increas-
ing the deposition time from 0.5 h up to 1.5 h
resulted in a significant increase in current peak
height, as shown in Table III. The current peak
height did not increase significantly at deposition
times longer than 1.5 h. This may be due to the satu-
ration of the number of template binding sites on
the surface of polymer when the deposition time
was increased. For electrodes imprinted with a vari-
ous mole ratio of monomer and template, the current
response appeared to be constant at about 1 : 1 mole
ratio of monomer : template, as compared with the
electrode imprinted at a higher molar ratio of mono-
mer and template (see Table III). It was found that
different sets of the MIP electrodes gave similar cur-
rent ranges (mean peak height = 60.6 pA, n =3),
with maximum variations of about 1.2%. The electro-
activity of the polypyrrole MIP film deteriorated
after the tenth cycle and continued to decrease with
each following cycle.

As shown in Figure 5, as an increased amount of
TCAA was added, there was an overall increase in
the current generated with the MIP-coated elec-
trode. The NIP electrode showed little or no change
with addition of TCAA. This suggests that the bind-
ing of the template molecule to the MIP increases
the current signal of the voltammetric transducer
system, presumably because of increase in charge
transferring within the non-crosslinked polypyrrole
network.

Further, the selectivity range of the TCAA-
imprinted polypyrrole-coated CV was studied by
noncompetitive ligand binding assay, using TCAA
and the same analogs as used in the QCM experi-
ments. The results revealed that the NIP-based sen-
sor exhibited relatively little response to both HAA
and non-HAA compounds (data not shown). A cali-
bration plot of current response versus the (loga-
rithm) concentration of TCAA or analogs for the
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Figure 6 The current response of the TCAA-MIPpy
coated CV to TCAA and analogs at various concentrations.

MIP sensor is shown in Figure 6. Similar to the
QCM assay, in the CV assay the analogs showed
shift of calibration curve. As can be seen, in Figure
6, the current peak height of the MIP sensor
increased at a more rapid rate between 1 and 100
mg L™" and at a lower rate between 100 and 1000 pg
L' in case of the two HAAs (ie. DBAA and
MBAA) and non-HAAs, acetic acid and malonic
acid. In the 100-1000 pg L~' concentration range,
non-HAA analogs, either acetic acid or malonic acid
generated small change in the current signal of the
MIP sensor. By contrast, TCAA and other HAA
analogs resulted in significant shift of the current
peak height of the MIP sensor with different mag-
nitude depending on the compound, namely TCAA
> DCAA > TBAA > MCAA > DBAA = MBAA.
These results confirm that the TCAA-MIPpy binds
the template molecule strongly but that the HAA
analogs were recognized to varying degrees de-
pendent on their similarity to the template molecule.
TCAA-MIPpy on the CV transducer system cross-
reacted with chlorinated-HAA better than with
brominated-HAA for the same degree of halogen
substitution. In addition, the tri- or di-substituted
HAA cross-reacted greater than the mono-substi-
tuted HAA. This implies that the size and number
of the halogen atom substituted in HAA may be a
key factor for an efficient recognition of HAAs by
the polypyrrole MIP.

The calibration curves constructed from the cur-
rent shift parameter dependency provided reasona-
ble results (Fig. 6). There was a linear relationship



TCAA-MIPpy AND ITS PROPERTY IN QCM AND ELECTROCHEMICAL SENSORS 3869

between the current response of the MIP sensor and
the logarithm of the concentrations of TCAA and
other two HAAs (DCAA and TBAA) in the concen-
tration range of 100 pg L' to 1000 mg L™" with cor-
relation coefficients in a range of 0.993 < R? > 0.999.
Also, the peak currents of MCAA, DBAA, MBAA,
acetic acid, malonic acid measured on the MIP sen-
sor have good linear relations with its (logarithm)
concentrations in the two ranges of 100-1000 pg L'
with correlation coefficients in a range of 0.990 < R
> 0.998, and 1-100 mg L~ ! with correlation coeffi-
cients in a range of 0.993 < R? > 0.999. The limits of
detection for TCAA and HAA analyses examined, as
described in the QCM study, were between 35 and
50 pg L', well below the permissible limits concen-
tration of TCAA in drinking water, that are set by
the WHO and the USA organization.

Inter-digitated conductometric experiments

Miniaturized planar electrodes or inter-digital con-
ductometric (IDC) transducers have become impor-
tant electronic transducers in medical, biological and
environmental diagnostics. This electronic transducer
system is usually of compact design, easy to use,
inexpensive and portable. In a sensor constructed
with IDC, the sensitive layer is coated on the elec-
trode of the transducer. The close proximity of the
sensing element to the transducer enhances the
response time, leading to rapid measurement due to
low diffusion times. The incorporation of TCAA-
imprinted polypyrrrole into an IDC sensor would be
expected to show high sample throughput, so that
single measurements could be delivered in real time.
Since the polypyrrole used for the construction of
MIP has a conductive property, and factors such as
applied frequency, temperature and electrolytes can
have an effect on the conductivity of the conducting
polymers,** variation in these factors may affect the
signal response of the TCAA-MIPpy on the IDC. The
thickness of the TCAA-MIP on IDC electrode, syn-
thesized as described in the earlier section, was
about 817 nm when measured with AFM (Digital
Instruments, Santa Barbara, CA).

