

  sensors-17-02717




sensors-17-02717







Sensors 2017, 17(12), 2717; doi:10.3390/s17122717




Article



A Functionalized Tetrakis(4-Nitrophenyl)Porphyrin Film Optical Waveguide Sensor for Detection of H2S and Ethanediamine Gases



Gulimire Tuerdi, Nuerguli Kari[image: Orcid], Yin Yan, Patima Nizamidin and Abliz Yimit *





College of Chemistry and Chemical Engineering, Xinjiang University, Urumqi 830046, China









*



Correspondence: ablizyimit@xju.edu.cn; Tel./Fax: +86-09918583575







Received: 8 October 2017 / Accepted: 22 November 2017 / Published: 24 November 2017



Abstract

:

The detection of hydrogen sulfide (H2S) and ethanediamine, toxic gases that are emitted from industrial processes, is important for health and safety. An optical sensor, based on the absorption spectrum of tetrakis(4-nitrophenyl)porphyrin (TNPP) immobilized in a Nafion membrane (Nf) and deposited onto an optical waveguide glass slide, has been developed for the detection of these gases. Responses to analytes were compared for sensors modified with TNPP and Nf-TNPP composites. Among them, Nf-TNPP exhibited significant responses to H2S and ethanediamine. The analytical performance characteristics of the Nf-TNPP-modified sensor were investigated and the response mechanism is discussed in detail. The sensor exhibited excellent reproducibilities, reversibilities, and selectivities, with detection limits for H2S and ethanediamine of 1 and 10 ppb, respectively, and it is a promising candidate for use in industrial sensing applications.
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1. Introduction


Ethanediamine (EDA) is a common volatile organic compound (VOC) [1], and the National Institute for Occupational Safety and Health recommends an occupational exposure limit of under 10 ppm [2]. Potential symptoms of overexposure to EDA include nasal and respiratory system irritation, asthma, as well as liver and kidney damage. EDA is very soluble in water, ethanol, and methanol, and it is employed as a reaction intermediate for the industrial production of pharmaceuticals, polymers, and dyes [3,4,5,6]. Recently, several studies directed toward the development of EDA gas sensors have been reported; for example, electrochemical [7,8] and luminescence sensors [9] exhibit high sensitivities toward EDA. However, they have drawbacks, such as poor detection limits, lack of mobility, and large gas volumes that are required for detection, which limits their use in environmental-monitoring departments. Castillero and co-workers produced a protonated porphyrin/TiO2 composite thin film for the determination of amines (ammonia, EDA, and butylamine, etc.) by monitoring spectral changes resulting from protonation-deprotonation reactions of porphyrins before and after exposure to amines and HCl [10]. While this sensor exhibited better sensitivity and response-recovery to analytes, its response and recovery times were long. Therefore, lower detection limits and faster response-recovery times for the detection of EDA is a meaningful objective.



On the other hand, hydrogen sulfide (H2S), which has an unpleasant smell that similar to that of rotten eggs, is toxic and corrosive [11]. Natural emissions of H2S into the atmosphere are predominantly related to the degradation of organic matter through the anaerobic reduction by bacteria [12]. Anthropogenic sources, such as fossil-fuel burning and petroleum extraction, result in substantial emissions of H2S into the environment [13]. Common H2S gas sensors are based on metal oxide semiconductors and various hybrid materials. For example, sensors based on porous CuO nanosheets exhibit detection limits of 0.7 to 10 ppb at room temperature, with response and recovery times for the detection of 200 ppb H2S of 336 s and 543 s, respectively [14]. Liu and co-workers prepared CuO-ZnO nanorods using a pulsed-laser-deposition method; these nanorods exhibited a 0.5 ppm detection limit for H2S gas at room temperature [15]. A H2S gas sensor, based on p-type CuO (111) nanocuboids, also exhibits a 1 ppm detection limit for H2S at 200 °C [16]. However, some drawbacks exist, including high operating temperatures, and the low sensitivities and selectivities of CuO, ZnO, Fe2O3, SnO2, and In2O3/ZnO, which limits the wide application of these types of novel nanomaterials. Highly sensitive low-cost sensing materials that can rapidly identify analytes are in high demand for multiple applications, such as environmental monitoring, medical diagnostics, and food-quality control. Porphyrins and related macrocycles have been intensively exploited as materials for use in chemical sensors [17], since these devices can exploit most of their physicochemical functions [18], such as reversible binding [19], catalytic activation [20], and optical changes [21]. The optical properties of porphyrinoids have attracted significant attention because they are applicable to the development of gas chemosensors, in which detection is based on the differential absorption of left- and right-hand circularly polarized light in the ultraviolet, visible, or IR region. Toxic gases, including VOCs [22,23], NO2 [24], CO2 [25], H2S [26], ammonia, and amines [27,28] modify the spectrum of the porphyrin, which is useful for optical gas sensing. However, intermolecular π-π interactions between porphyrin rings usually lead to aggregation that, in general, is detrimental for gas-sensing purposes. Porphyrins incorporated into Nafion (Nf), PVC (polyvinyl chloride), or nitrocellulose films have been found to be more sensitive to ammonia than other materials [29]. Among these, Nf has been used as a functional material due to notable features that include its superior chemical and photothermal stabilities, filming properties, and, more importantly, its hydrophilic -SO3− ionic-cluster regions, hydrophobic fluorocarbon regions, and the interfacial regions that are formed between them that makes it more suitable than other polymers for sensing applications [30]. It has been reported that metalloporphyrins occupy the hydrophobic and interfacial regions of the Nf film due to their hydrophobic nature [31]. Moreover, the polyvalent ampholytic nature of the tetrakis(4-nitrophenyl)porphyrin (TNPP) inner core provides sensitivity toward bases and acids [32,33]. Thus, the advantages of the novel Nf-TNPP thin film include its high activity, low cost, and high selectivity for EDA and H2S gases.



