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Abstract

:

The interactions of the toxic heterocarbonyl gases phosgene, carbonyl fluoride, formaldehyde, carbonyl sulfide, and acetone with polypyrrole as a toxic heterocarbonyl gas sensor, were extensively studied by density functional theory (DFT). The Becke 3-parameter, Lee-Yang-Parr (B3LYP) exchange-correlation functional methods were first tested against several high-level DFT methods employing the Dunning’s double-ζ and triple-ζ basis sets and were found to be sufficient in describing the non-covalent interactions involved in this study. The interaction of pyrrole with the heterocarbonyl gases resulted in changes in the structure and optoelectronic properties of the polymer and it was observed that acetone and formaldehyde had the strongest H-bonding interaction with polypyrrole, while the interaction of phosgene and formaldehyde resulted in the lowest energy gap and may result in its high sensitivity towards these gases. The UV-Vis absorption revealed significant red-shifted first singlet excited states (Eexcited, 1st) of the complexes and follows the same trend as the EGap values. It is shown that the Eexcited, 1st was due to the π(HOMOPy) ⟶ π*(LUMOHC) transitions and the excited state at maximum absorption (Eexcited, max) was due to the π(HOMOPy) ⟶ π*(LUMOPy) transitions. This study demonstrates the potential sensitivity and selectivity of polypyrrole as a toxic heterocarbonyl sensor.
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1. Introduction


Heterocarbonyl gases such as phosgene, carbonyl fluoride, formaldehyde, carbonyl sulfide, and acetone are well-known toxic compounds and may cause numerous health problems, especially through chronic exposure. The effects of these compounds may range from mild irritation, and allergy to more serious ones, including asthma, cancer, genetic deficiency, damage to organs, and others [1,2,3]. Phosgene is a colorless gas and a highly toxic industrial gas that is very reactive and poses a significant public health risk. In aqueous media, it hydrolyzes to form hydrochloric acid and carbon dioxide. Phosgene is widely used in the industry for various chemical processes involving plastics, pesticides, dyes, pharmaceuticals. It was even used during World War I as a chemical weapon, resulting in a large number of deaths. Inhalation of phosgene gas results in very harmful effects on the lungs and respiratory tract. When inhaled excessively, the person may suffer from pulmonary edema or pulmonary emphysema, and even death [1,4]. Carbonyl fluoride is also a colorless and highly toxic gas. This gas may undergo hydrolysis in water, producing hydrofluoric acid and carbon dioxide. It is primarily used as an intermediate for the production of organic fluorine compounds. Similar to phosgene, the production of acid products may be the main cause of toxicity in the body. Exposure to this gas may lead to irritation, inflammation, pulmonary congestion, and may lead to death [2,5,6]. Formaldehyde is a flammable and colorless gas that is characterized by its distinct strong unpleasant odor. This compound is typically found in household products, resins, building materials, preservatives, agricultural products, and cosmetics. Exposure to this gas may affect the eye, skin, throat, nose, and may lead to very serious conditions including asthma and cancer [3,7,8]. Carbonyl sulfide is a flammable colorless gas with an unpleasant odor similar to other sulfur-compounds. It is the most abundant sulfur compound present naturally in the atmosphere and emitted from environmental processes [9]. It was also reported that carbonyl sulfide is produced endogenously in humans and may help detect the levels of bilirubin in the body and acute rejection of lung transplants [10]. This gas is typically used as an intermediate of sulfur-containing herbicides and as a fumigant in the agricultural industry [9]. Studies suggest that carbonyl sulfide may reversibly impair male fertility under repeated exposure and could be neurotoxic at high levels and prolonged exposure [10]. Acetone is a colorless, volatile, and flammable solvent extensively used in the industry for a wide range of purposes. Although less toxic than the gases mentioned above, acetone is present in the atmosphere and may undergo photolysis producing harmful radicals. High doses of acetone inhalation may lead to respiratory irritation [11,12,13]. Due to the harmful effects of these compounds, easily detecting these toxic gases is needed to mitigate the health risks that these compounds pose. These heterocarbonyl compounds are typically present as contaminants or residues of each other, since one can be produced using another as a starting material. Carbonyl sulfide could be synthesized from the reaction of phosgene with cadmium [14], while carbonyl sulfide can react with chlorine to produce phosgene [15]. Phosgene can also react with anhydrous hydrogen fluoride to produce carbonyl fluoride, and the typical contaminants in carbonyl fluoride are phosgene and carbonyl sulfide [16]. On the other hand, a typical impurity in acetone is formaldehyde [17], and acetone may be reacted with formaldehyde to produce resins [18]. Thus, both sensitivity and selectivity should be addressed for a potential gas sensor to these compounds.



