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Abstract A new and efficient synthetic route to hydroxymethylated-3,4-ethylenedioxylthiophene (EDOT-MeOH) was
developed by a simple four-step sequence, and its global yield was approximately 41.06%. The poly(hydroxymethylated-
3,4-ethylenedioxylthiophene) (PEDOT-MeOH) film was electrosynthesized in aqueous sodium dodecylsulfate micellar
solutions and characterized by different methods. The EDOT-MeOH possessed better water solubility, and lower onset
oxidation potential than EDOT. The as-obtained PEDOT-MeOH film displayed good reversible redox activity, stability and
capacitance properties in a monomer-free electrolyte, especially the good solubility of PEDOT-MeOH film in strong polar
organic solvents such as dimethyl sulfoxide and tetrahydrofuran created a potential application in many different fields.
Fluorescent spectra indicated that PEDOT-MeOH was a yellow-green-light-emitter with maximum emission at 568 nm. The
as-formed PEDOT-MeOH film had good biocompatibility and was used for fabricating the electrochemical vitamin C
biosensor. The proposed biosensor showed a linear range of 3 x 107° mol/L to 1.2 x 107 mol/L with the detection limit of
1 pmol/L, a sensitivity of 95.6 pA (mmol/L) ' ¢cm™, and a current response time less than 10 s and a fairly good stability
(The relative standard deviation was 0.43% for 20 successive assays, the proposed biosensor still retained 93.5% of
bioactivity after 15 days storage. This result indicated that the prepared PEDOT-MeOH film as immobilization matrix of
biologically-active species could be a promising candidate for the design and application of biosensor.
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INTRODUCTION

After the discovery of electrically conducting polymers in 1977 by Professors Heeger, MacDiarmid and
Shirakawa (Nobel Prize in Chemistry 2000), and more than 30 years of worldwide intense research and huge
efforts, poly(3,4-ethylenedioxythiophene) (PEDOT) sets various standards for the entire field. PEDOT, which
was invented in 1988 by Bayer AG, Leverkusen, is one of the best conducting polymers available in terms of
conductivity, processability and environmental stability!'™®. Furthermore, PEDOT is the only conducting
polymer that is commercially produced on a large-scale (nowadays mainly by H.C. Starck Clevios GmbH,
Leverkusen) and sold for many applications!’ %, However, up to now, new exciting applications employing
PEDOT such as electrochromic windows and displays, biosensors, efc., create potential hope for new markets
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but still wait for technical breakthroughs. Therefore, PEDOT chemistry and physics still continues to grow
steadily.

Against this background of accelerated progress of PEDOT, the poor aqueous solubility of EDOT
monomer and that its polymerization usually performed in organic solvent mixtures to get PEDOT films limit its
applications to some extent in many fields such as fermentation, food, medicine and agriculture, in which many
biologically-active species such as organism, tissue, cell and biologically-active molecules require an aqueous
environment in order to retain their bioactivity. In addition, the resultant PEDOT is insoluble in water which
limits its wide applications. It was found that the poor processibility (aqueous solubility) of monomer and film
can be improved by adding an appropriate pendant side group onto the backbone. With these facts in mind,
much attention was turned to polar derivatives of EDOT, specifically hydroxymethylated EDOT
(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl) methanol (EDOT-MeOH)!""). Lima er al!¥ synthesized EDOT-
MeOH monomer, but the synthesis required six steps, and overall yield for the six step sequence was
approximately 17%. Subsequently, the electropolymerization of EDOT and EDOT-MeOH was investigated in
sodium dodecylbenzenesulfonate aqueous solution by cyclic voltammetry and chronoamperometry on a
platinum electrode. EDOT-MeOH monomer had better water-solubility and lower onset oxidation potential
compared with EDOT monomer. Finally, the electrochemical characterization, the surface morphology, UV-Vis
absorption spectra of PEDOT-MeOH films were discussed in comparison with PEDOT film. Xiao ef al.!'* '
electrosynthesized PEDOT-MeOH films doped with poly(styrene sulfonate) or doped with the biologically
active nonapeptide. The two film electrodes were characterized by impedance spectroscopy, scanning electron
microscopy, atomic force microscopy and optical microscopy. Hence, PEDOT-MeOH film was employed for
the fabrication of neural probe due to the good water-solubility and biocompatibility. Kim e al."! used the
electrosynthesized PEDOT-MeOH as polymer photovoltaic devices due to transmittance of 87% (at 510 nm)
and a conductivity of 700 S/cm. Doherty et al'® ' studied the electrochemical copolymerization and
spectroelectrochemical characterization of PEDOT and PEDOT-MeOH. Our group also reported the fabrication
of vitamin C biosensor based on PEDOT-MeOH films electrosynthesized in lithium perchlorate aqueous
solutions for application in the voltammetric determination of VC in commercial fruit juice. But the linear range,
detection limit and sensitivity of this biosensor were lower than those of the amperometric biosensor!'®),
Consequently, the electrochemical preparation of high-performance PEDOT-MeOH modified electrodes in
aqueous solution systems is significant in the design and development of efficient biosensors. However, the cost
of the obtained EDOT-MeOH monomer is very high. Hence the development of a new and efficient synthetic
route to EDOT-MeOH monomer is very necessary.