While toxic gases can be examined using conventional analytical methods, such as GC/MS and AAS, leading to the highly sensitive and well resolved detection and quantification of analytes [34,35], these methods suffer from some disadvantages; they are generally costly, require experienced operators, and are inconvenient for real-time monitoring. Since the 1980s, researchers in the field of optical communications have paid close attention to the study and application of optical-waveguide (OWG) sensors [36]. OWG sensors have been developed for the measurement of trace amounts of a variety of gases [37,38,39,40]. To the best of our knowledge, EDA and H2S gases have, to date, not been determined utilizing OWG methods, even though OWG sensors exhibit several desirable features, including portability, potential for high sensitivity, anti-electromagnetic interference properties (they suffer little or no interference in the waveguide element of the sensor), fast response-recovery times, and intrinsic safety for detection at room temperature when compared to other sensors. In this work, TNPP and Nf-TNPP were used as sensing elements embedded in an OWG sensor to determine the presence of analytes through changes in absorption properties. A highly sensitive and rapidly responding/recovering Nf-TNPP sensor was subsequently fabricated and applied to the detection of low concentrations of EDA and H2S gases. Finally, porphyrin protonation and deprotonation in Nf-TNPP, and the mechanism that is responsible for the diversity of these structures, are discussed.




2. Methods


2.1. Synthesis and Characterization of Meso-tetrakis(4-Nitrophenyl) Porphyrin (TNPP)


TNPP was synthesized using a procedure modified from that reported by Fasalu et al. [41] Pyrrole (0.5 mL, 7.2 M) and 4-nitrobenzaldehyde (1.09 g, 7.2 M) were taken in a 1 L three-necked round-bottom flask and dissolved in 500 mL CHCl3. The solution was purged with nitrogen gas for 10 min. Then, the acid catalyst BF3-Et2O (0.31 mL, 2.5 M) was dispensed into the mixture. After 2 h of stirring, the reaction was quenched by the addition of N,N-diethylethanamine (0.35 mL, 2.5 M), and then, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 1.63 g, 7.2 M) was added. The reaction mixture was further mixed for another hour at 65 °C. The solvent was evaporated by using a rotary evaporator, and then purified by column chromatography using neutral alumina and chloroform/methanol (95:5) as the eluent. The yield of TNPP was 219 mg (16%). 1H NMR ((JEOL) JNM-ECA600, 600 MHz, Chloroform-d) δ 8.82 (s, 8H), 8.67(d, J = 7.8 Hz, 8H), 8.39 (d, J = 7.8 Hz, 8H), -2.83 (s, 2H) (Figure S1), this result is good agreement with previous report [42,43].



In order to further characterize the purity of the material, we carried out the elemental analysis measurement. Firstly, weigh three samples for testing, shown in Figure S2. It can be seen that according to the percentage mass concentration of C, N and H, the averages are 65.33%, 11.11% and 4.64%, respectively. Then, from the molecular formula C44H26N8O8 of TNPP, M = 794 g/mol, obtain the atom mass ratio is C: H: N: O = 66.43%: 3.27%: 14.09%: 16.10%. Finally, based on the comparison of the results of elemental analysis detection, if H2O and CD3Cl are impurities, then the purity of synthesized TNPP determined by N element, therefore, purity = (11.11% / 14.09%) = 78.85%.




2.2. Preparation of Nafion Solution


Nafion NR50 mesh beads were sonicated for 3 h in an ethanol solution, and then placed in a vacuum drying oven for 12 h at 60 °C in order to further purify the beads from residues of small polymers and fragments that were left over from manufacture. To a 25 mL high-pressure reaction vessel, 0.1 g of Nafion was added after 5 mL ethanol and 5 mL distilled water were completely mixed. This was then taken into the vacuum drying oven again for 4 h at 230 °C. The reaction vessel was removed from the oven and cooled to room temperature. The result was a clear and colourless solution, containing 0.01 wt % of Nafion.




2.3. Preparation and Analysis of Sensing Element


Before fabrication of the sensing element, a potassium ion exchanged glass slide was washed with acetone and ethanol. After the drying process, the glass slide was coated with the previously prepared Nafion solution (0.01 wt %) at 2200 rpm for 30 s using a spin coater, followed by desiccation for 1 h at 70 °C. Finally, a certain concentration of the TNPP solution (0.66 mg cm−3) was immobilized on the Nafion film OWG surface by spin coating at 2000 rpm for 30 s (Scheme 1). The composite film treated heat at 80 ℃ for 10 min to allow desorption of solvents trapped on film surface, and then dried in a vacuum oven for 24 h at room temperature.



JNM-ECA600 spectrometer (JEOL, Japan) was used to characterize the surface morphology and thickness of both TNPP and functionalized Nf-TNPP thin films. The acquired images were collected in the tapping mode with lateral dimensions ranging from submicrometre range to several micrometres.



Further, the Nf-TNPP film was characterized by UV-Vis and emission (FTIR-650, Beijing Kaifeng Fengyuan Technology Co. Ltd., Beijing, China) spectroscopy before and after exposure to the analyte gases. The absorbance measurements were conducted using a UV-1780 spectrophotometer (Shimadzu Technology Co. Ltd., Beijing, China) on solutions deposited on an optical glass substrate.





3. Sensing Apparatus and Procedure


Gas sensing experiments were performed using a homemade OWG detection system, in which the sensor was mounted with prism-coupler feedthroughs. This gas sensor system is similar to that described in previous reports [44,45,46]. The gas-testing apparatus [47] was composed of a compressed air source and an Nf-TNPP-film OWG gas-sensitive element, a laser source, a flow meter, a diffusion tube, a light detector, and a recorder. A gas-mixing manifold, into which VOCs and a stream of pure air were introduced, was used for mixing and introducing the mixture into the flow cell, which enclosed the waveguide sensor. The Nf-TNPP thin-film-sensor device inside the flow cell (2 × 1 × 1 cm) was mounted on a rotational stage possessing X-Y-Z translation capabilities. Two different semiconductor laser beams (532 nm for EDA, 650 nm for H2S) were introduced into the Nf-TNPP thin-film-based OWG using a prism coupler; these beams exited through another prism coupler. The intensity of the output light was monitored using a photomultiplier detector, and the signal was recorded by a computer. For each measurement, a fresh syringe was used to inject 20 cm3 of the gas sample into a new flow cell, after which it was vented. All of the experiments were performed at room temperature during which pure N2 (99.99%) was introduced into the cell at a constant flow rate of 50 cm3 min−1 in order to transfer the sample gas to the sensor.



