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Abstract: Poly (3-hexylthiohene) films have been prepared by galvanostatic technique on platinum
surface. The structure and surface morphology of the film was characterized by cyclic voltammetry
(CV), FTIR and SEM imaging. Cyclic voltamogram of poly (3-HTh) film showed only one reduction
peak at potential 0.82 V. Cyclic voltammogram of the poly (3-HTh) film when recorded in fluoride ion
solution showed two redox pair at E;, = 0.048 V (A/A’) and E ;= 0.074 V (B/B’). The former peak
may be attributed to [BF4]/[BF4]* redox couple and later peak to the presence of loosely bound fluoro-
borate anions in the polymeric film respectively. Diffusion controlled process may be the possible
reaction mechanism. The diffusion coefficient (D) and rate of reaction (R) for the reaction (B/B’) are
calculated as 9.29 x 107 cm® s™ and 5.61 x 10® mol s respectively. Poly (3-HTh) films showed
detection limit as low as 2.5 mM. Copyright © 2012 IFSA.
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1. Introduction

According to WHO [1] fluoride ion (F") concentration less than 1.5 mgL" in drinking water is
beneficial to health and concentration above this limit causes serious health hazards especially dental,
skeletal and non-skeletal fluorosis [2]. McCollum and coworkers in 1925 [3] reported that teeth
structure has direct linkage with the quantity of fluoride in drinking water. Available literature also
shows a close correlation between fluoride exposure and chromosome damage in humans [4-5].
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Natural sources of fluoride compounds in environment are leaching process of ores containing
fluoride, emission from coal power plants in the form of gases, and from various industrial processes
producing fluoride as industrial waste. According to the report of Nawalakhe and Paramasivam, [6]
several states of India are affected by fluoride contamination in water.

Though, there are several methods available for the estimation of fluoride viz., titrimetry [7],
spectrophotometric [8], gas chromatograph [9], ion selective electrodes [10], etc. H. Miyaji et al. have
described the detection of fluoride along with other halogen family members by addition of specific
reagents [11]. These ion specific electrodes can be used for detection of low concentration of fluoride
ion but the electrodes get poisoned for higher concentration detection. Moreover, these methods suffer
many limitations like high cost, limited shelf life, time consuming, labor intensive, and operator
specific.

The present work is an attempt to demonstrate for the first time determination of aqueous solutions of
specific ion (Fluoride) in mM concentration with-out the addition of any supporting electrolyte using
poly-hexylthiophene as sensing material. Regioregular poly (3-alkylthiophene)s are very promising
among the conductive polymers due to their high electrical conductivity and their large number of
possible chemical variants. Also, poly (3-alkylthiophene)s possess environmental stability, low
oxidation potential and low band gap. Presence of long alkane chains to a thiophene ring leads to the
improvement in properties like solubility, and possibility [12]. These chains also lead to increased
electro activity of the polymer and thereby enabling the use of such conducting polymer for detection
of different ions [13]. In last decade, poly (3-hexylthiophene) has found immense applications in solar
cells, biosensors, device fabrication, etc, [14-17]. Li et al., [18] used multiple regioregular
polythiophene polymers as active sensing layers in a single chip chemresistor sensor array device. A
custom inkjet system was used to selectively deposit the polymers onto the array of transduction
electrodes. The sensor demonstrated sensitivity and selectivity for detection and discrimination of
volatile organic compounds (VOCs). Pandey et al. [19] used poly(3-cyclohexylthiophene) for
developing solid state pH sensor for application in urea biosensor.

Electrochemical sensing (ES) techniques are playing a growing part in various fields in which an
accurate, low cost, fast and online measuring system is required. Electrochemical sensors have
improved the performance of the conventional analytical tools, have eliminated slow preparation and
the use of expensive reagents, and have provided low cost analytical tools. Beside the relatively low
cost compared with optical instrumentation, advantages such as the possibility of miniaturization as
well as in-field applications make ES devices very attractive in several fields such as environmental
monitoring, food quality control and clinical analysis.

