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Abstract:



A polyaniline-based conducting composite was prepared by oxidative polymerisation of aniline in a polyvinylchloride (PVC) matrix. The coherent free standing thin films of the composite were prepared by a solution casting method. The polyvinyl chloride-polyaniline composites exposed to 120 MeV ions of silicon with total ion fluence ranging from 1011 to 1013 ions/cm2, were observed to be more sensitive towards ammonia gas than the unirradiated composite. The response time of the irradiated composites was observed to be comparably shorter. We report for the first time the application of swift heavy ion modified insulating polymer conducting polymer (IPCP) composites for sensing of ammonia gas.
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Introduction


Conducting polymers have attracted considerable interest due to their various applications in organic light-emitting diodes (OLEDs) [1], lithography [2], electrode material [3], electromagnetic shielding [4] and sensing [5-6]. Sensors made from conducting polymers as varied as polypyrrole, polyhexylthiophene, polymethylthiophene, polyethylene and polyaniline have been investigated [7-12] to study their potential application in detecting gases, like nitrogen dioxide, carbon monoxide, ammonia, and hydrogen besides moisture and a number of organic volatile compounds. The conducting polymer polyaniline is known for its ease in synthesis and environmental stability. Its redox behaviour (doped/dedoped) makes it a potential candidate for chemical sensing. However, its poor solubility and processability limits its applications. To overcome these problems various attempts have been made to blend polyaniline with insulating polymers that have good mechanical strength [6]. The composites of polyaniline have been prepared successfully by chemical [13] and electrochemical [14] polymerisations in presence of the insulating matrix.



The modification of polymeric material by irradiation with swift heavy ions [15-16] has gained considerable interest in the last two decades due to easy access to heavy ion accelerators. Studies pertaining to the study of the effect of gamma and electron irradiation [17] and swift heavy ions [18] on the electrical properties of polyvinyl chloride-polyaniline (PVC-PANI) blends have been reported in literature. On irradiation with swift heavy ions, a dramatic change in the electrical properties of polyaniline composites was observed [18]. Swift heavy ion irradiated polyvinylchloride-polyethylenterephthalate (PVC-PET) composites have been tested for hydrogen gas sensitivity [19]. In the present study, we report the method for the preparation of polyvinylchloride-polyaniline composite free standing films and the effect of swift heavy ions on the sensing behaviour of the composite films.




Experimental


Materials


Aniline, ammonium per-oxodisulphate (APS), tetrahydrofuran (THF), and ammonia solution were of analytical grade from E. Merck. Aniline was distilled under reduced pressure in presence of zinc dust prior to use. The PVC powder, with an average degree of polymerization of 1800 to 2500, was procured from Aldrich. All other chemicals were used as received.




Polymerization of aniline in presence of PVC powder


Freshly distilled aniline was oxidized with APS in the presence of PVC powder in hydrochloric acid medium. Aniline monomer dissolved in HCl (1 M) was stirred and brought to the desired temperature (-5 to 5 °C). PVC powder was dispersed in the aniline hydrochloride solution and kept stirring for 1 hr. APS solution in hydrochloric acid (1 M), maintained at the same temperature, was added drop wise to start polymerization. During the polymerization the solution was kept in a salt ice bath to maintain the temperature in the desired range. After a few minutes PVC particles turned from white to green and then dark green.



The reaction completed within a period of 4 hrs and the product was collected on Buchner funnel. The collected product was washed with deionized water and alcohol until the filtrate turned colorless. The product was dried in a vacuum desiccator. The weight ratio of PVC to aniline was kept 90.




Preparation of PANI-PVC films


The composite powder was washed with ammonia solution 5% (v/v) and doped by stirring with camphor sulphonic acid (CSA) solution for 12 hrs. The CSA doped conductive composite powder was soluble in freshly dried THF (14). Conductive composite (1 g) was dissolved in dry THF (40 mL) and stirred in a graduated beaker until 20 mL of the volume of solution was reduced. The viscous solution was poured in a petriplate (diameter 100 mm) and kept under ambient temperature. The solvent evaporated after 24 hrs and a thin film (40 μm) was peeled out from petriplate.




Irradiation


The films were exposed to 120 MeV silicon ions in the material science facility of the 15 UD pelletron at the Nuclear Science Centre, New Delhi. The irradiation of the films was carried out at room temperature and under vacuum (10-6 Torr) for time periods ranging from 120 to 1200 seconds. The thickness of the film (40 μm) is less than the ion projected range so as to avoid any complexity due to ion implantation. The ion projected range in PVC-PANI (90:10) for 120 MeV Si ions was calculated as 50.8 μm using the SRIM 2003 [20]. The total numbers of ions falling on the target were estimated to be in the range of 1011 to 1013 ions/cm2 depending on the ion current and the time of bombardment. The ion beam was defocused using magnetic scanning system, so that an area of 1×1 cm2 was uniformly irradiated. The beam current was kept low and was monitored intermittently with a Faraday cup.