Various gas sensors have been used for the detection of toxic gases and the materials are mostly based on metal oxide/inorganic semiconductors and conducting organic polymers [19,20,21,22]. Conducting organic polymers offer many advantages over inorganic semiconductors due to its low-cost, simple method of fabrication, stability, lightweight, flexibility, sensitivity, and easily tuned optoelectronic properties [20,23,24]. Organic conducting polymers are versatile materials with a wide range of applications which include solar cells, batteries, optoelectronic materials, capacitors, actuators, fuel cells, actuators, and sensors [25,26,27,28,29,30,31,32]. Previously reported organic conducting polymers for gas-sensing applications to include polyaniline, polyacetylene, polythiophene, and polypyrrole [33,34,35,36]. Polypyrrole, in particular, is a well-studied and important gas sensor due to its reported pH sensitivity, stability, and high conductivity [37]. Many simple gas analytes have been previously studied experimentally for polypyrrole, including NH3, NO2, NO3−, CO2, CH4, H2, and H2O2 [33,38,39,40,41,42]. Polypyrrole was used to detect methanol against ethanol and propanol by preparing nanostructures in the presence of perchlorate or p-toluene sulfonate dopants using constant current electrodeposition and was observed to be highly sensitive and selective to methanol [43]. A highly sensitive and selective DMSO sensor was also prepared using nano-structured polypyrrole in the presence of various anionic dopants [44]. Polypyrrole has also been previously used as a sensitive and selective sensor to detect a mixture of volatile organic compounds (VOCs) such as pyridine derivatives, acetonitrile, DMSO, alcohols, aldehydes, ketone, benzene derivatives, and alkanes. In the study, the change in the resistances of the pyrrole-coated was measured and the analytes were quantified [45]. In another study, polypyrrole was successfully used as a sensitive sensor and was synthesized on an Au/Al2O3 surface to detect acetone. The polypyrrole films on the surface were prepared by chemical oxidation-casting, chemical vapor deposition, and impregnated oxidation methods [46]. Polypyrrole has also been used to detect aromatic hydrocarbons benzene, ethyl benzene, toluene, trimethylbenze, alcohols, acetone, acetonitrile, chloroform, and carbon disulfide. The polypyrrole was deposited and polymerized on the surface of a commercial polymer fiber and doped with dodecyl sulfate as an anion dopant [47]. Polypyrrole was even used as a liquefied petroleum gas sensor by combining Nb2O5 nanoparticles with polypyrrole and forming a nanocomposite and was demonstrated to have good sensing capabilities and stability for over a month [48]. The studies above demonstrate the capability of polypyrrole as a gas sensor for a wide range of organic compounds with varying functional groups. However, studies involving the use of polypyrrole as a gas sensor for the toxic carbonyl compounds mentioned above has been limited to date. Theoretical studies on the interaction of these toxic carbonyl gases with polypyrrole may help to understand its potential sensitivity and selectivity as a gas sensor and guide future experiments.



Polypyrrole has been previously studied theoretically as a gas sensor for the detection of various analytes including HCN, SO2, NH3, H2O, CO, CH4, CO2, NO3−, aldehydes, and ketones [49,50,51,52,53,54,55,56]. The nanocomposite of polypyrrole-TiO2 has also been studied theoretically for potential photocatalysis applications [57,58]. In these studies, the method of choice was density functional theory (DFT) methods, which is a highly used method for understanding the electronic and optical properties of materials at the molecular level considering the balance between accuracy and computational costs. DFT has been used extensively in the literature studying conducting polymers for various applications, and, despite its limitations, provides insights into the meaning and consistency of the calculated values and trends with the experiments [59,60,61,62,63,64,65,66,67]. In particular, the Becke three-parameter exchange, Lee, Yang, and Parr (B3LYP) hybrid functional [68] is one of the most common functionals used in calculations involving structure–property relationships between the changes in the geometry of the polymers and its electronic structure, even though it has been shown that the B3LYP functional is not suitable for non-covalent interactions [69,70,71,72]. Therefore, the appropriate method for describing polymer–analyte interactions must also be tested against high-level DFT methods for better accuracy and prediction of properties, which may aid in the development of polypyrrole as a potential gas sensor.



When a conducting sensing polymer is exposed to an analyte, various chemical and physical response mechanisms occur, including conformational changes, charge transfer/redox processes, and electronic structure changes, which could result in changes in its conductivity and could be addressed by DFT calculations. In this study, the interaction of the toxic heterocarbonyl gases phosgene, carbonyl fluoride, formaldehyde, carbonyl sulfide, and acetone with polypyrrole as a gas sensor was studied by DFT. First, the appropriate B3LYP method and basis set for geometry optimizations and energy calculations were determined by comparing several B3LYP methods with several high-level DFT methods. Second, the structural changes (bond lengths, bond angles, dihedral angles), vibrational modes, electron charge transfers, and interaction energies of polypyrrole with heterocarbonyl gases were analyzed and compared between the various gases. Finally, the effects of these changes were then used to explain the electronic and optical properties of each polypyrrole–gas complex and the potential of polypyrrole as a sensitive and selective gas sensor was demonstrated. To the best of our knowledge, this is the first demonstration of polypyrrole as a potential gas sensor for phosgene, carbonyl fluoride, and carbonyl sulfide.