Different concentrations of analytes were prepared in two steps. First, standard H2S gas was obtained by reacting a given amount of FeS with HCl at room temperature at atmospheric pressure. The gas that was produced in this manner was allowed to flow into a sealed standard vessel (600 cm3). Standard EDA gas was produced by vaporizing a given amount of EDA solution (99.5%) inside a sealed standard vessel (600 cm3). The concentrations of the H2S and EDA gases, calibrated using a commercial H2S gas detection tube (working range: 2–200 ppm, Gastec, Beijing Municipal Institute, Beijing, China) and an EDA gas detection tube (Gastec, GV-100, Kobe, Japan), were approximately equal to the calculated values. Second, different amounts of the standard H2S and EDA gases were diluted with pure air in a second standard vessel (600 cm3) to obtain the desired concentrations. Using this standard-vessel dilution method, very low concentrations of H2S and EDA (in the ppb range) could be produced.




4. Result and Discussion


Previous studies investigated the interactions of porphyrins bearing free bases with analytes and quantitatively determined acidic and alkaline gases on the basis of UV-vis spectral shifts [48]. In the present study, we determined the concentrations of EDA and H2S gases from Soret-band absorbances using the OWG technique. The gas-sensing responses of Nf-TNPP and TNPP films to 100 ppm of VOCs and inorganic gases are shown in Figure 1a,b, respectively. The response factor of the sensor is defined by: ΔI = Igas-Iair, where Igas and Iair are the signal intensities of the gas and ambient air, respectively. Figure 1 reveals that the Nf-TNPP-film-based OWG sensor is more sensitive and more stable toward EDA and H2S than the TNPP-film-based sensor. This is ascribable to electrostatic interactions between the four -NO2 functional groups on the porphyrin and the -SO3− groups of the Nafion film [48]. Consequently, the Nf-TNPP film was further investigated.



Selectivity is a contributing factor to gas-sensing performance, since good selectivity determines whether or not target analytes are detectable in a multi-component gas environment [49]. Here, the sensor responses of the Nf-TNPP film to 100 ppm VOCs and inorganic gases, including HCl, H2S, SO2, NO2, and CO2, were measured at room temperature. Clearly, as shown in Figure 1, Nf-TNPP exhibited a higher response to EDA (at 532 nm) and H2S (at 650 nm) among similar analytes. The typical response of this sensor to EDA was approximately six-times greater than its response to methylamine, and its response to H2S was about 2.7-times greater than its response to SO2. These results reveal that the Nf-TNPP film exhibits good selectivity to EDA and H2S gases.



AFM, performed using a Multimode 8 system, was used to characterize the surface morphologies of the TNPP and Nf-TNPP thin films (Figure 2). The surface of the Nf-TNPP thin film exhibits higher molecular ordering when compared to that of the TNPP thin film; the average surface roughnesses of the Nf-TNPP and TNPP sensing films were determined to be 9.97 nm and 20.4 nm, respectively. In addition, the peaks of the Nf-TNPP film are less high and the valleys less deep (i.e., the film is flatter, Figure 2a) than those of the TNPP film (Figure 2b), owing to the presence of functional groups on the film surface [50,51,52,53]. The strong interactions between the Nf and TNPP are recognizable by a noticeable conformational change in the morphology of the film layer, which highlights the inclusion of TNPP molecules into the Nf structure; this also indicates that the TNPP molecules are well distributed across the surface of the Nf film. Functionalization of the Nf surface with TNPP molecules significantly affects the OWG output-light intensity (Figure 1).



After exposure to H2S, the Nf-TNPP film, which was initially black in color, turned green, whereas its color changed to red upon exposure to EDA gas; the associated UV-vis spectral changes are shown in Figure 3. When the Nf-TNPP film was exposed to H2S gas, remarkable changes were observed in the visible region of its absorption spectrum. The Soret (B) band of the Nf-TNPP film was observed to (red) shift from 431 nm to 463 nm, while the four Q bands, at 519, 557, 595, and 642 nm, merged into a single Q band at 667 nm (Figure 3a). No noticeable shifts in the positions of the B band at 436 nm and the Q-bands at 480–750 nm were observed when the film was exposed to EDA gas; however, their absorption intensities strengthened noticeably (Figure 3b). These changes are attributable to the protonation of TNPP by H2S gas. On the other hand, when the same film is exposed to EDA gas, the porphyrin becomes deprotonated (see Scheme 1 for possible interactions between the film and the analytes) and coordinated to the residual −SO3− groups to enhance the intensities of the absorption peaks of the film. The absorption changes that are observed for the Nf-TNPP film upon exposure to analytes also reveal that readily available semiconductor laser beams should be effective light sources for the Nf-TNPP film OWG sensor. The refractive index and thickness of the OWG device, as measured by an SGC-10 ellipsometer, were 1.68 and 138 nm, respectively. A theoretical calculation [54] reveals that a 138 nm thick Nf-TNPP film should support the TE0 mode of the optical waveguide [55]. Propagation of the TE0 mode in the Nf-TNPP-film-based OWG sensor by analyte gases was examined by laser-beam prism coupling.



Optical-waveguide gas sensors rely on two principles. Firstly, the absorbance changes exhibited by the film are directly related to interactions with the detected gas, and, secondly, the sensor responds to changes in the absorbance of the film that are a consequence of interactions with analytes. In order to elucidate the response of the sensor to H2S and EDA, and the suitabilities of the chosen laser-beam wavelengths for OWG detection, the response of the sensor was investigated at 532 and 650 nm using the same concentrations of VOCs and inorganic gases (Figures S3–S6). The absorbance changes and responses of the sensor to H2S and EDA at 532 and 650 nm are listed in Table 1, which reveals that larger absorbance changes are observed in response to each analyte at its preferred wavelength. At 532 nm, the response of the sensor to EDA is 9.7 times greater than it is to H2S, while at 650 nm, the response of the sensor to H2S is about 2.5 times greater than to EDA. Therefore, these two semiconductor laser wavelengths were used to detect the target analytes: 532 nm for EDA and 650 nm for H2S.



