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Abstract 

The gas sensing ability of thiophene has been discussed earlier, but various properties such as the interaction 

energy, counterpoise-corrected energy, and charge transfer based on Mulliken and natural bond orbital 

analysis between the analyte carbonyl sulfide (COS)  and the monomer have been largely unexplored. The 

interaction of thiophene with COS was investigated using the density functional theory at the routes of B3LYP 

and ωB97XD with the basis set 6-31+G(d) level. COS gas sensors are highly desirable as these types of gaseous 

emissions cause acute toxicological hazards to humans and animals. When toxic COS is exposed to thiophene, it 

alters the electronic charge concentration, thereby changing the resistance of the host layer. Theoretical 

recovery times were calculated to estimate the reusable efficiency of the thiophene/COS gas sensor. Our 

computational studies indicate the physisorption of COS on thiophene which is confirmed by the adsorption 

energies and changes in the geometric, energetic, and electronic properties, thereby revealing the compound’s 

sensing ability. The results are supported by UV-vis spectroscopic analysis. The characteristic peaks of the IR 

vibrational spectra are obtained.   

 

Keywords: Density functional theory, Thiophene, Carbonyl sulfide, Frontier molecular 

orbital, Global reactive indices, Ultraviolet-visible-Time dependent density functional theory. 
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 Introduction 

 

A preprint has previously been published. [Haripriya et al. 2022] [1]. 

Conjugated organic polymers (COPs) are conducting polymers owing to the presence 

of delocalized π-orbital electrons. Many COPs, including polyaniline, polythiophene, 

polypyrrole, polyparaphenylene, polyphenylenevinylene, and polyphenylene sulfide, are used 

in the fields of energy storage [2] and in electronic chemical sensors [3]. The applications of 

conducting polymers in various sensors are considerably fascinating. Conducting polymers 

exhibit excellent electrical conductivity characteristics and have been applied extensively in 

field-effect transistors [4]. Salient features of conducting polymers and the application of 

conducting polymers to biosensors in the field of health care, food industries, and 

environmental monitoring were studied by Gerard et al. [5]. The excellent electrical 

conductivity of polyselenophene and their applications in electronic devices (e. g., actuators) 

were reported by Patra et al. [6]. Patois et al. investigated the influences of the 

electropolymerization parameters on the ammonia gas detection efficiency of polypyrrole-

based sensors. [7]. The use of conducting polymers (as emerging commercial materials) and 

their applications in batteries, gas sensors, electromagnetic interference shielding, light-

emitting diodes, and solar cells, were studied by Kumar et al. [8]. The gas sensing property 

induces polymer conductivity changes due to the alteration of the doping levels of the 

conducting polymer attributed to the transfer of electrons from or to the analytes [9]. The 

sensing properties of conjugated organic polymers with various gas molecules and their 

structural and electronic properties have been studied extensively computationally [10–15]. 

Among all the COPs, polythiophene and its derivatives are attractive owing to their excellent 

electrical, chemical, and physical properties. Polythiophene, which is used in electrochromics 

and conducting polymer films, has improved gas sensing properties compared with other 
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COPs. Polythiophene has numerous derivatives, such as poly (3, 4- ethylenedioxythiophene) 

(PEDOT), which has a conducting polymer with a moderate band gap, low redox potential, 

and optical transparency characteristics, and has been extensively applied in energy 

conversion and storage devices.  

In our previous research work, intermolecular charge transfer between COS and 

thiophene enabled us to elucidate the adsorption phenomenon between the donor (COS) and 

the acceptor(thiophene). [16]. The above mentioned study investigated the second order 

perturbation theory of Fock matrix of the interacting NBOs, and the population of electrons 

in the core, valence, and Rydberg subshells was analyzed by density functional theory. 