The results of measurement of conductivity
responses of the electrodes at various current fre-
quencies ranging from 20 Hz to 1 MHz, when expo-
sure to 100 pg L~' TCAA solution, revealed an
increase in conductivity of both MIP and NIP-coated
electrodes in the order of 0.02% per kilohertz at
room temperature [(25 = 1)°C]. A reasonable signal
response of the MIP sensor was obtained in the
lower frequency region, rather than in higher fre-
quency region; all subsequent measurements were
therefore performed at an operating frequency of
3 kHz. It was found that temperature influenced the
sensor signal in the order of 1.1% conductivity

change per Kelvin at 3 kHz. Therefore, for high
accuracy of sensing measurements using the pyrrole-
based IDC electrode were carried out under con-
trolled fixed temperature.

When the signal responses of the TCAA-MIPpy
and corresponding nonimprinted polymer for water
solutions containing 0.2M HCl, K,PO, or KH,PO,,
and 100 pg L™' TCAA were measured under the
optimized conditions, both MIP and nonimprinted
electrodes gave negative conductivity shift between
80 and 105 Q™ '. The anionic ion of these inorganic
substances may lead to the formation of ion-pairs
with cationic species in polypyrrole backbones,
which do not contribute to conductivity. The effect
of the common electrolyte, NaCl on the signal
response of IDC sensor was also investigated. The
signal responses of the MIP-coated IDC sensor for
water solutions containing NaCl salt between 1 and
30g L~! (0-500 mM) were measured under the opti-
mized conditions. Increasing concentrations of NaCl
in sample solutions containing 100 pg L™' TCAA
resulted in the increased conductivity response of
both MIP- and NIP-coated electrode, for instance
5 mM NaCl caused 10 times increase in the magni-
tude of 100 pg Lt TCAA-conductivity response for
either MIP or NIP-coated electrode. Indeed, the con-
ductivity behavior of TCAA-imprinted polypyrrole
in the presence of NaCl salt is similar to that of the
conducting poly (vinyl chloride) membrane contain-
ing the TCAA-imprinted poly(vinylpyridine-co-ethyl-
ene glycoldimethacrylate) particles in our previous
work,” and which had an ionic conductivity simi-
larly to solid polymer electrolytes.** Accordingly to
this, the explanation in terms of the movement of
the Na" ions bound with the mobile non-crosslinked
polypyrrole chains would be given to such increase
in electrical conductivity of the polypyrrole film in
the presence of excess NaCl salt. Independency of
addition of the electrolyte upon signal responses of
MIP sensors with NIP sensors was observed only at
low concentrations of NaCl (<5 mM). Thus, meas-
urements using the pyrrole-based electrode should
be carried out under low concentration of Na™ ion.

The template molecule-dependent conductivity
changes of the TCAA-imprinted polypyrrole coated
IDC electrodes compared to the NIP-coated electro-
des is shown in Figure 7. Increasing the amount of
TCAA results in an overall increase in the conductiv-
ity change at TCAA concentration up to 120 pg L™
with the MIP electrode only, whilst there were tiny
changes in the conductivity responses for the NIP
electrode. The increase in the conductivity signal of
the polypyrrole MIP film when exposed to TCAA in
water solution might be caused by the change in
surface conductivity of the polypyrrole material.
Recently, the previous work® has shown that poly-
pyrrole films deposited on the gold electrode are
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p-type conjugative polymer, and can become more
conductive and more electrochemically active at
more positive polarization in an anodic process.
Therefore, possibly, the binding of the template mol-
ecule to the MIP may increase continued transduc-
tion phase of the TCAA-MIPpy film through charge
transfer.

Specificity of the TCAA-imprinted polypyrrole-
coated IDC was examined as with the QCM or CV
studies. Figure 8 shows the conductivity shift
responses of the MIP-coated electrode to the HAA
and non-haloacetic analogs. Both 5 HAA analogs and
two nonstructurally related analogs (acetic acid and
malonic acid) in the 1-120 pg L™' concentration
range showed little or no change in the electrical
conductivity signal of the MIP-coated electrode. This
result demonstrates that the MIP selectively recog-
nizes TCAA on the IDC transducer integrated with
the TCAA-MIPpy. Although the HAA analogs used
for this study contained halogen-substituted carbox-
ylic acid groups as the template, they contained also
different halogen atoms and different degree of sub-
stitution which this may cause the pendent of HAAs
molecule can not fit properly into the template sites,
hence restraint in the conductivity signals. Or
another word, the HAA analogs might have formed
only charge neutral contact ion-pairs with the qua-
ternary amine of the TCAA-MIPpy, which this can
not trigger signal.