Figure 4 displays FT-IR spectra of the TNPP powder (see in Figure 4a) and thin film (see in Figure 4b). In the powder, the νN-H stretching band of TNPP appears at 3416 cm−1, while CH2 asymmetric and symmetric stretching bands of the alkyl chain appear at 2922 cm−1 and at 2851 cm−1, respectively. The spectrum of the powder also exhibits a middle strong band at 1594 cm−1, which can be attributed to the νC = C vibration band of pyrrole, and two strong bands at 1145 and 1107 cm−1 that can be attributed to the νC = C and νC = N of the porphyrin macrocycle, respectively. Moreover, the spectrum of the powder also shows two weaker bands at 843 and 798 cm−1, which can be attributed to νC-C of the two substitutes of the phenyl benzene ring. When compared with the peaks obtained from the powder, the absorption peaks of the TNPP thin film are very similar in the region between 4000 and 600 cm−1. However, the absorption bands of νN-H at 3416 cm−1 and in the macrocycle at 1145–1107 cm−1 νC = C (or ν C= N) are visibly different in the spin-coated film. This indicates that the molecules in the film are arrayed more closely [56].



Generally, the sensing mechanism that is used by gas sensors involves the absorption/desorption of analytes at their surfaces. Depending on the chemical nature of the sensing materials and the analytes, absorption/binding can occur through weak and/or strong chemical interactions, such as van der Waals, dipole-dipole, hydrogen bonding, and π-π interactions [21]. In this paper, in order to examine possible interactions between the composite thin film and detected gases, the gas response of the thin film to saturated H2S or EDA vapor was examined by FT-IR (Fourier Transform Infrared Spectoscopy) spectroscopy, the results of which are displayed in Figure 5. Upon exposure to each analyte, strong hydrogen bonds may form between the –NH– or –N– groups of the pyrrole ring and the hydrogen atoms of H2S or the –NH2 groups of EDA, which may result in proton transfer. The spectra of the thin film before (Figure 5a) and after exposure to H2S gas (Figure 5b), reveal that the peak positions and the absorption intensities are essentially the same, indicating that the functional groups of the film are effectively unchanged as a result of their interactions with H2S gas. However, upon exposure to EDA vapor, a relatively strong and broad stretching band appeared at 3313 cm−1 (Figure 5c), which is partly due to primary amines that are formed through interactions between the –NH– group of the pyrrole ring and the secondary amines of the EDA as a result of the acidity of TNPP, and partly due to the νN-H stretching band of the EDA vapor.



The TNPP molecule is square in shape, with two imine-type nitrogen atoms in the center of the ring. Protonation occurs at these two nitrogen atoms under certain conditions. In order to elucidate this phenomenon, sample solutions of TNPP were characterized by UV-vis spectroscopy in chloroform, before and after exposure to H2S and EDA gases, the results of which are displayed in Figure 6. The TNPP solution exhibits a B band at 424 nm and Q bands from 500 to 650 nm in its UV-vis spectrum. These bands are attributed to transitions between the highest and lowest molecular orbitals, and correspond to π → π transitions. The intensity of the B-band absorption peak of TNPP increases upon exposure to EDA gas, leading to an increase in molar absorptivity (Figure 6c). On the other hand, the B band becomes red shifted, from 424 to 455 nm (Figure 6b), when the solution is exposed to H2S, and the four Q bands strengthen and merge into a single band. These spectral changes are observed both in solution, and in the solid film, and are in agreement with reports in the literature [57]. The red shift of the Soret band and the enhancement of the Q band at 659 nm indicate that the inner nitrogen atoms of the TNPP ring become protonated by H2S, leading to enhanced porphyrin conjugation and an overall reduction in the energy of the porphyrin system.



For an OWG sensor, any variation in the optical properties of the thin film alters the intensity of absorbed light, and, consequently, the amount of transmitted light. To explore sensor reversibility, we prepared a sensor using a film that was composed of the dipotassium salt of Nf-TNPP, in which both acidic protons were exchanged for K+; typical responses of this sensor to H2S and EDA vapor are shown in Figure 7. As can be seen in Figure 7, when continuous air flows during the entire detection process, the intensity of the transmitted light decreases in response to the presence of H2S and EDA gases in the 10 ppb to 100 ppm range. The as-prepared OWG device exhibited an excellent response (ΔI = 77) to 1 ppb H2S, with a signal-to-noise ratio (SNR) of 7.8 dB, and an excellent response (ΔI = 79) to 10 ppb EDA, with an SNR of 31 dB. In addition, the response/recovery times of each gas were calculated. These times are two fundamental and important factors that, together with response, are considered to define gas-sensing performance. The response time is defined as the time required to establish 90% of the equilibrium value following exposure to the analyte, and recovery time is the time required for the sensor to return to within 10% of the initial response in air upon release of the analyte gas [58]. Figure 7 and Figure 8 reveal that, at commencement, the gas sensor exhibits a constant and stable baseline. When each analyte gas was introduced into the flow cell, the intensity of the corresponding transmitted light decreased. However, when the flow cell was refilled with pure N2, the signal returned to the original baseline value. The response and recovery times were 1 s and 20 s, and 3 s and 57 s, to 100 ppb H2S (Figure 7b) and EDA (Figure 8b), respectively. Good Nf-TNPP-film OWG sensor reproducibilities were demonstrated by successively exposing it to 100 ppb H2S or EDA gases over five cycles at room temperature (Figure 7b and Figure 8b). In addition, the response-recovery times of EDA were about three times longer than those of H2S at the same concentrations, which may due to the viscosity of EDA gas [59]. At this concentration, the relative standard deviations of the transmitted light intensity are ±4.29 for H2S and ±5.10 for EDA.