The electrochemical polymerization, as one of fast and reliable conventional synthetic methods, has been
widely employed for the generation of electrically conducting polymers onto a conducting surface. During
electrochemical polymerization with concurrent deposition, counter ions in the electrolyte are incorporated into
the polymer film to neutralize these charges. This process allows a particular polyelectrolyte or negatively
charged bioactive species to be incorporated into electrically conducting polymers during deposition. On the
other hand, for both economical and ecological reasons, the use of aqueous micellar media for
electropolymerization of conjugated monomers has aroused a great interest in the past few years. In our previous
reports, the electrochemical polymerization of EDOT in aqueous micellar solutions was investigated!"* 2", then
vitamin C biosensor based on these PEDOT matrices was fabricated" ' and applied for amperometric
determination of VC in corps™®). In addition, our group also reported the fabrication of vitamin C biosensor
based on PEDOT-MeOH films electrosynthesized in lithium perchlorate aqueous solutions for application in the
voltammetric determination of VC in commercial fruit juice!™®!.

In this article, we report a new and efficient synthetic route to EDOT-MeOH monomer which was
synthesized by a simple four-step sequence and the global yield for the four-step sequence was approximately
41.06%. Then PEDOT-MeOH films were electrosynthesized in aqueous sodium dodecylsulfate micellar
solutions and characterized by different methods. Finally, this PEDOT-MeOH film was employed for the
fabrication of biosensing devices.
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EXPERIMENTAL

Chemicals

Ascorbate oxidase (AO, from Cucurbita sp, 250 U g™') was purchased from Sigma. 5% nafion solution was
obtained from DuPont Co., Ltd. Lithium perchlorate trihydrate (LiClO,-3H,0), disodium hydrogen phosphate
dodecahydrate (Na,HPO,-12H,0), and sodium dihydrogen phosphate dihydrate (NaH,PO,-2H,0) were obtained
from the Sinopharm Chemical Reagent Co., Ltd. Sodium acetate, p-toluenesulfonic acid, copper(ii) oxide
(CuO), and sodium dodecyl sulfate (SDS) were purchased from Tianjin Damao Chemical Reagent Factory. VC
was obtained from Bio Basic Inc. 3,4-Dibromothiophene was purchased from Shanghai Bangcheng Chemical
Co., Ltd. Sodium methoxide and 3-chloro-1,2-propanediol were purchased from Wuhan Remote Technology
Development Co., Ltd. Potassium iodide (KI) was obtained from Shanghai Chemical Reagent Co., Ltd. All
reagents were of analytical grade and used without further purification. 50 mmol/L phosphate-buffered saline
solution (PBS, pH = 6.5) was prepared from 50 mmol/L NaH,PO,-2H,0 aqueous solution and 50 mmol/L
Na,HPO,-12H,0 aqueous solution. Deionized distilled water was also selected as solvent.

Simple and Low-cost Synthetic Route of EDOT-MeOH with High Yield

The known method of making EDOT-MeOH involves a complex series of six reaction steps starting from
thiodiglycolic acid, and the global yield is 17%**. Ng et al. described the use of epichlorohydrine instead of the
bromo derivative!?”), but the synthesis could not be reproduced in good yields. Another nucleophilic route to
EDOT-MeOH utilizes 1-acetoxy-2,3-dibromopropane instead of epibromohydrin'*®!. Although formation of the
undesirable isomer ProDOT-OH is omitted, the synthesis suffers from low yields (about 25%) in the
nucleophilic substitution step. The isomeric mixture of EDOT-MeOH and ProDOT-OH is difficult to
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Scheme 1 The facile synthesis route of EDOT-MeOH monomer

Another alternative synthesis for EDOT-MeOH was suggested in a patent®”. The transetherification of
lower 3,4-dialkoxythiophenes with glycerol can be extended to higher triols, so several homologues of EDT-
MeOH were accessible. But the route suffers from low yields, presumably due to the polyfunctionality of the
alcohol.