Further, our previous work on NBO analysis confirmed the charge transfer from the lone pair 

of oxygen of COS to σ* of C1-H6 of thiophene that led to adsorption . Continuation of our 

previous work, in this present work, the sensing ability of thiophene with COS is proved by 

its structural parameters that are supported by interactions and counterpoise-corrected 

energies. Various structural and electronic properties, such as inter- and intrabond lengths, 

bond angles, interaction energy, counterpoise corrected energy, charge transferring 

phenomena by Mulliken and NBO analyses, dipole moment, highest occupied molecular 

orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and energy gap, are 

calculated for the adsorbed analyte thiophene to show that the COS interacts well with 

thiophene, making it less chemically stable and more reactive. Part of the success of our 

approach is attributed to the fact that DFT provides a strong foundation to study chemical 

reactivity calculated based on simple equations that describe various global indices of 

reactivity, such as the ionization potential, electron affinity, softness, electrophilicity, 

hardness, electronegativity, and chemical potential. Analyses of excited state properties, such 

as UV-vis spectroscopic analysis were performed by , and the results correlate strongly with 

our theoretical work that reflects the electronic properties of the monomer. The IR vibrational 
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properties are simulated at DFT B3LYP/6-31+G (d) level and the IR assignments of 

monomer and monomer with analyte are strongly correlated with experimental frequencies. 

Our results indicate that COS interacts with thiophene based on a physisorption process 

owing to the existence of van der Waals forces between the monomer and the analyte. We 

believe that our study makes a significant contribution to the literature because gas sensors 

used to detect COS gas are highly desirable as they eliminate acute toxicological hazards to 

humans and animals [17, 18]. It was also reported that under repeated exposure of COS gas 

will reversibly harm male fertility and at prolonged exposure it could be neurotoxic. [19]. 

Thus, the action of COS with the nervous system is quite remarkable. The gas  COS  can be 

used an intermediate of sulfur containing herbicides and can be used as a  fumigant in the 

agricultural industry. [20]. Since the gas poses a significant public health risk , it should be 

eliminated from the environment. Thus our studies are towards COS sensing and  our work 

mitigate the significant public health risk by detecting the toxic gas which causes numerous 

health problems.. Further, the electronic property of the polythiophene monomer that 

facilitates the withdrawal of an electron from the analyte reduces the HOMO-LUMO gap that 

enhances high-charge carrier mobility; these changes are very helpful in the design of organic 

light-emitting diodes.  

Our study will provide a better platform to advance additional research efforts 

pertaining to the analysis of the gas-sensing behavior of polythiophene with COS in various 

fields of optoelectronics. Overall, our research findings suggest that thiophene is a very 

effective COS sensor.  

One of the main objectives of our work is the hitherto unexplored determination of the 

decrease in the energy gap of thiophene after interactions with COS, as it increases the 

electrical conductivity of thiophene and makes it suitable for use in organic cells and organic 

light-emitting diodes. Thus, we report that the interaction between the monomer and analyte 
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changes the electronic structure of thiophene that induces changes in the electrical 

conductance; this alteration can be transformed into a signal to allow it to develop as a new 

sensor. To the best of our knowledge, this area has been largely unexplored, and exploration 

of these studies indicates the potential of thiophene for use as an inexpensive sensor for the 

aforementioned analyte.  

Material and Methods 

The molecular orbital theory is very useful for the description of the electronic 

structures of molecules. The basic framework of the MO method was proposed by Hund [21], 

Mulliken [22], and Lennard–Jones [23] and enables us to interpret the nature of the ground 

and excited states of molecules. All calculations were performed in the gas phase using 

―Gaussian 09 [24],‖ and the results were analyzed using the GaussView (version 5. 0), [25], 

and the Gabedit computer programs (version 2. 5. 0, A. R. Allouche) [26]. The geometries of 

thiophene, COS, and the complex were optimized with the DFT method using the B3LYP/6-

31+G(d) basis set. Various configurations of the complex (thiophene with analyte) were 

considered and were allowed to relax, and the most stable configuration(minimum 

energy)was used for calculation after relaxation. Frequency analysis was performed for the 

optimized structure to ensure that these stable structures corresponded to true minima, and the 

stationary points were confirmed to have no imaginary frequencies. Moreover, for 

comparison purposes, we used the best hybrid ωB97XD/6-31+G(d) level of theory [27] in 

conjunction with Grimme’s D2 dispersion model [28] for the optimization of structures. As 

the DFT of functional B3LYP/6-31+G(d) does not consider the dispersion arising from the 

fluctuation of the charge distribution around a molecular system due to the movement of the 

electrons, the ωB97XD/6-31+G(d) functional was used. The ωB97XD functional should be 

appropriate because of its long-range, corrected exchange-correlation behavior with the 

inclusion of Grimme dispersion correction [29].  It is well known that the DFT Becke’s three-
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parameter exchange functional in conjunction with the Lee-Yang-Parr correlation functional 