When the sensor was exposed to analyte gases, the optical properties of the sensitive element were changed. As shown in the following equation, the intensity of transmitted light is related to the absorbance coefficient, thickness, and refractive index of the sensitive thin layer:


   I =  I 0   (  1  − a  N  d e   )    



(1)




In which I denotes the intensity of the output light, I0 is the intensity of input light, a is the absorbance coefficient of the sensitive thin layer, N is the refractive numbers of the guided light on the surface of the OWG with length L, and de is the real propagated distance of light, which is related to the thickness of the sensitive thin layer. Based on the above formula, it is apparent that when the thickness or the absorbance coefficient of the sensitive thin layer decreases, the intensity of the output light will increase.



The response intensity of the sensor, defined LogA = Log(I0 − It), where I0 is the initial output light intensity and It is the lowest point of the output light intensity, corresponding to before and after the injection of analytes into the flow cell, respectively. The calibration curve of the Nf-TNPP film OWG sensor was obtained by plotting the response intensity LogA against the concentration of the analyte gases, and the linear relationships between them are given in Figure 9a, and the relationships between increasing concentrations of H2S (see in Figure 9a) and EDA (see in Figure 9b) gases and signals were found to be linear. We therefore acquire the following relations: LogAhydrogen sulfide = (2.38 ± 0.004) + (0.23 ± 0.002) C(H2S), R = 0.99, and LogAEDA = (2.63 ± 0.008) + (0.25 ± 0.004) C(EDA), R = 0.99.



The most serious weaknesses of current sensor technology is sensitivity to changes in humidity. Palanisamy Muthukumar et al. examined the sensitivity of Nf-TNPP film to ~20%, ~50%, ~80% percentage of relative humidity in presence of NH3 gas. The film showed strong stability and sensitivity to the same concentration of NH3 gas, which means as developed Nf-TNPP gas sensor showed only a small influence of humidity [29]. In general, ambient humidity effects a little changes to sensitivity and selectivity developed gas sensor in current study. The sensor also exhibited noticeable responses to EDA and H2S in the presence of amines and some inorganic gases, the obtained responses showed that the reversibility of the sensing film was affected by interfered gases (Figure S7). The complete recovery of the sensing film could not be achieved and the baseline also various.




5. Conclusions


In summary, TNPP was synthesized and dissolved in a solution of Nafion, after which it was used to prepare Nf-TNPP thin films by spin coating. Absorption and 1H NMR spectra of TNPP were acquired. The surface morphologies of the TNPP and Nf-TNPP thin films were investigated by AFM, which revealed that the surface of the Nf-TNPP film was smoother than that of TNPP. Planar OWG sensors of K+-exchanged TNPP and Nf-TNPP thin films on glass were prepared and were used to detect VOCs. Among them, the Nf-TNPP thin film exhibited preferable optical responses to H2S and EDA at room temperature. We developed a sensitive, fast, and simple optical sensor for the determination of H2S and EDA based on the absorption spectrum of Nf-TNPP. In addition, possible interactions between the sensor and the analytes are discussed in conjunction with FT-IR and UV-vis spectroscopy. The sensor film exhibited high sensitivity and selectivity toward H2S and EDA gases, and detected ppb concentration levels of these gases through the use of two different semiconductor laser-beam wavelengths.








Supplementary Materials


The Supplementary Materials are available online at https://www.mdpi.com/1424-8220/17/12/2717/s1.





Acknowledgments


This work was supported by the National Natural Science Foundation of China (Grant No. 21765021).




Author Contributions


Abliz Yimit and Patima Nizamidin conceived and designed the experiments; Gulimire Tuerdi performed the experiments; Gulimire Tuerdi analyzed the data; Nuerguli Kari, Yin Yan contributed reagents/materials/analysis tools; Gulimire Tuerdi wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kong, L.; Zhang, Y.; Mao, H.; Pan, X.; Tian, Y.; Tian, Z.; Zeng, X.; Shi, J.; Tong, B.; Dong, Y. Dimalononitrile-containing probe based on aggregation-enhanced emission features for the multi-mode fluorescence detection of volatile amines. Faraday Discuss. 2017, 196, 101–111. [Google Scholar] [CrossRef] [PubMed]

	



The National Institute for Occupational Safety and Health (NIOSH). NIOSH Pocket Guide to Chemical Hazards. 11 April 2016. Available online: https://www.cdc.gov/niosh/npg/npgd0026.html (accessed on 24 November 2017).

	



Quan, K.; Li, G.; Tao, L.; Xie, Q.; Yuan, Q.; Wang, X. Diaminopropionic acid reinforced graphene sponge and its use for hemostasis. ACS Appl. Mater. Interfaces 2016, 8, 7666–7673. [Google Scholar] [CrossRef] [PubMed]

	



Demessence, A.; D’Alessandro, D.M.; Foo, M.L.; Long, J.R. Strong CO2 binding in a water-stable, triazolate-bridged metal-organic frame work functionalized with ethylenediamine. J. Am. Chem. Soc. 2009, 131, 8784–8786. [Google Scholar] [CrossRef] [PubMed]

	



Qin, L.; Li, X.; Zhu, J.Q.; Li, W.C.; Xu, H.; Guan, Q.M.; Zhang, M.T.; Yuan, Y.J. Optimization of ethylenediamine pretreatment and enzymatic hydrolysis to produce fermentable sugars from corn stover. Ind. Crops. Prod. 2017, 102, 51–57. [Google Scholar] [CrossRef]

	



Hu, P.; Ben-David, Y.; Milstein, D. Rechargeable hydrogen storage system based on the dehydrogenative coupling of ethylenediamine with ethanol. Angew. Chem. 2015, 128, 1073–1076. [Google Scholar] [CrossRef]

	



Huang, Y.; Liu, X.; Wang, Q.; Fu, J.; Zhao, L.; Liu, Z.; Jin, D. Highly responsive ethylenediamine vapor sensor based on a perylenediimide-camphorsulfonic acid complex via ionic self-assembly. J. Mater. Chem. C. 2017, 5, 7644–7651. [Google Scholar] [CrossRef]

	



