
Polymer 48 (2007) 3413e3419
www.elsevier.com/locate/polymer
Synthesis of a functionalized polythiophene as an active substrate for
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Abstract

The synthesis of a new functionalized terthiophene monomer with an unsaturated side chain, 3-((20:200,500:2000-terthiophene)-300-yl) acrylic
acid, is described. A conducting polymer was obtained by electropolymerization of the functionalized monomer. The properties of the polymer
were investigated using FT-IR, Raman and UVevis spectroscopy. The application of the polymer as an active substrate for a genosensor is dem-
onstrated by the covalent attachment of amino-end modified oligonucleotide probes to the carboxylic acid group of the polymer. The hybrid-
ization of the complementary ODNs can be clearly detected by an increase in the admittance without the need for an indicator or any sample
modifications.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Detection and quantification of specific DNA sequences are
of great importance in numerous applications, such as medical
research and clinical diagnosis. Electrochemical genosensors
have recently attracted increasing attention because of their sim-
plicity, high selectivity and sensitivity. A variety of schemes,
such as metal complexes [1,2], organic redox indicators [3,4],
enzymes [5] and nanoparticles [6e8] have been used for the
electrochemical detection of DNA hybridization. Besides indi-
rect schemes of this sort, simple and direct electrochemical de-
tection of DNA hybridization [9e13] is of particular interest.

Intrinsically conducting polymers (ICPs) are a relatively
new class of polymeric materials that possess a delocalized
electronic structure which is sensitive to changes in the poly-
meric chain environment and other perturbations to the chain
conformation. Therefore, grafting of oligonucleotide (ODN)
probes onto ICPs would be expected to provide a simple and
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direct way to detect hybridization events, which perturb the
electrochemical response of the polymer. For ICPs to be
used as solid substrates for genosensors, the immobilization
of oligonucleotide probes can be achieved simply by electro-
static trapping of ODN probes within a growing polymer
film [8,14]. However, this approach is not very efficient as ste-
ric hindrance complicates the access of the DNA target from
the solution to the ODN probes within the film. An alternative
approach is covalent immobilization [12,15e18]. Research
into the covalent attachment of a biomolecule to amine- or
carboxy-functionalized polymers was pioneered by Schuh-
mann et al. [19]. Garnier and coworkers later proposed a pro-
cess of functionalization of polypyrrole (PPy) which involves
preparation of a precursor polymer film bearing a leaving
group, such as an activated ester, at its 3-position, that can
be substituted by a 50-aminoalkyl-terminated ODN probe
[20,21]. Cyclic voltammetry experiments after hybridization
revealed that the oxidation peak of the polymer shifted in
the positive direction and decreased in intensity. Using similar
copolymers, Lassalle et al. [22] used changes in the photocur-
rent spectrum of polypyrrole following hybridization to detect
specific DNA sequences.
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Numerous functionalized thiophenes have been synthesized
in the past due to their favorable properties [23e25]. Gener-
ally, most thiophenes with functional groups suitable for im-
mobilization of biomolecules (such as eNH2 and eCOOH)
have been difficult to electropolymerise, because such func-
tional groups exhibit substantial nucleophilicity and attack
the radical cation intermediates formed during electropoly-
merisation, hence inhibiting the polymerization process [26].
While Albery et al. reported the electropolymerisation of thio-
phene-3-acetic acid in 1991 [27], a high oxidation potential
(w1.6 V vs Ag/Agþ) and high monomer concentration were
necessary to obtain a conducting polymer. At low monomer
concentrations, on the other hand, the electrooxidative homo-
polymerization of thiophene-3-acetate is inhibited [28]. This
problem can be avoided using post-polymerization functional-
isation since thiophene monomers with protected carboxyl
acid group can be easily electropolymerized. This approach
is a widely used method for the preparation of new electroac-
tive organic systems with tunable electronic, electrochemical
and spectroscopic properties [29,30]. For example, Li et al.
synthesized thiophene bearing an activated ester group, N-suc-
cinimido thiophene-3-acetate, and obtained its homopolymer
[31]. A disavantage of the post-polymerization functionalisa-
tion process is a potentially detrimental effect on the adher-
ence of the polymer films to the electrode surface, which is
of particular importance for electrochemical biosensing. As
an alternative route, copolymerisation of functionalized mono-
mers with the corresponding unsubstituted heterocycles was
developed based on a copolymer of 3-(oxyalkyl)-thiophene
bearing an arylsulfonamide group with 3-methylthiophene
used to immobilize amino-end modified DNA probes [32].
Nevertheless, this approach has the disadvantage of not having
well defined binding sites on the obtained film.