B3LYP level [30–33] with the well-accepted basis set, 6-31+G(d), will yield accurate results 

because of its exchange correlation property. Our previous work on the molecular orbital 

calculation on the structures of mono- and dihydroxy benzenes and their halogen substituted 

species showed that the DFT B3LYP method provides more accurate molecular structure 

predictions [34].  

The interaction energy between thiophene and analyte is calculated by Eq. (1) 

              (                 )(1) 

The interaction energy is corrected by the counterpoise method expressed by Eq. (2) 

                   (2) 

where Ecomplex is the total energy of the optimized thiophene with COS physiosorbed 

on it, Emonomer is the total energy of the isolated thiophene molecule, Eanalyte is the total energy 

of the gaseous COS, and EBSSE and Eint, CP represent the basis set superposition error and 

counterpoise-corrected interaction energies of the complex, respectively. Eint is calculated 

after the energies of the systems attain their relaxed minimum structures.  

The recovery time can be calculated by the following equation [35,36],  

               [
    

   
] (3)   

where ν can be interpreted as the attempt frequency to break the bond. The frequency  

ν is typically around 1THz, Eb is the binding energy of the gas on the thiophene, T=300K, and 

kb is Boltzmann’s constant.  
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Results and Discussion 

In recent years, computational studies have been performed to assess the sensing 

ability of thiophene with different gases [13] and determine the interaction with several toxic 

gases, such as carbonyl sulfide with polypyrrole. [37]. However, in the case of the 

polythiophene monomer and its interactions with COS, various structural and electronic 

properties before and after the interaction, and especially the global reactive indices, have not 

been studied previously. In our present work, quantum chemical calculations were carried out 

to investigate the adsorption characteristics of monomer of polythiophene with COS, and a 

comparison and study of the geometric and electronic properties to establish thiophene as a 

more useful sensor were also carried out.  

 

 Inter- and intrabond lengths and bond angles 

Geometries of the isolated thiophene, COS, and the complex, were optimized at the 

DFT B3LYP/6-31+G(d) level, and the results of the monomer were compared with the 

available experimental values [38, 39] to describe the correlation between the geometric 

structures and its properties. The optimized structures of thiophene, COS, and thiophene with 

COS are shown in Figures1(a), 1(b), and 1(c), respectively. We found that the intrabond 

lengths and bond angles calculated for the monomer at the B3LYP/6-31+G(d) level correlate 

well with the experimental values with the appropriate choice of basis set listed in Table 1. 

The difference between the experimental and the calculated bond length for C=C is 0. 0004 Å.  

The C-S and C-C bond lengths from our findings slightly differ compared with the 

experimental values by 0. 0216 Å and 0. 0078Å, respectively. There is an increase in the 

value of C-H bonds nearest to the sulfur by 0. 0042Å. The C2-H7 and C3-H8 bonds vary by 0. 

0041Å. The calculated bond angles ∠C-C-S and ∠C-C-C are slightly higher than the 

experimental values by 0. 0902° and 0. 1704°, respectively, whereas the ∠C-S-C bond angle 
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is slightly less than the experimental value by 0. 66°. The bond angles ∠C-C-H and ∠S-C-H 

differ from the experimental values by 0. 35° and 0. 19°, respectively. The results obtained 

from the DFT at the level of B3LYP/6-31+G(d) calculations are in good agreement with the 

experimental values [38, 39] which substantiate the accuracy of the basis set.  