Zhang, X.; Li, K.; Li, H.; Lu, J.; Fu, Q.; Jia, Y.; Li, W. Electrochemical sensing of ethylenediamine based on cuprous oxide/graphene hybrid structures. J. Mater. Sci. 2015, 50, 4288–4299. [Google Scholar] [CrossRef]

	



Li, P.; Yang, D.; Li, H. Luminescence ethylenediamine sensor based on terbium complexes entrapment. Dyes Pigm. 2016, 132, 306–309. [Google Scholar] [CrossRef]

	



Castillero, P.; Roales, J.; Lopescosta, T.; Sánchezvalencia, J.R.; Barranco, A.; Pedrosa, J.M. Optical gas sensing of ammonia and amines based on protonated porphyrin/TiO2 composite thin films. Sensors 2017, 17, 24. [Google Scholar] [CrossRef]

	



Zhou, X.; Lee, S.; Xu, Z.; Yoon, J. Recent progress on the development of chemosensors for gases. Chem. Rev. 2015, 115, 7944–8000. [Google Scholar] [CrossRef]

	



Guidotti, T.L. Hydrogen sulfide: Advances in understanding human toxicity. Int. J. Toxicol. 2010, 29, 569–581. [Google Scholar] [CrossRef] [PubMed]

	



Petruci, J.F.S.; Wilk, A.; Cardoso, A.A.; Mizaikoff, B. Online Analysis of H2S and SO2 via advanced mid-infrared gas sensors. Anal. Chem. 2015, 87, 9605–9611. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.J.; Wang, N.N.; Lin, Z.J.; Wang, J.Q.; Liu, W.; Sun, K.; Fu, Y.Q.; Wang, Z.G. Room-temperature high-performance H2S sensor based on porous CuO nanosheets prepared by hydrothermal method. ACS Appl. Mater. Interfaces 2016, 8, 20962–20968. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Du, B.S.; Sun, Y.; Yu, M.; Yin, Y.Q.; Tang, W.; Chen, C.; Sun, L.; Yang, B.; Cao, W.W.; et al. Sensitive room temperature photoluminescence-based sensing of H2S with novel CuO-ZnO nanorods. ACS Appl. Mater. Interfaces 2016, 8, 16379–16385. [Google Scholar] [CrossRef]

	



Dhakshinamoorthy, J.; Pullithadathil, B. New insights towards electron transport mechanism of highly efficient p-Type CuO(111) nanocuboids-based H2S gas sensor. J. Phys. Chem. C 2016, 120, 4087–4096. [Google Scholar] [CrossRef]

	



Paolesse, R.; Nardis, S.; Monti, D.; Stefanelli, M.; Natale, C.D. Porphyrinoids for chemical sensor applications. Chem. Rev. 2016, 12, 2517–2583. [Google Scholar] [CrossRef]

	



Woller, J.G.; Hannestad, J.K.; Albinsson, B. Self-assembled nanoscale DNA-porphyrin complex for artificial light harvesting. J. Am. Chem. Soc. 2013, 135, 2759–2768. [Google Scholar] [CrossRef]

	



Wang, T.; Yasukochi, W.; Korposh, S.; James, S.W.; Tatam, R.P.; Lee, S.W. A long period grating optical fiber sensor with nano-assembled porphyrin layers for detecting ammonia gas. Sens. Actuator B-Chem. 2016, 288, 573–580. [Google Scholar] [CrossRef][Green Version]

	



Khade, R.L.; Zhang, Y. Catalytic and biocatalytic iron porphyrin carbene formation: Effects of binding mode, carbene substituent, porphyrin substituent, and protein axial ligand. J. Am. Chem. Soc. 2015, 137, 7560–7563. [Google Scholar] [CrossRef]

	



Askim, J.R.; Mahmoudiab, M.; Suslick, K.S. Optical sensor arrays for chemical sensing: The optoelectronic nose. Chem. Soc. Rev. 2013, 22, 1–34. [Google Scholar] [CrossRef]

	



Boscher, N.D.; Duday, D.; Heier, P.; Heinze, K.; Hilt, F.; Choquet, P. Atmospheric pressure plasma polymerisation of metalloporphyrins containing mesoporous membranes for gas sensing applications. Surf. Coat. Tech. 2013, 234, 48–52. [Google Scholar] [CrossRef]

	



Kladsomboon, S.; Kerdcharoen, T. A method for the detection of alcohol vapours based on optical sensing of magnesium 5,10,15,20-tetraphenyl porphyrin thin film by an optical spectrometer and principal component analysis. Anal. Chim. Acta 2012, 757, 75–82. [Google Scholar] [CrossRef] [PubMed]

	



Roales, J.; Pedrosa, J.M.; Guillen, M.G.; Lopes-Costa, T.; Castillero, P.; Barranco, A.; Gonzalez-Elipe, A. Free-base carboxyphenyl porphyrin films using a TiO2 columnar matrix: Characterization and application as NO2 sensors. Sensors 2015, 15, 11118–11132. [Google Scholar] [CrossRef] [PubMed]

	



Fagadar-Cosma, E.; Tarabukina, E.; Zakharova, N.; Birdeanu, M.; Taranu, B.; Palade, A.; Creanga, I.; Lascu, A.; Fagadar-Cosma, G. Hybrids formed between polyvinylpyrrolidone and an A3B porphyrin dye: Behaviour in aqueous solutions and chemical response to CO2 presence. Polym. Int. 2015, 31, 95–96. [Google Scholar]

	



Bae, S.K.; Heo, C.H.; Choi, D.J.; Sen, D.; Joe, E.; Cho, B.R.; Kim, H.M. A ratiometric two-photon fluorescent probe reveals reduction in mitochondrial H2S production in parkinson’s disease gene knockout astrocytes. J. Am. Chem. Soc. 2013, 135, 9915–9923. [Google Scholar] [CrossRef] [PubMed]

	



Zilberman, Y.; Chen, Y.; Sonkusale, S.R. Dissolved ammonia sensing in complex mixtures using metalloporphyrin-based optoelectronic sensor and spectroscopic detection. Sens. Actuator B-Chem. 2014, 202, 976–983. [Google Scholar] [CrossRef]