In this work, we report the synthesis of a new functionalized
terthiophene with an unsaturated side chain, 3-((20:200,500:2000-
terthiophene)-300-yl) acrylic acid (TAA). The monomer can
be directly electropolymerised to produce a homopolymer
(PTAA) with well defined binding sites. The obtained polymer
was characterized by IR, Raman and UVevis spectroscopy and
applied to the development of a genosensor.

2. Experimental

2.1. Materials

Thiophene-3-carboxaldehyde, tetrakis(triphenylphosphine)-
palladium [Pd(PPh3)4], 2-thiophene boronic acid, (triphenyl-
phosphoranylidene) methyl acetate (TPPMA, 98%), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC), tetrabutylam-
monium trifluoromethanesulfonate (TBAFMS) and phosphate
buffered saline pellets (PBS, pH 7.4) were obtained from
Aldrich. Invitrogen Life Technologies Company synthesized
ODNs including probe NH2-GAT GAG TAT TGA TGC
CGA-30, complementary target 50-TCG GCA TCA ATA CTC
ATC-30 and noncomplementary 50-TAT GCT GGT GCG
TCG CAC-30. All aqueous solutions were prepared using
Milli-Q water (18.2 MU cm). Other chemicals used in this
study were of reagent grade or better and were purchased
from local commercial sources. All reagents were used as sup-
plied without further purification, unless otherwise stated.

2.2. Monomer synthesis

2.2.1. 30-Formyl-2:20,50:200-terthiophene (1)
30-Formyl-2:20,50:200-terthiophene was synthesized accord-

ing to Ref. [23]. 1H NMR (400 MHz, CDCl3, d/ppm) 10.08
(s, 1H, CHO), 7.56 (s, 1H, H 40), 7.50 (dd, 1H, H 5), 7.32
(dd, 1H, H 3), 7.30 (dd, 1H, H 500), 7.23 (dd, 1H, H 300),
7.16 (dd, 1H, H 4), 7.05 (dd, 1H, H 400); 13C NMR
(400 MHz, CDCl3, d/ppm) 185.5, 146.3, 138.1, 137.2, 135.9,
132.5, 129.6, 129.0, 128.7, 128.4, 126.2, 125.3, 122.8.

2.2.2. 3-((20:200,500:2000-Terthiophene)-300-yl) acrylic acid
methyl ester (2)

(Triphenylphosphoranylidene) methyl acetate (7.6 mmol,
4 g, 1.5 equiv) was added to a solution of (1) (2.1 g,
7.6 mmol) in anhydrous THF (250 mL). The reaction mixture
was stirred at 50 �C for 6 h and concentrated in vacuo to give
a bright yellow solid, which upon purification by column chro-
matography on silica gel (hexane/ethyl acetate¼ 5:1) gave the
product (2) (2.1 g, 83%). 1H NMR (CDCl3, d/ppm), 7.90 (d,
1H, CH]CHCOOCH3), 7.42 (dd, 1H, H 50), 7.32 (s, 1H, H
400), 7.27 (dd, 1H, H 30), 7.20 (dd, 1H, H 5000), 7.18 (dd, 1H,
H 3000), 7.14 (dd, 1H, H 40), 7.04 (dd, 1H, H 4000), 6.36 (d,
1H, CH]CHCOOCH3); 3.79 (s, 3H); 13C NMR (400 MHz,
CDCl3, d/ppm) 167.92, 137.57, 137.25, 137.09, 136.43,
134.18, 134.02, 128.78, 128.46, 128.34, 127.82, 125.66,
124.88, 122.34; 119.26, 52.07.