The optimized geometrical parameters of the complex undergo changes in the bond 

lengths and the bond angles with respect to those of the monomer, thereby establishing the 

sensitivity and selectivity of the monomer with the analyte. The C1-C2 bond length of the 

complex decreases by 0. 0001Å compared with that of the monomer and the same trend is 

observed for the C1-S5 bond. The C1-H6 bond length for the complex is smaller than that of 

the monomer by 0. 0003 Å. The C2-C3 bond length of the complex gradually increased, and 

the maximum difference was 0. 0001Å that of the monomer. There were no remarkable 

changes in the bond lengths for C2-H7, C3-C4, and C3-H8, and there was slight elongation of 

the bond lengths for C4—S5 and C4—H9 by 0. 0002 Å and 0. 0001Å, respectively.  

The bond angles of the complex ∠C2C1S5, ∠S5C1H6, ∠C1C2H7, ∠C2C3C4, ∠C4C3H8, 

∠C3C4S5, and ∠C3C4H9 were smaller with respect to those of the monomer by 0. 0328°, 0. 

297°, 0. 0561°, 0. 0252°, 0. 0053°, 0. 0091°, and 0. 0789°, respectively, whereas a different 

trend was observed for the bond angles ∠C2C1H6, ∠C1C2C3, ∠C3C2H7, ∠C2C3H8, ∠S5C4H9, 

and ∠C1S5C4 which were larger than that of the monomer by 0. 3299°, 0. 0482°, 0. 0078°, 0. 

0304°, 0. 0881°, and 0. 0189°, respectively. It is observed that both the interior and exterior 

intramolecular bond angles alternatively decrease and increase with respect to those of the 

monomer owing to the influences of the interaction sites, namely, C11 of COS and S5 of 

thiophene. The exterior bond angles ∠C3C2H7 and ∠C2C3H8, which are far away from the 

interaction site are overestimated than that of the monomer. The geometric changes in the 

bond angles are produced due to the appreciable internal strain that arises owing to the 

inclusion of d-atomic orbitals in the basis set for both the monomer and analyte. The bond 
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angle ∠S5C4H9 that is closer to the S-side of COS widens, whereas the bond angle ∠S5C1H6 

that is closer to the O-side of COS was underestimated. After the optimization of the 

complex, the bond angle ∠S5C1H6 narrowed because it was closer to the interaction site of 

COS. The changes in the bond angle of the complex involving S5 of thiophene are attributed 

to its electronegative property that influences the analyte, and results in the alteration of its 

structural parameters. Furthermore, the bond angle in the electronic structure of the complex 

changes owing to the existence of a van der Waals force between the monomer and analyte. 

Moreover, the polarity of COS also changed the bond angle of the monomer based on dipole-

induced–dipole interactions. The polarity of the analyte changed the orientation of the 

monomer. Our studies revealed that only slight changes in the bond lengths and bond angles 

of the complex occurred compared with that of the isolated thiophene after interaction, which 

is normally associated with the lowest negative interaction energy value.  

The optimized interbond length and the various interaction bond angles of the 

complex are listed in Table 2. The interaction distance is very important in connection with 

the interaction site between S5 of thiophene and C11 of COS; its value is 4. 5932Å. The 

optimized inter- and intramolecular interactions produce considerable changes in their values, 

thus revealing the interaction between the monomer and the analyte.  
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                                                                            1(c) 

 

Figure 1. (a) Optimized structure of thiophene at the density functional theory (DFT) 

B3LYP/6-31+G (d) level. 1.(b) Optimized structure of carbonyl sulfide (COS) at the DFT 

B3LYP/6-31+G (d) level. 1.(c) Optimized structure of thiophene with COS at the DFT 

B3LYP/6-31+G (d) level. The violet, green, yellow, and red balls represent C, H, S, and O, 

respectively 
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Table 1. Optimized intrabond lengths [in Å] and bond angles in [°] calculated at the density 

functional theory (DFT) B3LYP/6-31+G(d) level 

Serial. 