Based on the works of scientists previously!® " this paper used the efficient ransetherification route,
starting with 3,4-dibromothiophene and 3-chloro-1,2-propanediol (Scheme 1). The resulting EDOT-MeCl is
transferred to the acetic acid ester and then the pure EDOT-MeOH after hydrolysis, the global yield is 41.06%.

Synthesis of 2-Chloromethyl-2,3-dihydrothieno[3,4-b][1,4]dioxine (EDOT-MeCl)
To a three-necked flask equipped with an nitrogen purge, sodium methoxide (20.80 g, 28% mass fraction,
107.81 mmol), 3,4-dibromothiophene (5.00 g, 20.67 mmol), copper(ii) oxide (16.50 g, 207.42 mmol), potassium
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iodide (1.37 g, 8.25 mmol) and methanol (20 mL) were added. The reaction was refluxed for three days. Then,
another sodium methoxide (20.80 g, 107.81 mmol) was added, and the solution was refluxed for another one
day and was then cooled to room temperature and filtered through a sintered glass fritted funnel. The resulting
soiled was then extracted with ether. The organic fractions were combined and dried with magnesium sulfate.
After removal of the solvent, the remaining crude product was isolated by flash chromatography (silica gel,
petroleum ether) to give 3,4-dimethoxythiophene (2.62 g, 18.18 mmol) as colorless oil in 87.95% yield.

To a three-necked flask equipped with an nitrogen purge, 3,4-dimethoxythiophene (1.44 g, 10.0 mmol),
3-chloro-1,2-propanediol (2.45 g, 22.2 mmol), p-toluene sulfonic acid (0.15 g, 0.88 mmol), and dry toluene
(27 mL) were added. The solution was heated at 90°C for 24 h. Then, another (2.45 g, 22.2 mmol) of diol was
added, and the solution was heated at 90°C for another 3 h and was then allowed to cool to room temperature.
After removal of the solvent, the remaining crude product was isolated by flash chromatography (silica gel,
hexane/dichloromethane, 8/2, ¥/¥) to give (1.18 g, 6.20 mmol) a white solid in 61.96% yield. 'H-NMR
(400 MHz, CDCly): 6 6.37 (s, 2H), 4.35-4.40 (m, 1H), 4.27-4.35 (m, 1H), 4.14-4.18 (m, 1H), 3.65-3.75 (m,
2H).

Synthesis of (2,3-Dihydrothieno(3,4-b][1,4]dioxin-2-yl) methyl Acetate (EDOT-MeOAc)

To a 100 mL three-necked flask EDOT-MeCl (1.91 g, 10.02 mmol), sodium acetate (1.25 g, 15.23 mmol) and
DMSO (30 mL) were added. The solution was stirred for 1 h at 120°C. The reaction was poured into water and
extracted with DCM. After removing the DCM under reduced pressure, a light yellow oil was obtained. The
light yellow oil was used in the next step without purification.

Synthesis of (2,3-Dihydrothieno(3,4-b][1,4]dioxin-2-yl)methanol (EDOT-MeOH)

To a 100 mL round bottom flask equipped with a reflux condenser, (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-
yl)methyl acetate (1.91 g, 10.02 mmol) was added to a solution of NaOH (1.40 g, 35.0 mmol) in water (40 mL).
The mixture was refluxed for 1 h and then cooled to room temperature. Water (22 mL) was added. The mixture
was acidified then extracted with DCM. The solvent was removed under reduced pressure, and column
chromatography (hexanes/dichloromethane, 8/2, V/V) was performed to give (1.30 g, 7.55 mmol) product in
84.82% yield. 'H-NMR (400 MHz, CDCL): & 6.34 (s, 2H), 4.24 (d, 2H, J = 9.6 Hz), 4.07-4.12 (m, 1H),
3.84-3.87 (m, 2H).