	



Giancane, G.; Borovkov, V.; Inoue, Y.; Valli, L. Conformational switching in bis(zinc porphyrin) Langmuir-Schaefer film as an effective tool for selectively sensing aromatic amines. J. Colloid Interf. Sci. 2012, 385, 282–284. [Google Scholar] [CrossRef]

	



Muthukumar, P.; John, S.A. Optochemical ammonia gas sensing properties of meso-substituted porphyrin derivatives immobilized Nafion film on glass slide. Sens. Actuator B-Chem. 2012, 174, 74–80. [Google Scholar] [CrossRef]

	



Rubatat, L.G.; Gebel, A.; Diat, O. Fibrillar Structure of Nafion:  Matching Fourier and Real Space Studies of Corresponding Films and Solutions. Macromolecules 2017, 37, 7772–7783. [Google Scholar] [CrossRef]

	



Zhao, F.; Zhang, J.; Kaneko, M. Electron transfer in the redox reaction of cobalt tetraphenylporphyrin incorporated in a Nafion film. J. Porphyr. Phthalocyanines 2015, 4, 158–167. [Google Scholar] [CrossRef]

	



Roales, J.; Pedrosa, J.M.; Guillén, M.G.; Lopes-Costa, T.; Pinto, S.M.A.; Calvete, M.J.F.; Pereira, M.M. Optical detection of amine vapors using ZnTriad porphyrin thin films. Sens. Actuator B-Chem. 2015, 210, 28–35. [Google Scholar] [CrossRef]

	



Evyapan, M.; Dunbar, A.D.F. Controlling surface adsorption to enhance the selectivity of porphyrin based gas sensors. Appl. Surf. Sci. 2016, 362, 191–201. [Google Scholar] [CrossRef]

	



Xu, P.; Tao, D.Q.; Liu, W.W. Rapid detection of H2S in heart blood by chemical method and GC/MS. Appl. Mech. Mater. 2014, 496–500, 528–531. [Google Scholar] [CrossRef]

	



Heusler, H.; Richter, E.; Epping, J.; Schmidt, M. Quantitative analysis of ethylenediamine in plasma by capillary column gas chromatography. J. Sep. Sci. 2015, 9, 548–554. [Google Scholar] [CrossRef]

	



Smock, P.L.; Orofino, T.A.; Wooten, G.W.; Spencer, W.S. Vapor phase determination of blood ammonia by an optical waveguide technique. Anal. Chem. 1979, 51, 505–509. [Google Scholar] [CrossRef]

	



Zinoviev, K.; Dominguez, C.; Plaza, J.A.; Busto, V.J.C.; Lechuga, L.M. A novel optical waveguide microcantilever sensor for the detection of nanomechanical forces. J. Lightw. Technol. 2006, 24, 2132–2138. [Google Scholar] [CrossRef][Green Version]

	



Butt, M.A.; Kozlova, E.S.; Khonina, S.N.; Skidanov, R.V. Optical planar waveguide sensor based on (Yb,Nb):RTP/RTP(001) system for the estimation of metal coated cells. CEUR Workshop Proc. 2016, 1638, 16–23. [Google Scholar]

	



Kehl, F.; Etlinger, G.; Gartmann, T.E.; Tscharner, N.S.R.U.; Heub, S.; Follonier, S. Introduction of an angle interrogated, mems-based, optical waveguide grating system for label-free biosensing. Sens. Actuator B-Chem. 2016, 226, 135–143. [Google Scholar] [CrossRef]

	



Fan, Y.; Ding, Y.; Ma, H.; Teramae, N.; Sun, S.Q.; He, Y.H. Optical waveguide sensor based on silica nanotube arrays for label-free biosensing. Biosens. Bioelectron. 2015, 67, 230–236. [Google Scholar] [CrossRef] [PubMed]

	



Kooriyaden, F.R.; Sujatha, S.; Arunkumar, C. Synthesis, spectral, structural and antimicrobial studies of fluorinated porphyrins. Polyhedron 2015, 97, 66–74. [Google Scholar] [CrossRef]

	



Kangwanwong, T.; Pluempanupat, W.; Parasuk, W.; Keenan, H.E.; Songsasen, A. Using 5,10,15,20-tetrakis(4-nitrophenyl)porphyrin as a fluorescent chemosensor to determine Ru3+. Sci. Asia 2012, 38, 278–282. [Google Scholar] [CrossRef]

	



Meng, G.G.; James, B.R.; Skov, K.A. Porphyrin chemistry pertaining to the design of anti-cancer drugs; part 1, the synthesis of porphyrins containing meso-pyridyl and meso-substituted phenyl functional groups [J]. Cana. J. Chem. 1994, 72, 2447–2457. [Google Scholar] [CrossRef]

	



Turdi, G.; Yimit, A.; Tursun, A.; Turgun, A. Zinc tetraphenylporphyrin film optical waveguide sensor for detection of volatile organic compound gases. Chin. J. Appl. Chem. 2015, 32, 232–238. [Google Scholar]

	



Ablat, H.; Yimit, A.; Mahmut, M.; Itoh, K. Nafion film/K+-exchanged glass optical waveguide sensor for BTX detection. Anal. Chem. 2008, 80, 7678–7683. [Google Scholar] [CrossRef]

	



Nizamidin, P.; Yimit, A.; Itoh, K. Synthesis and optical-electrochemical gas sensing applications of Ni-doped LiFePO4 nano-particles. New J. Chem. 2016, 40, 295–301. [Google Scholar]

	



Nizamidin, P.; Yimit, A.; Wang, J.D.; Itoh, K. Optical properties and sensing applications of lithium iron phosphate thin films. Thin Solid Films 2012, 520, 6250–6255. [Google Scholar] [CrossRef]

	



He, Q.G.; Mugadza, T.; Kang, X.W.; Zhu, X.B.; Chen, S.W.; Kerr, J.; Nyokong, T. Molecular catalysis of the oxygen reduction reaction by iron porphyrin catalysts tethered into Nafion layers: An electrochemical study in solution and a membrane-electrode-assembly study in fuel cells. J. Power Sources 2012, 216, 67–75. [Google Scholar] [CrossRef]