2.2.3. 3-((20:200,500:2000-Terthiophene)-300-yl) acrylic acid
(TAA) (3)

Compound 2 (1 g, 3 mmol) was placed in 30 mL of 1:1
(v:v) mixture of MeOH and 2 M aqueous NaOH and refluxed
for 5 h, after which time the reaction mixture was allowed to
cool and methanol was removed by vacuum. The aqueous so-
lution was acidified with 5 M HCl to pH 3 and the precipitate
was collected and dried in a vacuum oven to give a yellow
powder of (3) (0.84 g, 88%). IR (KBr, cm�1) 3450, 3000,
1678, 1612, 1422, 1288, 1206, 970, 844, 702; 1H NMR
(CDCl3, d/ppm), 7.99 (d, 1H, CH]CHCOOH), 7.44 (dd,
1H, H 50), 7.35 (s, 1H, H 400), 7.29 (dd, 1H, H 30), 7.22 (dd,
1H, H 5000), 7.20 (dd, 1H, H 3000), 7.14 (dd, 1H, H 40), 7.06
(dd, 1H, H 4000), 6.37 (d, 1H, CH]CHCOOH); 13C NMR
(400 MHz, CDCl3, d/ppm) 170.85, 139.26, 138.44, 137.29,
136.34, 134.05, 133.78, 128.55, 128.48, 128.38, 128.04,
125.80, 125.00; 122.31, 118.22. MS (mþ 1): 319.3.

2.3. Electropolymerization

The electropolymerization was carried out by cyclic voltam-
metry from 0 to þ1.3 V at a scan rate of 100 mV/s using a CH
Instrument electrochemical workstation (Model 440, CH Instru-
ments, USA). A three-electrode cell with a volume of 10.0 mL,
comprising a Pt (BAS, 1.0 mm diameter) or a glassy carbon
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(BAS, 3.0 mm diameter, 7.07 mm2 geometrical area) working
electrode, an Ag/AgCl (3 M KCl) reference electrode and a Pt
wire counter electrode. Prior to electropolymerisation, the
working electrode was polished with 0.5 mm alumina slurry,
then sonicated in acetonitrile containing active carbon powder,
chloroform and Milli-Q water for 10 min. The polymerization
solution contained 0.05 M TBAFMS and 0.005 M 3-((20:200,
500:2000-terthiophene)-300-yl) acrylic acid (TAA) in dichloro-
methane. For the UVevis and scanning electron microscopy
experiments, the polymer was electrochemically deposited on
an indium tin oxide (ITO)-coated glass electrode.

2.4. FT-IR and Raman spectroscopy

The PTAA and polythiophene samples for FT-IR spectros-
copy were prepared by using stainless steel working electrodes
at a fixed potential of þ1.3 V and þ1.2 V, respectively. After
washing with acetone and drying in a vacuum oven, the poly-
mer samples were prepared with KBr and formed into discs
for FT-IR spectral analysis. The spectra were recorded using
a Bio-Rad FT-IR spectrometer, model FTS-60.

For in situ Raman spectroscopy measurement PTAA was de-
posited onto the surface of a Pt electrode by cyclic voltammetry
from 0 to þ1.3 V at a scan rate of 100 mV/s. The spectra were
recorded at different applied potentials using a Renishaw Raman
spectrometer (system 1000) with 785 nm (red) laser excitation.

2.5. Immobilization of ODN probe and hybridization

The grafting of ODN probes onto the PTAA film was per-
formed according to a previously described procedure [12,33].
To covalently attach the ODN probe 40 mL of phosphate buffer
(pH 5.2) containing 20 nmol ODN probe and 400 nmol EDC
was applied to the surface of a PTAA-coated electrode, and
kept at 28 �C for 1 h. Finally, the modified electrode was thor-
oughly washed using PBS solution (pH 7.4) in order to remove
any remaining unattached ODN probes.