Electrochemical Measurements

Electrochemical synthesis and examination were performed in a one-compartment cell. A Pt-electrode (diameter
0.5 mm) served as working electrode, and a stainless steel wire was used as counter electrode. The reference
electrode was a Ag/AgCl electrode (diameter 0.5 mm). The three electrodes were placed 5 mm apart during the
electrochemical measurements. To obtain a sufficient amount of polymer for characterization, stainless steel
sheets with a surface area of 10 and 12 cm® each (10 mm apart) were employed as working and counter
electrodes, respectively. The electrodes mentioned above were carefully polished with abrasive paper
(1500 mesh) and cleaned by water and acetone successively before each examination. All solutions were
prepared with double-distilled deionized water and deaerated by bubbling with a dry argon stream for 10 min
prior to electrochemical experiments. All experiments were carried out under a slight argon overpressure.
Finally, the polymer film was dried at 60°C under vacuum for 24 h. The electrosynthesized PEDOT-MeOH film
was in the doped state and metallic dark blue in color. When this film was dedoped with 25% ammonia for
3 days and washed repeatedly with water, its color changed to brownish yellow, the brownish yellow film was
the dedoped PEDOT-MeOH film.

Electrochemical Preparation of PEDOT-MeOH Film

The PEDOT-MeOH film was prepared by one-step potentiostatical polymerization in 0.05 mol L' EDOT
aqueous micellar solution containing 0.10 mol L™ LiClO, and 0.05 mol L™' SDS at an applied potential of 0.9 V
versus Ag/AgCl for 90 s on the surface of Pt-electrode (Scheme 2). Then the film was washed repeatedly with
double-distilled deionized water to remove the electrolyte and EDOT-MeOH. Electrochemical impedance



828 Y. Luetal

spectroscopy (EIS) results for the conducting PEDOT-MeOH modified Pt-electrode were recorded at a dc
potential of 0.3 V versus SCE, E,. = 10 mV and a frequency range from 10 kHz to 0.1 Hz.

OH /_<\0H

O O Electrochemical polymerization O O
2/ \§ 0.05 mol L™ SDS +0.10 mol L™ LiCIO, M
S S
EDOT-MeOH PEDOT-MeOH

Scheme 2 The electrochemical polymerization of EDOT-MeOH in aqueous micellar
solutions

Fabrication of Biosensor

5uL of 0.3 g L' AO was dip-coated on the surface of PEDOT-MeOH modified GCE using a Finnpipette. After
PEDOT-MeOH/AO modified GCE was dried in air, 5 uL of 5% Nafion solutions was dropped on the surface of
AO layer to prevent possible enzyme molecules leakage and eliminate foreign interferences. Then PEDOT-
MeOH/AO/Nafion modified GCE was allowed to air-dry at room temperature (Scheme 1), and the obtained
PEDOT-MeOH /AO/Nafion modified GCE was stored in PBS at 4°C when not used.

Measurements of Biosensor

The steady-state current response (/) of the fabricated biosensor for the amperometric detection of VC was
carried out in VC standard solution at a working potential of 0.2 V versus Ag/AgCl. The different
concentrations of VC ([VC]) standard solutions were prepared using 50 mmol/L PBS (pH = 6.5). The PEDOT-
MeOH/AO/Nafion modified GCE served as the working electrode. All electrolysis cells were set in a thermostat,
in which the temperature can be set constant at 25°C.

Apparatus

All electrochemical experiments were performed with a potentiostat-galvanostat (Model 263A, EG&G Princeton
Applied Research). Infrared spectra (FT-IR) were recorded using a Bruker Vertex 70 Fourier spectrometer with
samples in KBr pellets. 1 mmol/L monomer and polymer was dissolved in DMSO for Ultraviolet-visible and
fluorescence spectra. UV-Vis spectra were measured with a Perkin-Elmer Lambda 900 ultraviolet-visible-near-
infrared spectrophotometer. The fluorescence spectra were obtained with a Hitachi F-4500 fluorescence
spectrophotometer. Scanning electron microscopy (SEM) measurements were taken using a Hitachi S-3000
scanning electron microscope. EIS measurements were carried out using an Autolab Frequency Response
Analyzer System (AUT30. FRA2-Autolab, Eco Chemie, BV, the Netherlands).