2. Materials and Methods


Figure 1 shows the chemical structures of the polypyrrole (9Py), represented as nine units of pyrrole monomers, interacting with several heterocarbonyl gases (HC): phosgene (CCl), carbonyl fluoride (CF), formaldehyde (CH), carbonyl sulfide (CS), and acetone (CMe), used in this study. In gas sensing experiments, the polymer films are deposited on the surface of the electrode [24,73] and gas molecules mostly interact on the surface and in the bulk of the long polymer chain, as demonstrated in previous polymer-based gas sensor calculations [51,74,75] Thus, in this study, polypyrrole was represented by a nine-unit-long oligomer, and the gas analyte was placed in the middle of the chain to reduce the interaction of the gas molecules with the edges of the polymer. All DFT calculations were carried out using the Gaussian16 computational package [76]. Geometry optimizations and energy calculations were performed using the B3LYP functional in the gas phase. The coordinates of the optimized geometries are presented in the Supplementary Material, Table S1. As mentioned, the B3LYP functional has limitations in describing non-covalent interactions due to the presence of dispersion forces. Nevertheless, the B3LYP functional is arguably the most popular functional in theoretical studies involving the sensing capability of polypyrrole and other conducting polymers [49,51,53,55]. However, several methods may be carried out to reduce these errors, such as counterpoise (CP) [77] and Grimme’s dispersion [69,70,71] corrections. In a recent study on 21 small bimolecular van der Waals organic complexes, it was demonstrated that the functionals B97-D3, B3LYP-D3 and M05-2X functionals with Dunning’s aug-cc-pVDZ basis set are suitable for predicting the equilibrium geometries of non-bonded complexes [78]. In another study on the performance of various DFT functionals on the non-covalent interaction of organic complexes with the double-ζ (aug-cc-pVDZ) and triple-ζ (aug-ccpVTZ) basis sets by Dunning, it was shown that, for the double-ζ basis, the B97-D2, B97-D3, M06-2X, and M05-2X functionals are recommended. While for the triple-ζ basis, the ωB97X-D, B2PLYPD3, B3LYP-D3, and M06-2X functionals are recommended [79]. Therefore, these high-level methods were tested against several B3LYP methods with and without the Grimme’s and CP corrections together with various basis sets for 1Py-CH to determine the appropriate level for the polypyrrole–carbonyl complexes in this study.



The equilibrium geometries of the polypyrrole-carbonyl (9Py-HC) complexes in the gas phase were determined by DFT using the B3LYP functional together Grimme’s electron dispersion correction (D3) with modification of damping (BJ) and 6-31+G(d,p) as the basis set, B3LYP-D3(BJ)/6-31+G(d,p), followed by vibrational analysis at the same level to ensure that the structures are at the local minima. Energy calculations were done using the same level with an additional counterpoise correction (CP), DFT/B3LYP-D3(BJ)-CP/6-31+G(d,p) to reduce the basis set superposition error (BSSE). Interaction energies were calculated as


Eint = Ecomplex − EPy − EHC



(1)




where Ecomplex, EPy, and EX are the total energies of the pyrrole–heterocarbonyl (Py-HC) complexes, isolated pyrrole (9Py), and isolated heterocarbonyl gas (HC), respectively. The UV-Vis spectrum was simulated by TDDFT calculations at the B3LYP/6-31+G(d,p) level. The structures were viewed using Chemcraft [80], while the molecular orbitals were shown using GaussView6 [81]. The NBO population analysis was carried out using the NBO program [82], while the UV-Vis spectrum and the density of states were determined using the GaussSum package [83].




3. Results and Discussion


3.1. Determination of the Appropriate B3LYP Method and Basis Set against Several High-Level DFT Methods


Table 1 shows the structural parameters obtained for 1Py-CH using several B3LYP methods: B3LYP-D3(BJ), B3LYP, B3LYP-CP, and B3LYP-D3(BJ)-CP, with various basis sets: 6-31+G(d,p), 6-311+G(d,p), aug-cc-pVDZ, and aug-cc-pVTZ. These B3LYP methods and basis sets were tested against the B97D3, M05-2X, and ωB97xD methods with aug-cc-pVDZ as the basis set. It can be observed that the distances between N4 and H8 are the same for all combinations, while the C3N4C5 angles are virtually the same for all methods. Significant differences were observed for the hydrogen-bonded atoms H8 and O9, and the angle between the hydrogen-bonded atoms C3, N4, and C5. The B97D3, M05-2X, and ωB97xD combinations have H8-O9 distances ranging from 2.10 to 2.17 Å, with an average of 2.13 Å, while the C3N4C5 angles ranged from 134.0° to 142.4°, with an average of 139.2°. For the B3LYP methods, the B3LYP and B3LYP-CP combinations generated shorter H8-O9 distances and higher C3N4C5 angles. On the other hand, The B3LYP-D3(BJ) and B3LYP-D3(BJ)-CP combinations generated similar H8-O9 distances (2.11 and 2.12 Å) and virtually the same C3N4C5 angles (139.5° to 142.6°). Thus, the B3LYP-D3(BJ)/6-31+G(d,p), less computationally intensive than B3LYP-D3(BJ)-CP, was used for the 9Py-HC geometry optimizations.