Hybridization was carried out by incubating the ODN
probe-modified films in PBS solution (pH 7.4) containing
ODN samples for 1 h at 42.0 �C. After hybridization, the elec-
trode was washed three times using PBS solution to remove
any non-hybridized ODNs.

2.6. Electrochemical impedance measurement

Electrochemical impedance spectra were recorded in PBS
solution (pH 7.4) before and after hybridization using an
EG&G potentiostat/galvanostat (model 280, Princeton
Applied Research) coupled to an EG&G 1025 Frequency Re-
sponse Analyzer. A conventional three-electrode cell contain-
ing a modified glassy carbon working electrode, Pt slide
counter electrode and Ag/AgCl (in 3 M KCl) reference elec-
trode was used. The impedance experiments were run with
10 mV sinusoidal excitation amplitude at an applied bias
potential of 800 mV. The impedance data were measured and
collected at harmonic frequencies from 1 Hz to 1 MHz.

3. Results and discussion

3.1. Electropolymerization and characterization

The synthesis scheme for TAA is shown in Scheme 1. A
Wittig condensation between 30-formyl-2:20,50:200-terthiophene
(1) and TPPMA proceeded to 3-((20:200,500:2000-terthiophene)-
300-yl) acrylic acid methyl ester (2), which was hydrolyzed
to obtain the desired monomer (3). The monomer TAA is
a trans-isomer as deduced from its 1H NMR spectrum, which
is in accordance with previous reports in the literature [34,35].
Fig. 1 shows the UVevis spectrum of TAA. There are two
well-resolved absorption peaks at 336 and 287 nm. Comparing
the TAA spectrum with the UVevis spectrum of terthiophene
[36,37], the peak at 336 nm can be ascribed to thienyl chromo-
phores and the peak at 287 nm to the presence of the conju-
gated side chain.

A typical polymerization voltammogram is presented in
Fig. 2A. TAA is electropolymerized at potentials higher than
þ1.1 V vs Ag/AgCl. The first cycle (Fig. 2A, inset) shows
the ‘‘nucleation loop’’ where the scan is reversed on the rising
part of the peak, which is typical for a voltammogram of
monomers yielding conducting polymers [38]. During contin-
uous potential scanning, the oxidation current at around
þ1.3 V progressively increased which further confirms that
an electroactive polymer was deposited onto the electrode sur-
face. The color of the polymer changed from brown to dark
blue with increasing film thickness. Unlike alkyl substituted
polythiophene [30], the obtained polymer was not soluble in
common organic solvents such as acetonitrile, dichlorome-
thane and propylene carbonate. Fig. 2B presents the cyclic vol-
tammogram of a PTAA film in a monomer free solution. An
anodic peak at þ0.64 V appears as a broad shoulder preceding
a second broad peak at þ1.0 V. The corresponding cathodic
peaks are located at þ0.82 V and þ0.46 V. The presence of
two anodic peaks is usually attributed to either polaron and
subsequent bipolaron formation [39], or to the coexistence
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Scheme 1. Synthesis route of TAA.
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of two distinct distributions of macromolecular weights within
the polymer film with different conjugation lengths [40]. A
strong increase in the anodic current can be seen at potentials
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Fig. 1. UVevis spectrum of TAA in CH2Cl2.
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Fig. 2. (A) Electrochemical growth of PTAA on a platinum electrode using

cyclic voltammetry at a scan rate of 100 mV/s. Fifteen cycles were taken

between 0 V and 1.3 V. Inset: the first CV cycle. (B) Cyclic voltammogram of

a PTAA film in 0.1 M TBAFMS of dichloromethane solution at a scan rate of

50 mV/s.
greater than þ1.2 V, indicating the beginning of polymer
overoxidation.