RESULTS AND DISCUSSION

Electrochemical Polymerization

The linear sweep voltammetry (LSV) and cyclic voltammetry (CVs) of EDOT-MeOH in LiClO4 aqueous
micellar solution are presented in Fig. 1. 0.05 mol L™' EDOT-MeOH was added in 0.10 mol L™' LiClO, aqueous
solution containing 0.05 mol L™ SDS, after ultrasound treatment, a clear and transparent EDOT-MeOH aqueous
micellar solution was obtained, suggesting that EDOT-MeOH have better aqueous solubility in comparison with
the water-solubility of EDOT, which was in accordance with previous reports!'*. The LSV revealed that the
onset oxidation potential (E,c) of EDOT-MeOH was about 0.85 V, which was lower than E. of EDOT, this
result was in agreement with literature™™. The lower value of E,, is very beneficial to the preparation of the
high-quality EDOT-MeOH.

Consecutive CVs of EDOT-MeOH indicated that current densities on the reverse scan were higher than
those on the forward scan (in the region of 0.6—0.9 V) in the first cycle of CVs. The formation of this loop could
be explained as characteristics of nucleation process. The redox peaks at 0.2 and —0.5 V were attributed to the p-
doping/dedoping processes of PEDOT-MeOH film formed in previous scans. Upon sequential cycles, redox
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currents increased, implying the formation of an electroactive and conductive layer on the platinum electrode
surface (light-blue to blue-black as the deposit thickened). At the same time, a coloration of the solution
occurred due to the concomitant formation of soluble oligomers. Moreover, the oxidation onset potential
progressively decreased as scanning cycles increased, reflecting that more and more monomers coupled on the
electrode surface and led to an increase of the number of monomeric units in the polymer chain. The increase of
anodic and cathodic peak current densities in CVs also implied that the amount of the polymer film increased on
the electrode surface. The broad redox waves of the polymer film were ascribed to the wide distribution of the
polymer chain length or the conversion of conductive species on the polymer main chain from the neutral state
to polarons, from polarons to bipolarons and finally from bipolarons to the metallic state. The potential shift of
the current wave maximum provided information about the increase of the electrical resistance of the polymer
film and the overpotential needed to overcome this resistance.
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Fig. 1 LSV of EDOT-MeOH in 0.1 mol L™ LiClO,
aqueous solutions containing 0.05 mol L™ SDS and
monomer

Inset: the corresponding CVs (The potentional scan
rates were 100 mV s™')
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Fig. 2 Chronoamperograms of EDOT-MeOH in 0.10
mol L™ LiClO, aqueous solutions with 0.05 mol L™
SDS and monomer at the applied potentials of
0.80 V (a), 0.85 V (b), 0.90 V (c), 0.95 V (d), 1.00 V
(e), 1.05V (f)and 1.10 V (g)

Optimum of Experiment Condition

A set of current transients during electropolymerization of EDOT-MeOH in 0.10 mol L™ LiClO, aqueous
micellar solutions with 0.05 mol L™' SDS at different applied potentials (potentiostatic mode) on Pt electrode are
shown in Fig. 2. Once the applied potential reached the threshold value, all the electrosynthetic current densities
initially experienced a sharp decrease, and then kept constant as a result of uniform deposition of the polymer
film on the electrode surface.

The shape of curve also provided the information on the progress of polymerization. From Fig. 2, it could
also be seen that the current density at the plateau region increased with the applied potentials from 0.8 V to
0.9 V but decreased significantly at the potential above 0.9 V.

In accordance with literature! "), this might be ascribed to the overoxidation of PEDOT-MeOH at higher
potentials during the electropolymerization process. In the range of 0.80-0.90 V, the overoxidation of PEDOT-
MeOH is negligible and the electropolymerization rate mainly depended on applied potentials. So the increase of
applied potentials led to the increase of the plateau current. Simultaneously, the overoxidation of PEDOT-
MeOH coexisted with electropolymerization at applied potentials above 1.10 V. Under this condition, the
electropolymerization and the overoxidation of the deposited PEDOT take place simultaneously. The higher
applied potentials, the more serious was the overoxidation of PEDOT!"* 32 At higher potentials, the deposited
film was irreversibly damaged.
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Considering the overall factors affecting the quality of the formed film, such as moderate polymerization
rate, negligible overoxidation, regular morphology and good adherence against the working electrode, the
applied potentials are selected as 0.9 V for electropolymerization of EDOT-MeOH in aqueous micellar solutions
with 0.05 mol L™' SDS and 0.10 mol L™' LiCIOs.