Table 2 shows the interaction energies using several B3LYP methods: B3LYP-D3(BJ) and B3LYP-D3(BJ)-CP with the 6-31+G(d,p) and 6-311+G(d,p) basis sets from the B3LYP-D3(BJ)/6-31G+(d,p) optimized structure. These B3LYP combinations were then tested against the B97D3, B97D2, M05-2X, and M06-2X methods with aug-cc-pVDZ as the basis set, and M06-2X, ωB97xD, B2PLYPD3, and B3LYP-D3(BJ) methods with aug-cc-pVTZ as the basis set. The interaction energies of the DFT methods with the Dunning’s correlation consistent basis sets were observed to range from −5.35 to −6.05 kcal/mol, with an average of −5.69 ± 0.24 kcal/mol. The B3LYP-D3(BJ) method was observed to overestimate the magnitude of the interaction energies, −6.00 kcal/mol for 6-31+G(d,p) and −6.08 kcal/mol for 6-311+G(d,p), but was in line with the counterpoise-corrected B3LYP-D3(BJ)-CP method, where the 6-31+G(d,p) and 6-311+G(d,p) basis sets have very similar values of −5.74 and −5.70 kcal/mol, respectively. The B3LYP-D3(BJ)-CP/6-31+G(d,p) was then utilized for the 9Py-HC energy calculations.




3.2. Structural Parameters for the 9Py-HC Complexes


The structural changes in 9Py upon its interaction with the HC gases are shown in Table 3. It was previously shown in previous studies with polypyrrole [52,55,56] that these structural parameters are virtually the same for shorter chain lengths, thus, only n = 9 units (9Py) to represent infinite chain length were carried out in this study. The length between the hydrogen-bonded (H-bond) atoms, H8-O9, showed that the shortest distance was observed for 9Py-CMe (1.929 Å) followed by 9Py-CH (1.981 Å), 9Py-CCl (2.176 Å), 9Py-CF (2.194 Å), and the longest for 9Py-CS (2.352 Å). The angle between the hydrogen bond donor (N4), hydrogen atom (H8), and hydrogen bond acceptor (O9), N4H8O9 angle, is closest to linearity in 9Py-CMe (163.9°), followed by 9Py-CH (160.2°), 9Py-CCl (152.4°), 9Py-CF (150.0°) and lastly 9Py-CS (134.5°). The trend could indicate that CMe has the strongest H-bond interaction with 9Py and the weakest interaction occurs with CS. Moreover, due to the interaction of the gases, the weakening of the N4-H8 bond was observed, where the largest increase in N4-H8 bond length was observed with 9Py-CMe and has the opposite trend with the shortening of H-bond lengths.



The N1C2C3N4, C2C3N4C5, and N4C5C6N7 dihedral angles indicate the planarity of the polypyrrole before and after its interactions with the HC gases and therefore could affect its electronic properties. The C2C3N4C5 dihedral angles remained close to 180° with only about a ~1° or less decrease for all complexes, however, both N1C2C3N4 and N4C5C6N7 dihedral angles had significant changes for all complexes upon the interaction of polypyrrole with the gases. All complexes exhibited increased planarity for the N1C2C3N4 dihedral angle, with the most planar observed in 9Py-CH (177.6°), followed very closely by 9Py-CMe (177.4°), 9Py-CCl (161.5°), 9Py-CF (161.3°), and the least planar for 9Py-CS (159.9°) as compared to 9Py (157.7°). The increase in planarity could be due to the strong electronic effect brought by the interaction of the HC gases with Py. However, the N4C5C6N7 dihedral angles were observed to decrease for all complexes, with the lowest observed for 9Py-CMe (−143.9°), followed by 9Py-CCl (−146.2°), 9Py-CF (−148.8°), 9Py-CS (−151.8°), and the most planar 9Py-CH (−153.6°) compared to 9Py (−157.7°). As observed in Figure 2, this dihedral angle is greatly affected by the presence of the bulky α-groups (CMe and CCl) attached to the carbonyl carbon, resulting in an increase in the dihedral angles due to steric effect and the gases with the least bulky α-groups (CH and CS) having the smallest increase in dihedral angles.




3.3. Vibrational Analysis of the 9Py-HC Complexes


The vibrational frequencies of the 9Py-HC complexes were observed to decrease from the 3676 cm−1 (N4-H8 stretching) for the isolated polypyrrole (9Py) upon its interaction with the HC gases. The most significant shift was observed for 9Py-CMe (3482 cm−1), followed by 9Py-CH (3519 cm−1), 9Py-CCl (3636 cm−1), 9Py-CF (3637 cm−1), and CS (3658 cm−1). The observed decrease is due to the weakening of the N4-H8 bond length, as shown in Table 3, brought by the increase in H-bonding between 9Py and HC gases and has the same trend as the H-bond distances and angles. Thus, the stronger is the H-bond strength, the larger the shift in the vibrational frequencies.