Keeping in view the advantages of electrochemical sensing, we have attempted determination of
fluoride ion electrochemically using polyhexylthiophene films as sensing material. Polyhexylthiophene
films were electropolymerized using galvanostatic mode. To the best of our knowledge,
polyhexylthiophene has not yet been used for fluoride ion detection employing voltammetric
technique.

2. Experimental
2.1. Reagents

All chemical were used as received, without any further purification: 3-hexylthiophene (3-HTh)
(Spectrochem Pvt. Ltd), Tetrabutylammonium-tetrafluoroborate (TBATB), and potassium fluoride
(Loba chemie). Doubly distilled water obtained from Elga PureLab ultra water purification system was
used in all the experiments.
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2.2. Instrument

The electrochemical studies were carried out using Solartron 1285 PSTAT/GSTAT in an electrolytic
cell having single compartment with three electrodes: reference (saturated calomel electrode, SCE),
counter (platinum foil, 25 mm?) and working (platinum disc electrode of 2 mm diameter, from CH
instruments, Inc.) electrode. Fourier Transform Infra-Red (FTIR) analysis was performed on Perkin
Elmer Spectrum RX/FTIR system. JEOL JSM 6100 was used for SEM studies.

2.3. Preparation of Modified Electrode

Before deposition, the platinum working electrode was activated by polishing with fine grade aqueous
alumina slurry (grain size 1, 0.3 and 0.05 pm in a sequence) on a polishing cloth and then rinsed
thoroughly with double distilled water. Poly (3-hexylthiophene) film was deposited to platinum disc
electrode of diameter 0.2 cm by galvanostatic technique at a current density of 5 mA cm™. The
electrolyte solution consisted of 0.1 M 3-HTh monomer and 0.1 M TBATB as a supporting electrolyte
and nitrobenzene (10 ml) as solvent. All electrochemical studies were carried out at 25 + 1 °C
temperature. Once prepared, poly (3-HTh)/Pt electrode was taken out from the solution and washed
thoroughly with nitrobenzene to remove monomer (if present). This modified electrode was used as a
working electrode in cyclic voltammetry experiments to study the redox behaviour of the film in KF
solution in the potential range from -1.2 to 1.2 V at (10-50) mVs™ scan rate. A fresh electrode was
employed every time for study as movements of ions into and out of the film may alter the
composition of modified electrode. For FTIR and SEM imaging, the poly (3-HTh) film was
electrochemically deposited on an indium tin oxide (ITO)-coated glass electrode under similar
conditions.

3. Results and Discussion
3.1. Electrochemical Polymerization of pt/poly (3-HTh)

The electrochemical formation of conducting polymers is a unique process. Although it represents
some similarities with the electrodeposition of metals since it proceeds via a nucleation followed by
phase growth mechanism [20-21], the major difference lies in the fact that the charged species
precursors of the deposited materials must be initially produced by oxidation of the neutral monomer
at anode surface. The consequence of this is that various electrochemical and chemical follow-up
reactions are possible [22]. Polymerization has been carried out at different applied currents from 1 to
10 mA. Polymerization is achieved at a very fast rate i.e. within 10 s for 10 mA applied current. It has
been further observed that at 5 mA applied current, potential increased with time up to 35 s thereafter
reaches a constant value of 2.4 V. The polymerization is actually achieved within 35 s but the run is
continued for 60 s in order to ensure that maximum possible polymerization could take place. At this
point of polymerization, platinum disc electrode is fully covered with the polymeric film and hence no
further change in potential is observed. Slow rate of polymerization ensures formation of compact and
uniform film, thus in the present study we have used polymer films prepared at applied current of
SmA. However, at current value below 5SmA (1-4 mA), polymerization was very slow but films
obtained were not uniform. The surface coverage (7) of poly (3-HTh) film deposited was estimated to
be 4.13 x 10” mol cm™ using eq. (1) based on Faraday’s first law:

T =0/mFA (1)

where, Q is the charge passed; n is the stoichiometric number of electrons consumed, 4 is the electrode
area and F'is Faraday’s constant.
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3.2. FTIR study of poly (3-HTh)

The infrared spectrum of poly (3-HTh) is shown in Fig. 1. In the 2800-3100 cm™ region, carbon-
hydrogen stretching fundamental modes are expected in the infrared spectra. The band observed at
2961 cm is assigned to methylene groups in the hexyl chain. At 1473 cm™, CH; and CH, bending are
observed. Bands observed at 637 and 1339 cm™ are assigned to hexyl group.
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Fig. 1. FTIR spectrum of Pt/poly (3-HTh).