Electrochemical Behavior

For insight into the electroactivity of the as-formed polymer film, the electrochemical behavior of the PEDOT-
MeOH-modified Pt electrode was determined carefully by cyclic voltammetry in a monomer-free H,O
containing 0.10 mol L™" LiCIO,. As shown in Fig. 3, the modified electrode represented steady-state and broad
redox peaks (both anodic and cathodic) in a monomer-free electrolyte, which could be due to the fact of slow
diffusion of the counterions inside the film, changes of the film capacitance and the presence of a wide
distribution of the polymer chain length resulting from coupling defects distributed statically. Peak current
densities were proportional to potential scanning rates (Fig. 3 inset), indicating that the redox process was non-
diffusional, and the electroactive polymer was well adhered to the working electrode surface. Furthermore, the
modified electrode could be cycled repeatedly between the conducting (oxidized) and insulating (neutral) states
without significant decomposition of materials, indicating high stability of the polymer. However, CVs showed
a pronounced hysteresis, i.e., a considerable difference between anodic and cathodic peak potentials. The peak
potential shift of conducting polymer CVs was hardly explained by conventional kinetic limitations such as the
ion diffusion or interfacial charge transfer processes. The main reasons accounting for this phenomenon were
usually as follows: slow heterogeneous electron transfer, effects of local rearrangements of polymer chains, slow
mutual transformations of various electronic species and the electronic charging of a sum of two interfacial
exchanges corresponding to the metal/polymer and polymer/solution interfaces, etc.
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Fig. 3 CVs of PEDOT-MeOH film in monomer-free in corresponding SDS concentration aqueous
micellar solution containing 0.10 mol L™ LiClO, at different potential scan rates at a constant
potential of —0.6 V to 0.6 V versus Ag/AgCl (The film was obtained by cyclic voltammetry.)

Inset: plots of redox peak current densities versus potential scan rates (j, is the peak current densities,
Jpa and j, . denote the anodic and cathodic peak current densities, respectively.)
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At the scan rate of 50 mV s™', the potential needed to oxidize or reduce the polymer film prepared from the
binary solvent system were from —0.02 V (anodic peak potential) to —0.28 V versus Ag/AgCl (cathodic peak
potential) in a monomer-free H,0-0.10 mol L™ LiClO, solution.

Electrochemical Impedance Spectroscopy

Nyquist plots of the PEDOT-MeOH modified Pt-electrode were recorded by EIS, and the Nyquist plots are
shown with the real part (Z.) on the X-axis and the imaginary part (Z,) on the Y-axis in Fig. 4. The shape of
these plots approximated 45° Warburg-like region and a vertical low frequency region. The low-frequency
region in Nyquist plots was related to the capacitance of film. The Z, of the impedance sharply increased and
the plots tended to a vertical line at low frequency region, indicating a capacitance behavior. In the high-
frequency region, a line inclined at approximately 45° in complex plane, indicating fast charge transfer at the
metal/polymer and polymer/solution interfaces, as well as fast charge transport in the polymer bulk. The high
frequency intersection with the Z,. axis depended strongly on the electrolyte concentration and was consequently
determined mainly by the solution resistance (R;). The parameters of EIS of PEDOT-MeOH in comparison with
those of PEDOT are presented in Fig. 4 inset, obviously, the good results indicated that the as-prepared PEDOT-
MeOH film had higher conductivity and capacitive properties.
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Fig. 4 Nyquist plots of (a) PEDOT-MeOH and (b) PEDOT modified Pt-electrode
The parameter of the corresponding EIS such as Z., Zi,, R, EIS capacitance (Cgjs) and the phase
angle (@) were obtained from Autolab Frequency Response Analyzer at the frequency of 0.1 Hz.

Structural Characterization

Infrared spectra can provide much structural information for polymers, especially for insoluble and infusible
polymers. A comparison of the evolution of the vibrational modes appearing in polymers and in some simpler
related molecules acting as references usually facilitates the interpretation of the experimental absorption
spectra. Figure 5 shows the IR spectra of EDOT-MeOH and PEDOT-MeOH films in both doped and dedoped
states.

As can be seen from the Fig. 5, the absorption bands in the spectra of the doped polymers were obviously
broadened in comparison with those of the monomer, similar to those of other conducting polymers previously
reported!® *'*). This instance was mainly due to the resulting product composed of oligomers/polymers with
wide chain dispersity. In more detail, the vibrational modes of the polymers with different polymerization
degrees showed different IR shifts. These peaks overlapped one another and produced broad bands with
hyperstructures. Furthermore, the chemical defects on the polymer chains resulting from the overoxidation of the
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polymer also contributed to the band broadening of IR spectra.