Electrode preparation and gas sensing


The surface-free electrode is essential for measuring the chemical sensitivity of conducting polymer composites for their application within sensors. Both pristine and irradiated films were coated with Al using vacuum deposition method (Fig. 1a). To these films two leads of copper wire were attached with silver paste. The wires were connected to a digital electrometer (Keithley 2000). These electrodes were fixed in a home-made closed pyrex glass gas chamber (Fig. 1b) and exposed to the vapours of ammonia with different concentrations (v/v). The sensitivity factor was monitored in terms of the normalized resistance (R/Ro), where R is the measured resistance after exposure to ammonia vapours and Ro is the initial resistance.


Figure 1. Schematic diagram of (a) electrode and (b) experimental setup used for sensitivity measurements.
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Results and discussion


Spectroscopic investigations


Figure 2 shows the Fourier-transformed infrared (FT-IR) spectra of pure PVC and the PVC-Polyaniline composite. A comparison of Figures 2a and 2b shows the appearance of new peaks at 3440, 1596 and 1504 cm-1 due to the stretching vibration of N-H, quinoid ring and benzenoid rings, respectively [21]. This indicates the formation of a PVC-PANI composite. The intensity of the stretching bands of pure PVC were found to decrease in the composite. The decrease in the intensity of PVC bands was due to the decrease in the PVC contents as a result of the interaction of PVC contents with the nucleophilic imine part of polyaniline.


Figure 2. FT-IR spectra of (a) pure PVC and (b) PVC-Polyaniline composite.
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Sensing activity


Polyaniline is a unique polymer and shows a reversible acid/base doping process. In the acid doped or emeraldine salt (ES) form, polyaniline is conductive, while in the emeraldine base (EB) or dedoped form, this polymer is insulating. The emeraldine salt on treatment with base (ammonia vapors) can be converted to emeraldine base, which on reaction with acid (HCl vapors) gets reconverted to emerladine salt. Thus, two forms are interconvertable as shown:
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The detection sensitivity of the sensors was determined by studying the surface resistance as a function of the concentration of ammonia gas under similar ambient condition. The surface resistance of the films both pristine and the irradiated was plotted as a function of the concentration of ammonia gas in percent volume in Figure 3.


Figure 3. Plot of surface resistance as a function of ammonia gas concentration at different ion fluence.
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It is clearly observed from Figure 3 that the surface resistance of the films decreases with increasing ion fluence at any given concentration of ammonia and is reduced by nearly two orders of magnitude (106 ohm to 104 ohm) due to ion irradiation. It is further observed that the resistance of the irradiated samples exposed to different concentration of ammonia gas increased slightly more steeply than that of the pristine sample. The electrical response of the composite films exposed to ammonia is shown in Figure 4 in terms of the normalized resistance as a function of time for the pristine film and the films irradiated with total ion fluence of 1.0 × 1012 and 1.0 × 1013 ions/cm2, respectively. The study on the temporal behaviour of normalized resistance indicates that the irradiated composite films have a slightly quicker response than that of pristine. It could be perhaps due to the irradiation-induced porosity in the composite films, which results in faster adsorption of ammonia vapours. As ammonia vapours interact with the electrophilic site of the polymer, it captures the protons followed by the chloride ions from iminonitrogen to form uncharged polymer (EB form) and ammonium chloride. This results in an increase of the resistance of the polymer composite films on exposure to ammonia vapours. Therefore, it can be stated that the increased sensitivity and better response time in the case of irradiated composites could perhaps be due to the structural modification taking place in the polymer material as a result of heavy ion exposure, which leads to more efficient diffusion of ammonia gas in the composite matrix.


Figure 4. Electrical response of composite films to 1000 ppm of ammonia gas.
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Conclusions


The electrical conductivity of polymer composites show a significant change upon irradiation with swift heavy ion beam. The resistance is found to decrease with increase in ion fluence. The ion beam modified polymer composites are found to be more sensitive to ammonia gas. The sensitivity increased by nearly 100 times when the ion fluence was raised from 1.0 × 1011 ions/cm2 to 1.0 × 1013 ions/cm2. The response time was observed to be considerably shorter for the irradiated composites under the present experimental conditions. The present work is the first attempt to study the role of swift heavy ions in the gas sensing application of insulating polymer conducting polymer (IPCP) composites.
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