The strong intensity of the 786 cm™' band which is characteristic of 2,5-disubstituted thiophene rings
indicates that the electrochemical coupling of thiophene ring occurs preferentially at 2,5 positions [23].
Table 1 describes all the absorption peaks observed in the FTIR spectrum.

Table 1. Observed peaks in FTIR spectrum of poly(3HTh).

Types of vibration Peak frequencies (cm™) | Approximate description of vibrations
2961 C-H stretching, anti-symmetric
Alkyl modes (hexyl group) 2364 C-H stretching, symmetric
1653 C=C stretching, anti-symmetric
1517 stretching of C=C outside of phase
Ring skeleton in plane 1473 asymmetric (CH3), CH, scissor
(thiophene ring) 1339 C-H bending in plane

Deformation band of C—H in-plane of
thiophene, Doping of polymer

C-S-C deformation (2,5-disubstituted
thiophene ring)

670,637 S-C stretching

1197, 1083, 1036

Ring out of plane 786
deformation

88



Sensors & Transducers Journal, Vol. 137, Issue 2, February 2012, pp. 85-94

3.3. Scanning Electron Microscopy (SEM)

The SEM micrograph (Fig. 2) of poly (3-HTh) film showed porous morphology with pores of size
~1.5um. Porosity of film enhances the interaction at the interface and facilitates unobstructed

movement of fluoroborate ions at the surface.

Fig. 2. SEM image of electrochemically polymerized poly (3-HTh).

3.4. Electrochemical Studies of Poly (3-HTh)

3.4.1. Cyclic Voltammogram Studies

CV study of bare platinum and pt/poly (3-HTh) was carried out in a solution containing supporting
electrolyte, TBATB (0.1 M) in nitrobenzene (Fig. 3).
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Fig. 3. Cyclic voltammogram of (a) bare platinum and (b) Pt/poly (3-HTh)
in nitrobenzene containing 0.1 M TBATB.
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The appearance of the oxidation peak at E = -0.75 V can be attributed to the process of oxygen
reduction at bare platinum electrode [24-25]. The CV spectrum for pt/poly (3-HTh) in the same
solution gave a single reduction peak at potential value of 0.82 V which can be endorsed to the
reduction of polymer film in presence of TBATB. Also, the complete disappearance of peak at
E =-0.75 V indicates that the platinum disc is completely covered with the polymer film.

3.4.2. Cyclic Voltammetry behavior of pt/poly (3-HTh) Electrode in KF Solution

Pt/poly (3-HTh) electrodes have been explored for application in fluoride estimation using cyclic
voltammetry. The cyclic voltammogram of Pt/poly (3-HTh) was recorded in KF solution and deionised
water within the potential range -1.2 to +1.2 V Vs Standard Calomel Electrode (Fig. 4) at scan rate of
50 mV/s. For KF solution, no additional supporting electrolyte was added during cyclic voltammetry
as it is a strong electrolyte and ensures high ionic strength [26].
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Fig. 4. CV spectra of Pt/poly (3-HTh) recorded in (a) KF solution, (b) in deionized water.

The spectrum shows two distinct redox pair at E;» = 0.048 (A/A’) and E;»= 0.074 V (B/B’), which
suggests the existence of two types of redox reactions. It can be hypothesized from the observations
that B/B’ redox pair appears due to loosely held electrons which are prone to easy removal from the
polymer matrix (Fig. 5a). Thus B/B’ redox pair may be attributed to the oxidation reduction of the
polymer film due to the movement of dopant ion in the presence of strong electrolyte solution of KF.
The appearance of A/A’ redox pair might be due to the occurrence of [BF4]/[BF4] in the electrolyte
solution (Fig. 5b). The oxidation process (or doping) of the polymer (from -1.2 to 1.2 V) corresponds
to the transfer of dopant ions (fluoro-borate ion) from polymer surface to electrolyte solution,
producing holes. Meanwhile, anions (fluoride ions) diffuse into the polymer and form anion-hole pairs
to maintain electro-neutrality. In reverse sweep (reduction or de-doping), the anions (F") are expulsed
towards the electrolyte accompanied by a reorganization process of the polymer chains.
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Fig. 5. Stepwise presentation of possible reduction-oxidation of film at the interface
of film surface and solution (a, b)