From Fig. 5, the band at 3112 cm ™' in the spectrum of EDOT-MeOH could be ascribed to the C—H
stretching vibration of the C(2), C(5) positions in thiophene ring, while it disappeared in the spectra of the
polymer, indicating the polymerization of EDOT-MeOH occurred at C(2), C(5) positions of the thiophene ring.

S
3
8
g
&
C
1 1 1 1 1
3000 2400 1800 1200 600

Wavenumber (cm ™)

Fig. 5 FT-IR spectra of EDOT-MeOH and PEDOT-MeOH film from aqueous media
at an applied potential of 0.95 V: (a) EDOT-MeOH, (b) the doped PEDOT-MeOH
and (c) the dedoped PEDOT-MeOH

UV-Vis and Fluorescence Spectra
The as-formed PEDOT-MeOH film could be thoroughly dissolved in DMSO and THF, and also show nice
solubility in other solvents such as water, acetonitrile and acetone, efc. Gel permeation chromatographic
measurements of the resulting polymer in THF demonstrated that the soluble PEDOT-MeOH showed a number-
average molar mass of about 3900, weight-average molar mass of 5400 and polydispersity indices of 1.37.
UV-Vis spectra of the monomer and resulting polymer dissolved in DMSO were examined, as shown in
Fig. 6. The monomer showed a characteristic absorption peak at 263 nm (spectrum a), while the spectra of the
doped and dedoped PEDOT-MeOH films showed a much broader absorption with their maximum at 500 nm
(spectrum b) and 498 nm (spectrum c), respectively. The doped PEDOT-MeOH showed another broad
absorption centered at around 690 nm, which could be attributable to the characteristics of the existence of
conductive species, such as polarons or bipolarons. The overall absorption of PEDOT-MeOH tailed off to more
than 670 nm (spectra b, c). Generally, the longer wavelength is the absorption, the higher conjugation length is
the polymer. These spectral results confirmed the occurrence of electrochemical polymerization among the
monomers and the formation of a conjugated polymer with broad molar mass distribution. Moreover, these were
also very similar to previously reported results!"* 225311 Furthermore, the optical band gap of PEDOT-MeOH
calculated from the onset of the absorption spectrum (about 670 nm) was roughly 1.85 eV (E, = 1241/ Anser)-

Fluorescence spectra of the monomer and polymers in both doped and dedoped states were determined in
DMSO, as shown in Fig. 7. It was observed that the emission peak for the monomer emerged at 356 nm whereas
the maximum emission at 558 and 568 nm characterized the spectra of doped and dedoped PEDOT-MeOH,
respectively. Very large red shifts between the monomer and the polymer (about 202 nm) could be clearly seen
from the Fig. 7, which was mainly attributable to the elongation of the polymer’ delocalized m-electron chain
sequence. Moreover, the wider emission spectrum of the oligomer could be attributable to the wide molar mass
distribution of PEDOT-MeOH. Taking all these aspects together, PEDOT-MeOH was typically a yellow-green-
light-emitting polymer.
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Fig. 6 UV-Vis spectra of the monomer and Fig. 7 Fluorescence spectra of the monomer and
polymer dissolved in DMSO: (a) EDOT-MeOH, polymer dissolved in DMSO: (a) EDOT-MeOH,
(b) the doped PEDOT-MeOH and (c) the (b) the doped PEDOT-MeOH and (c) the dedoped
dedoped PEDOT-MeOH PEDOT-MeOH

Morphology

The properties of conducting polymers are strongly dependent upon their morphology and structure. Therefore,
the surface morphology was visualized by SEM. The Fig. 8 shows that PEDOT-MeOH film prepared from
aqueous micellar solution grows regularly and uniformly during the electrosynthesis, presenting a dense,
compact and homogeneous structure. From Fig. 8, we could see important morphology of PEDOT-MeOH film
resembling ordered arrangements of the granules. The growth of the nuclei was in the form of clusters. Further,
this morphology facilitated the movement of doping anions in and out of the polymer film during doping and
dedoping processes, in well accordance with the good redox activity of PEDOT-MeOH film in the monomer-
free electrolyte.