Number 

(S. no) 

Thiophene 

Thiophene with 

carbonylsulfide (COS) 

Experimental value of 

thiophene 

Parameter Value Parameter Value 

1 C1-C2 1. 3704 C1-C2 1. 3703 1. 370 

2 C1-S5 1. 7356 C1-S5 1. 7355 1. 714 

3 C1-H6 1. 0822 C1-H6 1. 0819 1. 078  

4 C2-C3 1. 4308 C2-C3 1. 4309 1. 423 

5 C2-H7 1. 0851 C2-H7 1. 0851 1. 081 

6 C3-C4 1. 3704 C3-C4 1. 3704 1. 370 

7 C3-H8 1. 0851 C3-H8 1. 0851 1. 081 

8 C4 -S5 1. 7356 C4 -S5 1. 7358 1. 714 

9 C4-H9 1. 0822 C4-H9 1. 0823 1. 078 

10 ∠C2C1S5 111. 5602 ∠C2C1S5 111. 5274 111. 47 

11 ∠C2C1H6 128. 3506 ∠C2C1H6 128. 6805 - 

12 ∠S5C1H6 120. 0891 ∠S5C1H6 119. 7921 - 

13 ∠C1C2C3 112. 6704 ∠C1C2C3 112. 7186 112. 5 

14 ∠C1C2H7 123. 3806 ∠C1C2H7 123. 3245 - 

15 ∠C3C2H7 123. 9491 ∠C3C2H7 123. 9569 124. 3 

16 ∠C2 C3C4 112. 6704 ∠C2 C3C4 112. 6452 - 

17 ∠C2C3H8 123. 9491 ∠C2C3H8 123. 9795 - 

18 ∠C4C3 H8 123. 3806 ∠C4C3 H8 123. 3753 - 

19 ∠C3C4 S5 111. 5602 ∠C3C4 S5 111. 5511 - 
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Table 2. Optimized inter bond lengths [in Å]and bond angles [in °] of thiophene with 

carbonyl sulfide (COS)calculated at the DFT B3LYP/6-31+G(d) level 

Parameter Value 

S5-C11 4. 5932 

O10-C11 1. 1672 

C11-S12 1. 5707 

∠C1 S5 C11 82. 5288 

∠ C4S5C11 170. 6447 

∠ S5 C11 O10 41. 4068 

∠ S5 C11 S12 138. 6448 

 

 

 Interaction energy and the counterpoise-corrected energy 

Gas adsorption is helpful in determining the adsorption energy and the amount of 

charge transferred between the monomer and the analyte. The value of the interaction energy 

calculated for thiophene with COS is listed in Table 3. The interaction energy value between 

thiophene and COS is exothermic and is equal to -2. 0083 kJ/mol; it is clear from the value 

that the COS molecule can be adsorbed physically on the monomer. The intermolecular 

nonbonding distance between the sulfur of thiophene and carbon of COS is 4. 5932Å (see 

Table 2), which supports the van der Waals type of interaction. The value of the interaction 

20 ∠C3C4H9 128. 3506 ∠C3C4H9 128. 2717 - 

21 ∠S5C4H9 120. 0891 ∠S5C4H9 120. 1772 119. 9 

22 ∠C1 S5 C4 91. 5388 ∠C1 S5 C4 91. 5577 92. 2 
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energy is in the range of the physisorption process. A lower value of adsorption energy 

results in a shorter adsorption distance [40]. However, in our results, we obtained a higher 

value of adsorption energy, or alternatively, the lowest negative value of interaction energy in 

a longer adsorption distance. The minimum negative value of the interaction energy proves 

the existence of the van der Waals force [15] that is generated between the sulfur of 

thiophene and the carbon of COS, and reveals the physical adsorption process that occurs 

during the intermolecular interaction. The  interaction energy value calculated for thiophene 

with COS at DFT ωB97XD/6-31+G(d) level is listed in Table 4 and was equal to -11. 

0198kJ/mol. Our result shows that the interaction energy at the DFT ωB97XD/6-31+G(d) 

level is somewhat higher than that at the DFT B3LYP/6-31+G(d) level. This is attributed to 

the fact that for functionals for smaller systems consisting of 4–8 atoms, the inclusion of 

dispersion corrections always increases the root-mean-square (RMS)interaction energy error 

[29].  