3.4. 9Py-HC Complexation Energies


Table 4 shows the complexation energies for the interaction of 9Py with HC gases for both B3LYP-D3(BJ) and the counterpoise corrected B3LYP-D3(BJ)-CP. The complexation energies show that the BSSE energies are quite significant, about 7–15% of the corrected complexation energies. The trend observed for the complexation energies is consistent with the structural analysis of the H-bond lengths and angles, and vibrational frequencies. The strongest interaction was observed for 9Py-CMe (−11.64 kcal/mol), followed by 9Py-CH (−7.98 kcal/mol), 9Py-CCl (−7.27 kcal/mol), 9Py-CF (−6.26 kcal/mol), and the weakest interaction was observed in 9Py-CS (−5.70 kcal/mol). The complexation energies showed various strengths of interaction, as the α-group of the heterocarbonyl gas was varied.




3.5. Charge Transfer Analysis


Table 5 summarizes the NBO population for the HC gases in complex with 9Py. It shows that the various gases have different effects on the polypyrrole, where CMe, CH, and CCl gases were observed to donate electron charges to the 9Py (n-doping), while CF and CS gases were observed to accept electron charges from the 9Py (p-doping). The CMe (0.02016 e−) gas has the highest electron donation, followed by CH (0.01875 e−), and CCl (0.00292 e−), while the CS (−0.00439 e−) has the strongest electron-accepting capability, followed by CF (−0.00087 e−). The high electron-donating capability of CMe is due to the electron-donating capability of its alkyl methyl groups to the carbonyl O, resulting in electron donation to the polypyrrole and strong H-bond formation. It can be observed that the electron-donating/accepting capability trend of the HC gas has the same trend as the interaction energies and H-bond distances. This is due to the strong electron-withdrawing nature of polypyrrole, having an extensive conjugation and electron delocalization in its backbone. Thus, the stronger the H-bond, i.e., shorter H-bond distance and linear H-bond angle, the easier it is for the polypyrrole to accept electron charge from the HC gases. The effect of the electron charge transfer between 9Py and HC gases to the frontier orbital energies is then described in the next section.




3.6. Effect of Carbonyl Gases on the Electronic Properties of Pyrrole


The changes in the electronic properties of the polypyrrole due to its interaction with heterocarbonyl gases may result in variation in its chemiresistive properties. Since the conductivity of polypyrrole is directly related to its energy gap (EGap), understanding the interaction of the HC gases with its frontier orbitals is very important. As shown in Figure 3, there are significant variations in the EHOMO and ELUMO energies among different HC gases. The EHOMO and the ELUMO for 9Py were observed to be at −4.346 and −1.077 eV, respectively, while the EGap was determined to be 3.269 eV, which is consistent with the experimental EGap of 3.1 eV for polypyrrole [84]. The 9Py-CMe complex (−4.257 eV) was observed to have the highest EHOMO energy increase, followed by 9Py-CH (−4.273 eV). On the other hand, the 9Py-CCl (−4.347 eV) has a similar value to polypyrrole, while 9Py-CS (−4.358 eV), 9Py-CF (−4.362 eV) have lower EHOMO energies. The observed changes could be attributed to, as discussed in the previous section, the electron donation of the CMe and CH gases to the EHOMO of 9Py. As will be discussed in the next section, the HOMO surfaces of the complexes mainly have the 9Py character, therefore, electron donation to the 9Py backbone will result in an increase in the EHOMO energy. The opposite happens when the 9Py instead donates an electron charge to the HC gases, where the EHOMO orbitals are either unchanged or result in lower energy. For the ELUMO energies, the values are similar to the ELUMO energies of the isolated HC gases and, as can be seen in Figure 5 in the next section, the LUMO surfaces mainly have the HC gas LUMO character. The ELUMO energies of the 9Py-HC complexes and the ELUMO energies of the isolated gases (ELUMO, complex/ELUMO, HC gas) are: 9Py-CCl (−2.203 eV/−2.085 eV), 9Py-CF (−1.235 eV/−1.162 eV), 9Py-CH (−2.102 eV/−1.7039 eV), 9Py-CS (−1.249 eV/−1.216 eV), and 9Py-CMe (−1.177 eV/−0.740 eV). All the ELUMO energies were observed to decrease as 9Py interacts with the HC gases and result in smaller EGap values for all the 9Py-HC complexes compared to isolated 9Py. Due to the interaction of the different HC gases and its interaction with the frontier orbital energies of 9Py, varying EGap values were observed for the 9Py-HC complexes. The smallest EGap was observed for 9Py-CCl (2.144 eV), followed by 9Py-CH (2.171 eV), 9Py-CMe (3.081 eV), 9Py-CS (3.109 eV), and the largest was observed for 9Py-CF (3.128 eV). Table 6 presents a summary of the frontier orbital energies (EHOMO and ELUMO), EGap, ionization potential (IP), and electron affinity (EA), where the IP and EA were estimated using Koopman’s theorem: IP = −EHOMO and EA = −ELUMO. The analysis of the calculated electronic energies demonstrates the potential sensitivity (significant reduction in EGap values), especially for CCl and CH and the selectivity (variation in EGap values for different HC gases) of polypyrrole as a potential sensor of the heterocarbonyl gases in this study. In order to further understand the effect of concentration, interferents, and charge transport along the polymer due to the interaction of the gas molecules with polypyrrole, large-scale molecular dynamics or monte carlo simulations are recommended [85,86,87,88].