Anodic to cathodic peak separation (formal potential, AE = E,, = E,) at pt/(3-HTh) electrode for the
redox pair A/A’ and B/B’ are 116 and 94 mV respectively. The redox processes A/A’ and B/B’ are
quasi-reversible as AE > 59 mV however, the process B/B’ appears to be more reversible. As
calculated from the expression, n=0.059/AE, it has been observed that approximately 0.3 (A/A’) and
0.6 (B/B’) electron transfer process is occurring. The ratio of oxidation to reduction peak currents
(Ipa/Ipc) for B/B’ redox pair is 1.15 which indicates reasonably fast electron transfer kinetics at all scan
rates investigated. The (Ipa/Ipc) is 0.5 for A/A’ which indicates that [BF4]/[BE4]* redox couple (Fig.
5b) is a comparatively slow reaction. The rate of the reaction (R) has been calculated to be 1.45 x 107
and 5.61 x 10 mol s™' respectively for the reactions A/A” and B/B’ using equation 2.

R (mol s™) =i /(nFA) )

where, n is the stoichiometric number of electrons consumed, 4 is the electrode area and i is the
current and F is Faraday’s constant.

3.4.2. Study as a Function of Fluoride lon Concentration

CV of pt/poly (3-HTh) has also been recorded as a function of KF concentration and scan rate. As a
function of KF concentration (0.0025-0.1 M), anodic peak current increased with no shift in peak
position i.e. I, 1s directly proportional to KF concentration (Fig. 6).

Fig. 6B shows the amperometric response of KF concentration as a function of anodic peak current
density (i). A linear plot with correlation coefficient (R* = 0.986) illustrates satisfactory results for the
determination of fluoride ion concentration in the studied range. As manifested by the plot, the
sensitivity of the reaction is ~18.5 x 10 Acm™M. It has been further observed that with an increase of
95 % in concentration there is 67% increase in current density value.

3.4.3. Study as a Function of Scan Rate
At the same time, current variation was also studied as a function of scan rate in 0.05 M KF solution.

There is a substantial increase in the peak current density (Ip,) at B with square root of scan rate ("%
(Fig. 7), thus showing a quasi-reversible reaction taking place.
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Fig. 6. A) CV of Pt/poly (3-HTh) as a function of KF concentrations (a) 0.1 M, (b) 0.05 M, (c) 0.025M,
(d) 0.01 M (e) 0.005 M (f) 0.0025 M; B) Amperometric response of Pt/poly (3-HTh) electrode
as a function of KF concentration.
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Fig. 7. Plot of oxidation peak current density (I,,) Vs square root of scan rate (S).

Linear equation of plot indicates the dominance of diffusion controlled process with correlation co-
efficient (R?) of 0.991. Diffusion coefficient as calculated from the plot between charge (Q) and square
root of scan rate (VS) comes out to be 9.29 x 10~ cm? s, A further study is underway regarding ways
of improving detection limit and the possible application of the sensor in the detection of fluoride ion
in water.

4. Conclusion

Poly (3-hexylthiophene) film has been successfully synthesized on platinum surface using
galvanostatic technique at a current rate of 5 mA/cm®. Cyclic voltammograms of the resulting polymer
film indicates the presence of quasi-reversible redox pair. The film prepared has been characterized by
FTIR, SEM study and electrochemical analysis. The high electroactivity of poly (3-HTh) film due to
porous morphology and free ions on the surface of the film enables it to act as a potential polymeric
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material for sensor application. The cyclic voltammetry study of the film in potassium fluoride
solution shows two distinct redox pairs. A possible stepwise mechanism has been proposed for the
movement of ions and electrons at the interface of film and electrolyte solution. The lower detection
limit of the film for potassium fluoride has been obtained to be 2.5 mM.