The interaction energy was corrected by the counterpoise-corrected energy method; 

this is expressed by Eq. (2). The counterpoise-corrected energy value for the adsorption of 

thiophene with COS= -1. 1297 kJ/mol, indicating that a relatively weak interaction has 

occurred. At the DFT ωB97XD/6-31+G(d) level, the counterpoise-corrected interaction 

energy was equal to -9. 4977 kJ/mol. For weakly bound complexes, we can see that the basis 

set superposition error energy value of 0. 8816kJ/mol is observed at an interaction energy of 

the order of 0.78% based on the DFT B3LYP/6-31+G(d) level; in addition, a BSSE value 

equal to1. 397 kJ/mol of energy of the order of 0. 147% of Eint was observed at the 

ωB97XD/6-31+G(d) theory level. The calculated nuclear repulsion energy (ENN) for 

thiophene at the ωB97XD/6-31+G(d) level was equal to 531426. 4048 kJ/mol and for the 

complex ENN was equal to 1192060. 7953 kJ/mol.(Refer Table 4).The reported ENN from the 

literature for thiophene at ωB97XD/3-21G* was equal to 531435. 331 kJ/mol, at ωB97XD/6-
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31+G**, the value was 531569. 232 kJ/mol, and at ωB97XD/6-311G**, the value was 

532645. 687 kJ/mol [41]. These outcomes provide strong support toward the reliability of our 

computed values. The nuclear repulsion energy increased by a value of 660634. 391kJ/mol 

for the complex than isolated thiophene with empirical dispersion; this implies a greater 

repulsive force for the complex after interaction, thereby emulating the dispersion. The 

quantity minimized during the geometry optimization  is the total energy of the molecular 

system that could compensate an increase in the value of nuclear repulsion energy. 

 

The recovery time of thiophene after interaction with the gas at the DFT B3LYP/6-

31+G(d) level as listed in Table 3 is equal to 2. 2375 × 10
-12

s; at the DFT ωB97XD/6-

31+G(d) level, the recovery time is equal to 8. 30132 × 10
-11

 s. (see Table 4). Our 

measurements showed that COS adsorbed on thiophene had fast recovery times, thus proving 

its reusability. The recovery time for the route DFT at the level of ωB97XD/6-31+G(d) 

suggests a very fast recovery than that at the DFT B3LYP/6-31+G(d) level, thereby ensuring 

that thiophene serves as a reusable gas sensor with rapid recovery time for COS gas 

detection.  

 

 Charge analysis 

The amount of charge transfers based on Mulliken and NBO analyses is listed in 

Table 3. The interaction between thiophene and COS is best explained based on the charge 

transfer. Charge transfer alters the electronic and structural properties of thiophene. The 

amount of charge transfer provides the sensing capability and selectivity of the monomer 

toward the analyte. Charge transfer analysis was conducted at the B3LYP/6-31+G (d) theory 

level. The charge transferred between thiophene and COS was calculated from the difference 

between the charge on thiophene after its interaction with COS and the charge on the isolated 
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thiophene. Population analysis for the Mulliken charge transfer showed that COS transferred 

an approximate charge equal to 0. 0149e
-
 to thiophene. Based on the NBO analysis, COS 

donated a charge equal to 0. 00023e
-
 to thiophene. NBO analysis provided information about 

the intra- and intermolecular charge transfer between the filled orbitals of one system and the 

vacant orbitals of another system. These charge transfer results are consistent with the results 

of our previous recent studies on the second-order perturbation theory of the Fock matrix of 

thiophene with COS obtained based on NBO analysis, whereby COS was considered as a 

donor NBO and thiophene as an acceptor NBO [16]. The charge transfer also altered the 

energy gap, resistance, HOMO, LUMO, and λmax of thiophene, and thus, affected its 

sensitivity after interaction. Owing to the electron donating and electron accepting 

characteristics of the orbitals, electronic charges were delocalized over the entire system.  