The extrapolation of the linear segment of the
curve between the conductivity response (1/AR) and
the logarithm of the concentration showed the 1-120
ug L' (ppb) sensitivity range of TCAA analyses
using IDC analysis. The detection limit for TCAA
achieved with the IDC assay is at 1.0 pg L™'. The
LOD value for TCAA analyses by the IDC sensor is
lower than the LOD achieved by the QCM and CV
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Figure 7 Conductivity changes of (a) the TCAA-MIPpy
coated IDC in comparison to (b) the nonimprinted poly-
mer-coated electrode at various concentrations of added
TCAA. Inset: sketch of the IDC electrode.
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Figure 8 Conductometric responses for TCAA-MIPpy
coated IDC at various concentrations of TCAA and ana-
logs.

sensors, when integrating these transduction systems
with the TCAA-MIPpy thin-film. However, the
working range for QCM and CV analyses is broader
than that for IDC analysis. The assay time for the
IDC was as fast as 3 min, and the MIP-coated elec-
trode is reusable at least 50 times without any
change in its sensing property. Stability of the coated
electrode was good when stores at room temperature
in dry-air condition, and the electrode can be used
for at least 1 month and retains the same sensor
characteristics during this period.

Analysis of drinking water samples

For analytical application, the TCAA-MIPpy inte-
grated with QCM or CV or IDC transduction system
was examined for analysis of TCAA in real-life sam-
ples. Four drinking water samples obtained from
domestic and commercial supplies (sample A, B, C,
and D) were subject for this study. The gas chro-
matographic-electron capture detection method in
conjunction with liquid-liquid extraction recom-
mended by the USEPA* was used as the standard
method to verify the amounts of HAA in the water
samples. The measurement results revealed that the
limits of detection of HAAs with either the QCM or
the CV sensor were at present higher than concen-
trations found in these four drinking water samples.
For validation purposes a recovery study of TCAA
analyses by the QCM and CV sensor was performed
by spiking those four water samples with three dif-
ferent amounts of TCAA standard solution (0.1, 10,
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and 100 mg L™ "). Recoveries range between 87 and
103% and relative standard deviations less than 3.5%
were achieved, demonstrating the applicability of
the QCM and CV assays to the analysis of samples
that contain (ppm) TCAA.

The concentration levels of sample A, B, C, and D
when assayed with the IDC sensor were 1.4, 1.8, 1.0,
and 1.0 pug L7, respectively. Assay of samples by
the USEPA method showed only TCAA in the sam-
ples at concentration levels of 0.8, 1.2, 0.9, and 1.0 pg
L~ ! in water sample A, B, C, and D, respectively. It
was evident that the TCAA disinfection by-product
in the real-life samples can effectively measured
with the IDC sensor embedded with TCAA-MIPpy
as sensing element. From the results obtained, the
IDC analysis method incorporated with TCAA-
MIPpy as sensing element shows high specificity
and sensitivity for TCAA analyses, and can therefore
be suitable for routine monitoring of the concentra-
tion of individual TCAA disinfection by-product
which usually contain in chlorinated drinking water.

CONCLUSIONS

In this study, molecularly TCAA imprinted non-
crosslinked polypyrole thin-film has been prepared
and studied in its property on the voltammetric,
inter-digital conductometric, or piezoelectric QCM
sensors. The TCAA-imprinted polypyrrole incorpo-
rated with the QCM transduction system shows a
TCAA-dependent frequency shift response over the
concentration range of 0.1-100 mg L~', whilst
TCAA-imprinted polypyrrole incorporated with CV
transduction system shows a TCAA-dependent cur-
rent response over the concentration range of 0.1-
1000 mg L™". The TCAA-imprinted polypyrrole inte-
grated with IDC transduction system is specifically
sensitive towards TCAA (~1 pug L"), which is use-
ful for the determining trace TCAA in chlorinated
drinking water. The TCAA-imprinted polypyrrole
incorporated into the QCM and CV transduction sys-
tems showed similar sensitivity and specificity char-
acteristics. The mechanism of signal generation by
the TCAA-imprinted polypyrrole incorporated in
QCM transduction system was supposed to involve
with the binding of the TCAA molecule at the MIP
binding sites by acid-base interactions, resulting to
mass shift of electrode. For the TCAA-imprinted pol-
ypyrrole incorporated with CV transduction system,
the electron transferring within the oxidized poly-
pyrrole MIP film doped with TCAA molecule was
supposed to contribute to the specific currency signal
for detection. Besides, the mechanism of the generation
of the conductivity signals for the TCAA-imprinted
polypyrrole incorporated with IDC transduction

system referred to the continuous conducting phase
of the p-type conjugative polypyrrole-based MIP,
which increases when there was binding of the
TCAA molecule to the MIP. The study demonstrates
the feasibility of using TCAA-MIPpy sensing ele-
ment incorporated with IDC analysis systems to
quantify TCAA (the most common HAA specie
found in drinking water) in both domestic and com-
mercial bottled drinking waters.

The authors thank Prof. L.A. Damani for his constructive
scientific comments.
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