Acknowledgement

The authors are grateful to Prof. Paramjit Singh, Chairman, Department Of Chemistry, Panjab
University, Chandigarh and Dr. Pawan Kapur, CSIO, Chandigarh for their support and encouragement
for carrying out the research work.

References

[1]. WHO Guidelines for Drinking Water Quality, 2™ edition, Geneva, 1996.

[2]. M. K. Beg, S. K. Srivastav, E. J. M. Carranza and J. B. de Smeth. High fluoride incidence in groundwater
and its potential health effects in parts of Raigarh District, Chhattisgarh, India, Curr. Sci., Vol. 100, Issue 5,
2011, pp. 750-754.

[3]. E. V. McCollum, N. Simminds, E. Becker, R. W. Bunting. The Effect of Additions of Fluorine to the Diet
of the Rat on the Quality of the Teeth, J. Biol. Chem., Vol. 63, 1925, pp. 553-562.

[4]. O. Barbier, L. Arreola-Mendoza, L. M. Del Razo, Molecular mechanisms of fluoride toxicity, Chem. Biol.
Interact., Vol. 188, Issue 2, 2010, pp. 319-333.

[5]. D. Q. Wu, Y. Wu. Micronucleus and Sister Chromatid Exchange Frequency in Endemic Fluorosis,
Fluoride, Vol. 28, Issue 3, 1995, pp. 125-127.

[6]. W. G. Nawlakhe, R. Paramasvam. Defluoridation of potable water by Nalgonda technique, Curr. Sci.,
Vol. 65, Issue 10, 1993, pp. 743-748.

[7]. J. S. Jacobson, L. H. Weinstein. Sampling and Analysis of Fluoride: Methods for Ambient Air, Plant and
Animal Tissues, Water, Soil and Foods, J. Occ. Med., Vol. 19, Issue 1, 1977, pp. 79-87.

[8]. V. Pothapragada. Sodium biphenyl method for determination of covalently bound fluorine in organic
compounds and biological materials, Anal. Chem., Vol. 54, Issue 7, 1982, pp. 1132-1137.

[9]. S. Kage, K. Kudo, N. Nishida, H. Ikeda, N. Yoshioka, N. Ikeda, Determination of fluoride in human whole
blood and urine by gas chromatography-mass spectrometry, Forensic Toxicol., Vol. 26, Issue 1, 2008,
pp- 23-26.

[10].N. Yamazoe, J. Hisamoto, N. Miura, S. Kuwata. Potentiometric solid-state oxygen sensor using lanthanum
fluoride operative at room temperature, Sensor. Actuator., Vol. 12, Issue 4, 1987, pp. 415- 423.

[11].H. Miyaji, J. L. Sessler. Off-the-Shelf Colorimetric Anion Sensors, Angew. Chem. Int. Edit., Vol. 40,
Issue 1, 2001, pp. 154-157.

[12].H. Tachibana, N. Hosaka, Y. Tokura, Hysteretic Thermochromism of Regioregular Poly(3-alkylthiophene)
Thin Films, Macromolecules, 2001, 34, pp. 1823-1827.

[13].M. Al-Ibrahim, H. K. Roth, U. Zhokhavets, G. Gobsch, S. Sensfuss, Flexible large area polymer solar cells
basedon poly(3-hexylthiophene)/fullerene, Sol. Energ. Mat. Sol. C., 2005, 85, pp. 13-20.

[14].S. K. Arya, P. R. Solanki, S. P. Singh, K. Kaneto, M. K. Pandey, M. Datta, B. D. Malhotra,
Poly-(3-hexylthiophene) self-assembled monolayer based cholesterol biosensor using surface plasmon
resonance technique, Biosens. Bioelectron., Vol. 22, 2007, pp. 2516-2524.