 

Table 3. Interaction energy, counterpoise-corrected energy, basis set superposition error 

(BSSE) energy, recovery time, and charge transfer from Mulliken and natural bond orbital 

(NBO) analysis calculated at the DFT B3LYP/6-31+G(d) level 

S. no  Parameter                            Value 

1 Eint [kJ/mol] -2. 0083 

2 Eint, CP [kJ/mol] -1. 1297  

3 BSSE energy [kJ/mol] 0. 8816 

4 Recovery time [s] 2. 2375 × 10
-12

 

5 QMulliken -0. 0149e
-
 

6 QNBO -0. 00023e
-
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Table 4. Interaction energy, counterpoise corrected energy, BSSE energy, recovery time, and 

nuclear repulsion energy (ENN) calculated at the DFT ωB97XD/6-31+G(d) level 

S. no  Parameter Value 

1 Eint [kJ/mol] -11. 0198 

2 Eint, CP [kJ/mol] -9. 4977 

3 BSSE energy [kJ/mol] 1. 3965 

4 Recovery time [s] 8. 30132 × 10
-11

 

5 ENN for thiophene [kJ/mol] 531426. 4048 

6  ENN for thiophene with COS [kJ/mol] 1192060. 7953 

 

 

 Dipole moment 

The values of the dipole moment of thiophene and thiophene with COS along the three 

coordinate axes and the net dipole moments of the monomer and monomer with analyte are 

listed in Table 5. It is shown that thiophene has a net dipole moment equal to 0. 5469 Debye, 

and thiophene with COS has a net dipole moment equal to 0. 5060 Debye. During the 

physisorption process, the gas molecule introduces a net dipole moment owing to the charge 

transfer between the gas analyte and thiophene. Both the geometric and electronic properties 

are related to the dipole moment. A lower value of the dipole moment for the complex is 

associated with a lower value of interaction energy, and a change of 0. 0409 Debye in the 

dipole moment value will produce a smaller shift in the allocation of electrons. As the complex 

possesses a lower dipole moment value than isolated thiophene, weak intermolecular 

interactions arise. For thiophene, the maximum value of the dipole moment is along the y-

direction, but it is lower along the x-direction. For thiophene with COS, the major contribution 

to the dipole moment is along the x-axis, while the contribution is lower along the y-axis, and 
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the value of the dipole moment is negative along the z-direction. The orientations of the vector 

of the dipole moment in the molecular axis system of the monomer and the monomer with the 

analyte are shown in Figures 2(a) and 2(b), respectively. The monomer accepts electronic 

charge from the analyte, and the dipole moment vector is directed from thiophene to COS as 

the dipole moment vector is always directed from the negative to the positive charge, as shown 

in Figure 2(b). The calculated dipole moment value of thiophene closely matches the 

experimental value, which is equal to 0. 55 Debye [38, 39]. Thus, the calculated dipole 

moment values establish the measure of the electrical polarity of the system.  
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2 (a) 

 

 

2(b) 

 

Figure 2. (a) Dipole moment vector of thiophene at the DFT B3LYP/6-31+G(d) level.         2. 

(b)Dipole moment vector of thiophene with COS at the DFT B3LYP/6-31+G(d) level 
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Table 5. Dipole moment along the three coordinate axes [Debye] calculated at the DFT 

B3LYP/6-31+G(d) level 

S. no Direction Dipole moment of 

thiophene 

Dipole moment of thiophene with 

COS 

1 X 0. 0024 0. 4828 

2 Y 0. 5469 0. 0077 

3 Z 0. 0000 -0. 1513 

4 Total 0. 5469 0. 5060 

 

 Frontier molecular orbitals and band-gap analysis 

The energies of the HOMO and LUMO and energy gap (Eg) were simulated at the 

B3LYP/6-31+G(d) level because of the reported accuracy of the B3LYP route. Both HOMO 

and LUMO are important orbitals that take part in chemical reactions. Interactions between the 

monomer and the analyte occur because of interactions of occupied or unoccupied molecular 

orbitals that lead to electrostatic/van der Waals interactions. When thiophene and COS are in 

close proximity, their molecular orbitals start interacting with each other owing to the 

overlapping of the frontier molecular orbitals (HOMO and LUMO). This leads to changes in 

the energies of HOMO and LUMO. The lower value of the dipole moment calculated earlier 

produces lower changes in the energy levels. The interaction of the molecular orbital of 

thiophene with the analyte will change the sensing properties of the monomer. For example, 