3.7. Density of States


To have a better understanding of the electronic properties of the 9Py-HC complexes, the density of states (DOS) and the frontier molecular orbital (FMO) surfaces are discussed. Figure 4 shows the total density of states (TDOS) of the 9Py-HC complexes and the isolated 9Py, and the projected density of states (PDOS) of the HC gases, while Figure 5 shows the HOMO and LUMO surfaces of the isolated 9Py and 9Py-HC complexes. The TDOS curves in Figure 5 show additional peaks or increased density in the LUMO energy region, mainly due to the LUMO orbitals of the HC gases, and are shown as large orbital densities in the LUMO surfaces in Figure 6. The 9Py-CCl and 9Py-CH were both observed to have the smallest EGap values due to the existence of the additional peak in the TDOS of the two complexes, significantly reducing their LUMO energies, resulting in much lower EGap values. For 9Py-CMe, 9Py-CF, and 9Py-CS, the reduction in LUMO energies is minimal since the LUMO energies of these HC gases are only slightly lower than the LUMO energy of the isolated 9Py, resulting in less lowering in the EGap values. For the HOMO energies, the 9Py-CMe and 9Py-CH complexes have higher HOMO energies as compared to the rest of the complexes and result in more effective electron transfer to the 9Py, thus significantly increasing their HOMO energies. The combination of the HOMO and LUMO orbital interactions of the HC gases resulted in varying electronic properties of the 9Py–HC complexes.




3.8. Simulated UV-Vis Absorption Spectra of the 9Py-HC Complexes


Figure 6 shows the simulated UV-Vis absorption spectra of the 9Py-HC gases. The changes in the electronic structure of the 9Py results in changes in its chemiresistivity and also in its optical properties. As described in the previous sections, the EGap values decreased upon the interaction of HC gases with 9Py. The same was also observed in the excitation spectra of the 9Py–HC complexes. The isolated 9Py showed three major peaks at 436 (λmax), 372, and 345 nm (shoulder) consistent with previous reports [52,55,89,90]. The λmax at 436 nm (2.85 eV), attributed to the π ⟶ π* excitation, is consistent with the previous experimental value of 442 nm for polypyrrole [89,90,91]. The λmax (Eexcited, max) of the 9Py–HC complexes, as shown in Table 7, are similar to the λmax of 9Py with a slight red-shift for 9Py–CH (439 nm/2.82 eV) and 9Py–CMe (438 nm/2.83 eV), while a slight blue-shift was observed for 9Py–CCl (431 nm/2.88 eV), 9Py–CF (432 nm/2.87 eV), and 9Py–CS (431 nm/2.88 eV). On the other hand, the first singlet excitations (Eexcited, 1st), although at significantly lower oscillator strengths, for all 9Py–HC complexes have significantly shifted to longer wavelengths with the 9Py–CCl (743 nm/1.67 eV) and 9Py–CH (737 nm/1.68 eV) having the longest red-shifts, followed by 9Py–CMe (476 nm/2.60 eV), 9Py–CS (472 nm/2.62 eV), and 9Py–CF (469 nm/2.65 eV). The Eexcited, 1st are assigned to the π(HOMOPy) ⟶ π*(LUMOHC) transitions from the HOMO (bonding π-orbital) of 9Py to the LUMO (antibonding π-orbital) of the HC gases, as described in the previous section, while the Eexcited, max are assigned to the π(HOMOPy) ⟶ π*(LUMOPy) transitions from the HOMO of 9Py to the LUMO of 9Py. The observed large red shifts in the complexes, especially for CCl and CH, demonstrate the potential sensitivity of polypyrrole via UV-Vis absorbance measurements.