[15].T. Zeng, H. Lo, C. Chang, Y. Lin, C. Chen, W. Su. Hybrid poly (3-hexylthiophene)/titanium dioxide
nanorods material for solar cell applications, Sol. Energ. Mat. Sol. C., Vol. 93, Issue 6-7, 2009,
pp. 952-957.

[16].H. Sirringhaus, N. Tessler, R. H. Friend. Integrated Optoelectronic Devices Based on Conjugated
Polymers, Science, Vol., 280, No. 5370, 1998, pp. 1741-1744.

[17].S. Singh, S. P. Kumar, D. V. S. Jain, M. L. Singla. Catechol Biosensor Based on Gold Nanoparticle
Modified Tetrabutylammoniumtetrafluoroborate Doped Polythiophene Films, Sensors & Transducers,
Vol. 122, Issue 11, 2010, pp. 85-101.

[18].B. Li, S. Santhanama, L. Schultz, M. Jeffries-EL, M. C. lovu, G. Sauve, J. Cooper, R. Zhang, J. C. Revelli,
A. G. Kusne, J. L. Snyder, T. Kowalewski, L. E. Weiss, R. D. McCullough, G. K. Fedder, D. N. Lambeth.

93



Sensors & Transducers Journal, Vol. 137, Issue 2, February 2012, pp. 85-94

Inkjet printed chemical sensor array based on polythiophene conductive polymer, Sensor. Actuator. B,
Vol. 123, Issue 2, 2007, pp. 651-660.

[19].P. C. Pandey, S. Upadhyay, G. Singh, R. Praksah, R. C. Srivastava, P. K. Seth. A new Solid-state pH
sensor and its application in the construction of all solid-state urea biosensor, Electroanal., Vol. 12, Issue 7,
2000, pp. 518-521.

[20].B. Hwang, R. Santhanam, Y. Lin, Evaluation of Structure. Nucleation and Growth Mechanism of
Electropolymerized Polypyrrole on Highly Oriented Pyrolytic Graphite Electrode, Electroanal., 2003, 15,
pp- 115-120.

[21].A. R. Hillman, E. F. Mallen. Nucleation and growth of polythiophene films on gold electrodes,
J. Electroanal. Chem,. Vol. 220, Issue 2, 1987, pp. 351-367.

[22].S. Geetha, D. C. Trivedi. A new route to synthesize high degree polythiophene in a room temperature melt
medium, Synthetic Met., Vol. 155, Issue 1, 2005, pp. 232-239.

[23].M. E. Nicho, H. Hu, C. Lopez-Mata, J. Escalante, Synthesis of derivatives of polythiophene and their
application in an electrochromic device, Sol. Energ. Mat. Sol. C., Vol. 82, Issue 1-2, 2004, pp. 105-118.
[24].Y. Gu, C. C. Chen, Eliminating the Interference of Oxygen for Sensing Hydrogen Peroxide with the

Polyaniline Modified Electrode, Sensors, Vol. 8, Issue 12, 2008, pp. 8237- 8247.

[25].P. Karam, L. I. Halaoui, Sensing of H,O, at Low Surface Density Assemblies of Pt Nanoparticles in
Polyelectrolyte, Anal. Chem., Vol. 80, 2008, pp. 5441-5448.

[26].S. Awasthi, A. Srivastava, M. L. Singla, Electrochemical synthesis of novel conducting polymer
composite: Polypyrrole—pentacyanonitrosylferrate, Synthetic Met., Vol. 160, Issue 13-14, 2010,
pp- 1401-1404.

2012 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved.
(http://www.sensorsportal.com)

Fast Universal Frequency-to-Digital Converter
Speed and Performance

* 16 measuring modes

=2 channels

» Programmable accuracy up to 0.001 %
-Frequency range: 1 Hz ...7.5 (120) MHz
* Conversion time: 6.25 ps ... 6.25 ms
+RS-232, SPI and I2C interfaces

» Operating temperature range -40 “E':w—.—/ "

www.sensorsportal.com info@sensorsportal.com SWP, Inc., Toronto, Canada

94


http://www.sensorsportal.com/HTML/E-SHOP/PRODUCTS_4/UFDC_1.htm