A PTAA film was further investigated by UVevis spectro-
electrochemistry. A polymer film was deposited onto an ITO
electrode and UVevis spectra were measured in situ as different
potentials were applied. The results are presented in Fig. 3.
When the applied potential was lower than þ0.4 V, there was
no obvious change in the recorded spectra. According to the cy-
clic voltammogram (Fig. 2B), PTAA is in the neutral state at
these potentials. A strong absorption band at 487 nm is attrib-
uted to a p/p* transition in the conjugated polymer backbone.
The spectrum begins to change atþ0.5 V, i.e. at the potential at
which polymer oxidation starts in accordance with observations
seen in Fig. 2B. A progressive increase in the applied potential
leads to a decrease in the amplitude of the p/p* transition
band at 487 nm and an increase in absorbance at wavelengths
higher than 650 nm. At potentials lower thanþ0.8 Van equilib-
rium between the neutral and polaronic forms in PTAA is indi-
cated by an isosbestic point at 585 nm. When the applied
potentials were above þ0.9 V, the spectra showed a new iso-
sbestic point located at 544 nm and a new absorption band
appeared at 663 nm. This result indicates a new equilibrium
between two different neutral and polaronic forms of the poly-
mer, characterized by shorter conjugation length [41].

A typical FT-IR spectrum of doped PTAA is shown in
Fig. 4. For comparative purposes, Fig. 4 also shows a spectrum
of polythiophene prepared from a bithiophene monomer. The
spectrum of PTAA (Fig. 4, curve a) is quite similar to that of
polythiophene (curve b) except for a strong absorption peak at
1678 cm�1 characteristic of the stretching vibration of the
carbonyl group. CH out-of-plane bending vibrations character-
istic of 2,5-substitued thiophene rings appear in the range
of 900e600 cm�1 with the strongest peaks around 786e
790 cm�1 [42]. Therefore, the infrared band at 793 cm�1 in
the spectrum of PTAA, which is shifted by 3 cm�1 compared
to polythiophene, illustrates that polymerization occurs at the
50 and 5000 positions of the terthiophene monomer units.
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The Raman spectra of doped PTAA and polythiophene
films on a stainless steel electrode are shown in Fig. 5 and
the assignments of Raman bands are listed in Table 1 with ref-
erence to a previous publication [43]. It can be seen that both
spectra have similar features. However, due to the existence of
conjugated side chains in PTAA, the bands originating from
Ca]Cb ring stretching at 1484 cm�1 and symmetric stretching
of radical cations of PTAA at 1436 cm�1 are shifted toward
higher wave numbers compared to those of polythiophene.
Furthermore, there is a clear shoulder band at 1178 cm�1,
between the doublet assigned to CaeCa0 stretching (1223
and 1155 cm�1), which we attribute to the presence of the
conjugated side chain.

The doping process of PTAA was also investigated by
in situ measurement of Raman spectra with a PTAA modified
Pt electrode at various potentials. Fig. 6 shows the collected
Raman spectra with increasing electrode potentials. From
the cyclic voltammogram of PTAA, we know that PTAA is
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Fig. 5. Raman spectra of doped PTAA (a) and doped polythiophene (b) depos-

ited on a stainless steel electrode under 718 nm laser excitation.
in the neutral state at a potential less than þ0.5 V. Since
PTAA is in its neutral state, it is out of resonance with the
785 nm laser excitation, as judged from the UVevis spectrum
(Fig. 3); there is only one weak band at 1462 cm�1 in the spec-
tral range where Ca]Cb symmetric or antisymmetric stretch-
ing vibrations are expected [43] (note: the band at 923 cm�1 is
due to the TBAFMSeacetonitrile solution. See also the
Raman spectrum of the bare Pt electrode in a TBAFMSe
acetonitrile solution in Fig. 6). As the electrode potential was
increased, the intensities of the vibration bands of the polymer
increased. When the electrode potential reached þ0.7 V, a
Raman spectrum containing the characteristic bands of doped
PTAA was obtained. This is consistent with the cyclic voltam-
mogram of PTAA which shows that the oxidized polymer is
starting to form at this potential. The band of Ca]Cb stretch-
ing deformation in oxidized PTAA is red shifted to 1436 cm�1

compared to the corresponding band for the neutral polymer
due to the doping induced force constant weakening [44].
The intensity of this band increased at a higher doping level
caused by an increase in the electrode potential. The bands
in the spectral range of 1150e1230 cm�1 are assigned to
CaeCa0 stretching and CbeH bending. The bands originating
from the CeS deformation in the thiophene ring appeared in
the range of 680e750 cm�1, which became more pronounced