4. Conclusions


The potential of polypyrrole as a gas sensor for several toxic heterocarbonyl gases: phosgene, carbonyl fluoride, formaldehyde, carbonyl sulfide, and acetone was successfully described by DFT calculations. The B3LYP-D3/6-31+G(d,p) level for geometry optimizations and the B3LYP-D3-CP/6-31+G(d,p) level for energy calculations were found to be sufficient in describing non-covalent interactions when tested against several high-level DFT methods employing the Dunning’s aug-cc-pVDZ and aug-ccpVTZ basis sets. The resulting geometries of the complexes from the interaction of the heterocarbonyl gases with polypyrrole were observed to have significant effects on its structural parameters. Increased planarity was observed in the non-interacting region of the polymer due to electronic effects, while decreased planarity was observed in the interacting region due to steric effects. The analysis of the H-bond distances, vibrational frequencies, and complexation energies show that among the heterocarbonyl gases, acetone (CMe) had the strongest interaction as a result of the electron charge transfer (n-doping) of the acetone molecule to the polypyrrole backbone. The acetone and formaldehyde (CH) gases were observed to have significant electron charge donation to the polypyrrole backbone which increases the HOMO energies of these two complexes. On the other hand, the carbonyl fluoride (CF) and carbonyl sulfide (CS) gases were observed to receive electron charges from the polypyrrole backbone, resulting in a decrease in their HOMO energies. The LUMO orbitals of the complexes were observed to mainly have the LUMO orbital character of the heterocarbonyl gases. Due to the significantly lower LUMO energies of phosgene and formaldehyde gases, the LUMO energies of their complexes were observed to have the lowest energies, resulting in the smallest energy gaps among the gases studied. This demonstrates the potential chemiresistive sensitivities to these two gases. The first excited singlet states from the absorption calculations have the same trend as the energy gap values and were shown to be due to the π(HOMOPy) ⟶ π*(LUMOHC) energy transition from the HOMO orbital of polypyrrole to the LUMO orbital of the gas. The significant changes and variation among different analyte gases in their electronic and optical properties reveal its potential sensitivity and selectivity. The analysis and results in this study demonstrate the promise of polypyrrole as a sensor for various toxic heterocarbonyl gases and may aid in its future experiments and design.
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Figure 1. Chemical structures of the (9Py-HC) pyrrole–heterocarbonyl gas complexes and the numbering scheme used in this study. 
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Figure 2. Optimized structures for 9Py-HC complexes (HC = CCl, CF, CH, CS, and CMe) at the B3LYP-D3(BJ)/6-31+G(d) level in the gas phase. 
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Figure 3. Frontier orbital energies: EHOMO (black marker), ELUMO (red marker), and EGap (arrow) for the 9Py–HC complexes (HC = CCl, CF, CH, CS, and CMe). 
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Figure 4. The total density of states (TDOS) for 9Py–HC complexes (solid blue line), projected density of states (PDOS) for the HC gases (red line), and TDOS for the isolated 9Py (dashed black line): (a) 9Py-CCl, (b) 9Py-CF, (c) 9Py-CH, (d) 9Py-CS, and (e) 9Py-CMe. 
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Figure 5. Frontier molecular orbital surface for the 9Py-HC complexes (isovalue = 0.02 a.u.). 
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Figure 6. Simulated UV-Vis absorption spectra for 9Py and the 9Py–HC complexes (FWHM = 3000 cm−1). 
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Table 1. Structural parameters from the equilibrium geometries of 1Py-CH using several B3LYP methods and basis sets in the gas phase against several high-level density functional theory (DFT) methods with an aug-cc-pVDZ basis set.
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d (Å)

	
θ (°)




	
Method

	
Basis Set

	
H8·O9

	
N4-H8

	
N4H8O9

	
C3N4C5






	
B3LYP-D3(BJ)

	
6-31+G(d,p)

	
2.11

	
1.01

	
140.2

	
109.7




	

	
6-311+G(d,p)

	
2.12

	
1.01

	
139.5

	
109.7




	

	
aug-cc-pVDZ

	
2.05

	
1.01

	
147.0

	
109.8




	

	
aug-cc-pVTZ

	
2.07

	
1.01

	
146.0

	
109.7




	
B3LYP

	
6-31+G(d,p)

	
2.06

	
1.01

	
165.5

	
109.6




	

	
6-311+G(d,p)

	
2.07

	
1.01

	
168.0

	
109.5




	
B3LYP-CP

	
6-31+G(d,p)

	
2.09

	
1.01

	
164.3

	
109.6




	

	
6-311+G(d,p)

	
2.10

	
1.01

	
167.4

	
110.0




	
B3LYP-D3(BJ)-CP

	
6-31+G(d,p)

	
2.11

	
1.01

	
142.6

	
109.7




	

	
6-311+G(d,p)

	
2.12

	
1.01

	
140.6

	
109.7




	
B97D3

	
aug-cc-pVDZ

	
2.12

	
1.01

	
142.4

	
110.0




	
M05-2X

	
aug-cc-pVDZ

	
2.17

	
1.01

	
134.0

	
109.9




	
ωB97xD

	
aug-cc-pVDZ

	
2.10

	
1.01

	
141.3

	
109.8
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Table 2. Interaction energies of 1Py-CH using several B3LYP methods against high-level DFT methods with aug-cc-pVDZ and aug-cc-pVTZ basis sets.
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	Method
	Basis Set
	Eint (kcal/mol)





	B97D3
	aug-cc-pVDZ
	−5.48



	B97D2
	aug-cc-pVDZ
	−5.35



	M05-2X
	aug-cc-pVDZ
	−6.01



	M06-2X
	aug-cc-pVDZ
	−6.05



	
	aug-cc-pVTZ
	−5.70



	ωB97xD
	aug-cc-pVTZ
	−5.53



	B2PLYPD3
	aug-cc-pVTZ
	−5.70



	B3LYP-D3(BJ)
	aug-cc-pVTZ
	−5.70



	
	6-31+G(d,p)
	−6.08



	
	6-311+G(d,p)
	−6.00



	B3LYP-D3(BJ)-CP
	6-31+G(d,p)
	−5.74



	
	6-311+G(d,p)
	−5.70
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Table 3. Structural parameters for the optimized 9Py-HC complexes at the B3LYP-D3(BJ)/6-31+G(d,p) level.
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d (Å)