Fig. 8 SEM images of PEDOT-MeOH film deposited electrochemically on ITO electrode for 40 s:
(a) the doped PEDOT-MeOH and (b) the dedoped PEDOT-MeOH

Biocompatibility

Figure 9 shows current densities of the as-fabricated biosensor based on PEDOT-MeOH and PEDOT films for
the bioelectrocatalytic oxidation of VC. Current densities obviously increased in PBS containing VC, suggesting
that the as-fabricated biosensor possessed a good bioelectrocatalytic performance for the oxidation of VC. As
can be seen from Fig. 9, the increase of current densities of the biosensor based on PEDOT-MeOH film was
higher than that based on PEDOT film, indicating that the biosensor based on PEDOT-MeOH film had higher
bioactivity to biologically-active species, which implied that the as-formed PEDOT-MeOH film had better

biocompatibility, which was consistent with previous reports''* ' %],
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Fig. 9 Current densities of the fabricated biosensor for the bioelectrocatalytic oxidation of
VC: (a) without VC, (b) PEDOT-MeOH film and (c¢) PEDOT film

Biosensing Application

PEDOT-MeOH film as the immobilization matrix of biologically-active species was employed for the design
and fabrication of the amperometric biosensor, and AO was selected as a model enzyme. The fabricated
biosensor based on the PEDOT-MeOH film was empolyed for the detection of VC. The concentration of O, was
kept constant by air-saturating buffer solutions because O, is a co-substrate of AO catalytic reaction. The linear
range of /-[VC] was defined at lower concentrations.

Figure 10 shows the constant potential amperometric response of VC at 0.2 V versus Ag/AgCl in oxygen
saturated PBS under stable stirring condition at room temperature. Results indicated that this biosensor exhibited
an excellent current response for VC with short response time (within 10 s). The good linear relationship was
observed between [VC] and the constant potential amperometric response in the concentration range of
3 umol/L to 12 mmol/L (y = 0.0956x + 0.0143, r = 0.9985). The sensitivity (from the slope of the linear part in
Fig. 9 inset) was 95.6 pA (mmol/L)"' cm™. And detection limit of fabricated biosensor is 1 pmol/L, which
indicated that the as-fabricated biosensor had excellent performance for the bioelectrocatalytic oxidation of VC.
Oxidation peak densities displayed a gradual deviation from linearity when [VC] was higher than 12 mmol/L,
possibly because the insufficient amounts of dissolved O, due to the consumption of dissolved O, in
surrounding enzyme.

The response current of the proposed biosensor gradually deviated from the linear feature as the [VC] up to
12 mmol/L, showing a characteristic of the Michaelis-Menten kinetic mechanism (Fig. 10 inset). The apparent
Michaelis-Menten constant (K,,), which depicted the enzyme-substrate kinetics of biosensor, could be calculated
from the Lineweaver-Burk equation®® *”!. Values of the apparent Michaelis-Menten constant and maximum
current densites were calculated as 5.18 mmol/L and 1.7 mA cm™, respectively (Fig. 10, inset). The apparent
Michaelis-Menten constant was obviously lower in comparison with that in our previous reports. Lower values
of apparent Michaelis-Menten constant indicated that PEDOT-MeOH film had higher bioaffinity. In addition,
the repeatability of the biosensor in terms of repetitive use in PBS containing 0.5 mmol/L VC is presented in
Fig. 11. The relative standard deviation was 0.43% for 20 successive assays, showing a fairly good repeatability
of the proposed biosensor. The storage stability of the biosensor was also assessed, 93.5% of bioactivity still
remained after 15 days (Fig. 12), indicating the proposed biosensor had high stability. Therefore, all results
implied that the prepared conducting PEDOT-MeOH film was a good biosensing material.
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CONCLUSIONS

The EDOT-MeOH monomer was synthesized by a simple four-step sequence and its global yield was
approximately 41.06%. The new and efficient synthetic route significantly raised the overall yield of EDOT-
MeOH, the synthesized monomer had higher water-solubility and lower onset oxidation potential than EDOT.
Moreover, the electrosynthesized PEDOT-MeOH film also showed good electrochemical activity and stability in
a monomer-free electrolyte, pronounced solubility in strong polar organic solvents, high electrical conductivity,
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good capacitance properties, good fluorescence properties and good biocompatibility. The excellent properties
indicate PEDOT-MeOH will benefit the application in sensing and biosensing devices, polymer photovoltaic
devices, bioprobes and capacitors. In addition, PEDOT-MeOH as a conducting polymer substituted with the
— OH functional group can immobilize biologically-active species such as organism, tissue, cell and
biologically-active molecules through covalent binding. The solubility of monomer and films created a potential
application in many fields. Additional work is underway on the application of EDOT-MeOH.
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