	



Yeager, H.L.; Steck, A. Cation and water diffusion in Nafion ion exchange membranes: Influence of polymer structure. J. Electrochem. Soc. 1981, 128, 1880–1884. [Google Scholar] [CrossRef]

	



Lou, Z.; Li, F.; Deng, J.A.; Wang, L.L.; Zhang, T. Branch-like hierarchical heterostructure (α-Fe2O3/TiO2): A novel sensing material for trimethylamine gas sensor. ACS Appl. Mater. Interfaces 2013, 5, 12310–12316. [Google Scholar] [CrossRef]

	



Geng, J.; Jung, H. Porphyrin functionalized graphene sheets in aqueous suspensions: From the preparation of graphene sheets to highly conductive graphene films. J Phys. Chem. C. 2010, 114, 8227–8234. [Google Scholar] [CrossRef]

	



Rogero, C.; Pickup, D.F.; Colchero, J.; Azaceta, E.; Tena-Zaera, R.; Palacios-Lidon, E. Nanophotoactivity of porphyrin functionalized polycrystalline ZnO films. ACS Appl. Mater. Interfaces 2016, 8, 16783–16790. [Google Scholar] [CrossRef] [PubMed]

	



Yivlialin, R.; Bussetti, G.; Penconi, M.; Bossi, A.; Ciccacci, F.; Finazzi, M.; Duò, L. Vacuum-deposited porphyrin protective films on graphite: Electrochemical atomic force microscopy investigation during anion intercalation. ACS Appl. Mater. Interfaces 2017, 1, 4100–4105. [Google Scholar] [CrossRef] [PubMed]

	



Yanagi, H.; Itoh, K.; Murabayashi, M.; Qi, Z.M. A composite optical waveguide-based polarimetric interferometer for chemical and biological sensing applications. J. Lightw. Technol. 2002, 18, 1106–1110. [Google Scholar]

	



Qi, Z.M.; Yimit, A.; Itoh, K.; Murabayashi, M.; Matsuda, N.; Takatsu, A.; Kato, K. Composite optical waveguide composed of a tapered film of bromothymol blue evaporated onto a potassium ion-exchanged waveguide and its application as a guided wave absorption-based ammonia-gas sensor. Opt. Lett. 2001, 26, 629–633. [Google Scholar] [CrossRef]

	



Wang, B.; Zuo, X.; Wu, Y.Q.; Che, Z.M. Preparation, characterization and gas sensing properties of lead tetra-(tert-butyl)-5,10,15,20-tetraazaporphyrin spin-coating films. Sens. Actuator B-Chem. 2007, 125, 268–273. [Google Scholar] [CrossRef]

	



Ma, J.Q.; Zhang, W.L.; Li, Z.; Lin, Q.; Xu, J.; Han, Y.S. Competition of major forces dominating the structures of porphyrin assembly. Cryst. Growth Des. 2016, 16, 1942–1947. [Google Scholar] [CrossRef]

	



Alsaif, M.M.; Field, M.R.; Murdoch, B.J.; Daeneke, T.; Latham, K.; Chrimes, A.F.; Zoolfakar, A.S.; Russo, S.P.; Ou, J.Z.; Kalantar-zadeh, K. Substoichiometric two-dimensional molybdenum oxide flakes: A plasmonic gas sensing platform. Nanoscale 2014, 6, 12780–12791. [Google Scholar] [CrossRef] [PubMed]

	



Takeda, K.; Hirami, H.; Izawa, T.; Terashima, Y. Density, viscosity, and glass transition of an ethylenediamine–ethylene glycol binary system. J. Solution Chem. 2017, 1, 1–17. [Google Scholar] [CrossRef]








[image: Sensors 17 02717 g001 550] 





Figure 1. Responses of tetrakis(4-nitrophenyl)porphyrin (TNPP) and Nafion membrane (Nf)-TNPP thin film/K+-exchanged OWG sesnors upon exposure to (a) VOCs and (b) inorganic gases at room temperature (gas concentrations: 100 ppm). 
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Figure 2. Atomic force microscopy (AFM) images of the spin-coated (a) Nf-TNPP thin-film surface, and (b) TNPP thin-film surface (area: 10 × 10 μm2). 
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Figure 3. Absorption spectra of the Nf-TNPP film before and after exposure to (a) hydrogen sulfide (H2S) and (b) Ethanediamine (EDA) gas vapor. 
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Scheme 1. Stepwise fabrication of the functionalized Nf-TNPP-composite thin film and possible interactions with analytes. 
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Figure 4. FT-IR spectra of TNPP: (a) powder and (b) thin film. 
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Figure 5. FT-IR spectra of the Nf-TNPP thin film (a) before, and after exposure to (b) H2S and (c) EDA vapor. 
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Figure 6. UV-vis absorption spectra of TNPP solutions (a) before and after exposure to (b) H2S and (c) EDA vapors. 
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Figure 7. Nf-TNPP-film-based/K+-rxchanges optical-waveguide (OWG)-sensor performance. (a) Response reproducibility and (b) response-recovery curve over five cycles for 100 ppb H2S gas. 
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Figure 8. Nf-TNPP-film-based/K+-rxchanges OWG-sensor performance. (a) Response reproducibility and (b) response-recovery curve over 5 cycles for 100 ppb EDA gas. 
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Figure 9. Relationship between the response intensity and the concentration of (a) H2S and (b) EDA vapour. 
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Table 1. Absorbance changes (ΔAbs = |Absgas − Absfilm|) and responses (ΔI) of the Nf-TNPP sensor upon exposure to H2S and EDA at different laser-beam wavelengths.
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	Gas Sample
	ΔAbs (532 nm)
	ΔAbs (650 nm)
	ΔI (532 nm)
	ΔI (650 nm)





	H2S
	0.001
	0.005
	100
	530



	EDA
	0.005
	0.002
	970
	212
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