	
θ (°)

	
Φ (°)




	
9Py-HC

	
H8·O9

	
N4-H8

	
N4H8O9

	
C3N4C5

	
N1C2C3N4

	
C2C3N4C5

	
N4C5C6N7






	
9Py

	
-

	
1.008

	
-

	
110.6

	
157.7

	
−179.8

	
−157.7




	
9Py-CCl

	
2.176

	
1.011

	
152.4

	
110.3

	
161.5

	
−179.2

	
−146.2




	
9Py-CF

	
2.194

	
1.011

	
150.0

	
110.3

	
161.3

	
−179.2

	
−148.8




	
9Py-CH

	
1.981

	
1.017

	
160.2

	
110.4

	
177.6

	
−178.9

	
−153.6




	
9Py-CS

	
2.352

	
1.009

	
134.5

	
110.4

	
159.9

	
−179.2

	
−151.8




	
9Py-CMe

	
1.929

	
1.019

	
163.9

	
110.3

	
177.4

	
−178.5

	
−143.9
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Table 4. Complexation energies for 9Py-HC complexes (HC = CCl, CF, CH, CS, and CMe) at the B3LYP-D3(BJ)-CP/6-31+G(d,p) level in the gas phase.






Table 4. Complexation energies for 9Py-HC complexes (HC = CCl, CF, CH, CS, and CMe) at the B3LYP-D3(BJ)-CP/6-31+G(d,p) level in the gas phase.











	
	B3LYP-D3(BJ)
	B3LYP-D3(BJ)-CP
	BSSE Energy





	9Py-HC
	(kcal/mol)
	(kcal/mol)
	(kcal/mol)



	9Py-CCl
	−8.37
	−7.27
	1.10



	9Py-CF
	−7.14
	−6.26
	0.88



	9Py-CH
	−8.55
	−7.98
	0.57



	9Py-CS
	−6.51
	−5.70
	0.81



	9Py-CMe
	−12.46
	−11.64
	0.82
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Table 5. NBO charge transfer analysis for the heterocarbonyl (HC) gases in the 9Py-HC complexes.
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	9Py-HC
	QNBO (e−)





	9Py-CCl
	0.00292



	9Py-CF
	−0.00087



	9Py-CH
	0.01875



	9Py-CS
	−0.00439



	9Py-CMe
	0.02016
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Table 6. Frontier orbital energies (EHOMO, ELUMO, EGap), ionization potential, and electron affinity for the 9Py–HC complexes.
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	9Py-HC
	EHOMO (eV)
	ELUMO (eV)
	EGap (eV)
	IP (eV)
	EA (eV)





	9Py
	−4.346
	−1.077
	3.269
	4.346
	1.077



	9Py-CCl
	−4.347
	−2.203
	2.144
	4.347
	2.203



	9Py-CF
	−4.362
	−1.235
	3.128
	4.362
	1.235



	9Py-CH
	−4.273
	−2.102
	2.171
	4.273
	2.102



	9Py-CS
	−4.358
	−1.249
	3.109
	4.358
	1.249



	9Py-CMe
	−4.346
	−1.077
	3.269
	4.346
	1.077
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Table 7. Excitation energies for the maximum absorbance (Eexcited, max) and first excited state (Eexcited, 1st), oscillator strengths (fOsc) of 9Py-HC. The corresponding main electronic configurations (>5%) are also shown.






Table 7. Excitation energies for the maximum absorbance (Eexcited, max) and first excited state (Eexcited, 1st), oscillator strengths (fOsc) of 9Py-HC. The corresponding main electronic configurations (>5%) are also shown.












	9Py-HC
	Eexcited, max, eV (λmax, nm)
	ƒOsc
	Eexcited, 1st, eV (λ1st, nm)
	ƒOsc





	9Py
	2.85 (436) H ⟶ L (95%)
	2.3834
	---
	



	9Py-CCl
	2.88 (431) H ⟶ L + 2 (93%)
	2.2274
	1.67 (743) H ⟶ L (95%)
	0.0065



	9Py-CF
	2.87 (432) H ⟶ L + 1 (93%)
	2.1357
	2.65 (469) H ⟶ L (94%)
	0.1148



	9Py-CH
	2.82 (439) H ⟶ L + 1 (93%)
	2.3113
	1.68 (737) H ⟶ L (97%)
	0.0057



	9Py-CS
	2.88 (431) H ⟶ L + 2 (92%)
	2.0309
	2.62 (472) H ⟶ L (93%)
	0.1818



	9Py-CMe
	2.83 (438) H ⟶ L + 1 (90%)
	1.9847
	2.60 (476) H ⟶ L (96%)
	0.0304











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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