Table 1

Band assignment of Raman spectra of PTAA and polythiophene

Assignments PTAA (cm�1) Polythiophene (cm�1)

Ca]Cb ring stretching 1484 1478

Quinoid (radical cations) 1436 1428

CbeCb0 ring stretching 1352 1351

CaeCa0 stretching 1223 1222

CaeCa0 stretching (anti) 1155 1154

CbeH bending 1059 1054

Ring deformation CeSeC 734 731

Ring deformation CeSeC 692 691
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Fig. 6. In situ Raman spectra of PTAA deposited on a Pt electrode recorded at

different electrode potentials in 0.1 M TBAFMS in acetonitrile solution.

lexc¼ 718 nm.
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Fig. 7. SEM images of polythiophene (A) and PTAA (B).
upon doping. When the potential reached þ1.1 V, the Raman
bands started to broaden and the intensities decrease, pointing
to oxidative degradation of the polymer which usually follows
oxidative doping at higher potentials.

The morphology of the obtained polymer films is depen-
dent on the kinetics of nucleation and growth of the polymer,
which, in turn, generally depends on the structure of the mono-
mer, the nature of the dopant, and the polymerization condi-
tions. SEM images showed that PTAA and polythiophene
films prepared under similar conditions had quite different
morphologies (Fig. 7). The polythiophene film was porous
and had a fibre-like structure, while the PTAA film exhibited
a much denser morphology. This may be due to an increase
in polarity of the monomer caused by the carboxylic acid
substituent.

3.2. Detection of hybridization

For the detection of DNA hybridization, a thin PTAA film
was prepared by cyclic voltammetry as described in the exper-
imental section. The amino-end modified ODN probes were
grafted onto the PTAA film by formation of covalent bonds
between carboxylic acid and amino groups catalyzed by
EDC. Electrochemical impedance measurements were per-
formed on the ODN probes-modified PTAA film in PBS buffer
before and after incubation with complementary or noncom-
plementary ODN solutions. The results are shown in Fig. 8
in the form of admittance spectra. After incubation with com-
plementary ODN solution, a significant increase in the admit-
tance was observed (Fig. 8A), indicating that the formation of
ODN duplexes caused a change in the conducting properties of
the sensing polymer layer. By contrast, the admittance spectra
exhibited little change after incubation with noncomplemen-
tary ODN solution (Fig. 8B). A possible reason for the in-
creased conductance are changes in ODN conformation
following hybridization, where the originally single-stranded
ODN behaved as random coils lying flat onto the polymer
film surface, while the double-stranded ODN formed a more
rigid double helix structure that liberates the surface of the
PTAA film and facilitates the ion exchange during the doping
process [32].

4. Conclusion

In this study, a new functionalized terthiophene monomer
with an unsaturated side chain, 3-((20:200,500:2000-terthiophene)-
300-yl) acrylic acid was synthesized. Electropolymerisation to
a conducting polymer film was straightforward. This method-
ology overcomes the polymerization difficulties exhibited
by carboxylic acid substituted thiophene monomers, as
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mentioned above. The obtained polymer was characterized by
FT-IR, Raman and UVevis spectroscopy and use of the poly-
mer for biosensing was demonstrated by covalently grafting an
amino-end modified ODN probe to the carboxylic acid group
on the polymer. The hybridization of the complementary
ODNs could be detected by an increase in the film admittance
thus establishing a novel indicator- and label-free electro-
chemical DNA assay.
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