HOMO and LUMO are perturbed after the interaction process. This perturbation also affects 

other properties, such as the ionization potential, electron affinity, and energy gap; these are 

discussed in a subsequent subsection. The frontier molecular orbitals of the monomer and the 

monomer with analyte, and their corresponding energy gaps, are listed in Table 6. Relevant 

schematics showing the frontier molecular orbitals for thiophene and thiophene with COS at 
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the DFT B3LYP/6-31+G(d) level are shown in Figures 3(a) and 3(b), respectively. It is shown 

that HOMO is localized on the thiophene before and after complexation, thereby indicating its 

uniform electron density distribution in its orbitals. Conversely, COS contributes to LUMO 

after its interaction with the analyte. An increase of value equal to 0. 1003eV is observed in the 

energy of HOMO of thiophene after interacting with COS. The LUMO energy decreased by 0. 

6573eV.  

The energy gap is a critical parameter determining the electrical transport properties, 

and it is a measure of electrical conductivity. Alteration in orbital energies also alters the 

corresponding energy gap of the monomer. The energy gap value decreased from 5. 97 eV to 5. 

21 eV after the interaction of the monomer with the analyte. The energy gap mainly decreased 

because of the decrease of the LUMO energy. The decrease of the band-gap value after 

interaction with the analyte increased the conductivity of thiophene. The lower band-gap 

values of the complex than that of the isolated thiophene indicate a less chemically stable and 

an increased reactive state.  
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                                             LUMO FIRST EXCITED STATE                                       

 

                              

 

 

 

 

 

 

                                                                                    

                     (a)                      HOMO GROUND STATE                               (b) 

 

Figure 3 (a) Frontier molecular orbitals for thiophene, and (b)thiophene with COS at the DFT 

B3LYP/6-31+G(d) level 

 

 

      Eg=ELUMO-EHOMO=5.97eV 
Eg=ELUMO-EHOMO=5.21eV 
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Table 6. Frontier molecular orbitals [eV]and band-gap analysis [eV] calculated at the DFT 

B3LYP/6-31+G(d) level 

S. no Parameter Thiophene Thiophene with COS 

1 Highest occupied 

molecular orbital 

(HOMO) 

-6. 6100 -6. 5097 

2 Lowest unoccupied 

molecular orbital 

(LUMO) 

-0. 6397 -1. 2970 

3 Energy gap Eg 5. 97 5. 21 

 

Global reactivity indices 

To calculate the global reactivity indices, such as the global hardness, softness, 

chemical potential, electrophilicity, and electronegativity, two important parameters, namely, 

the ionization potential and electron affinity, need to be calculated. It is well known that the 

quantum chemical parameters that are associated with the molecular electronic structure are the 

ionization potential (I) and electron affinity (A) of the corresponding molecules and the 

negative values of the DFT orbital (HOMO and LUMO) based on Koopmans’ theorem [42]. 

The values of the ionization potential for thiophene and thiophene with COS were 6. 6100eV 

and 6. 5097eV, respectively. The values of electron affinity for thiophene and thiophene with 

COS were0. 6397eV and 1. 297 eV, respectively.  

The hardness (η) can be calculated by using Koopman’s theorem [42,43] as  

  
           

 
 (4) 

The softness (S)is described by the following equation [43,44] 

  
 

  
 (5) 
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The value of the chemical potential (µ) can be found by the following equation [42] 

   
             

 
 (6) 

Theoretically, electrophilicity (ω)is described using the following equation [44] 

  
  

  
 (7) 

The global hardness (η) represents a good indicator of chemical stability. The global 

hardness (η) value decreased from 2. 9852eV to 2. 6064eV, which reduced the stability and 

increased the reactivity of thiophene after interactions with COS. The value of the chemical 

potential decreased by 0. 278 eV after gas sensing. The global electrophilicity (ω) also 

depended on the chemical potential (µ) and hardness (η). The electrophilicity index (ω) is a 

factor used to measure the lowering of the energy owing to the maximum number of electrons 

that flow between the donor and acceptor. Table 7 shows that there is an increase in the 

electrophilicity value (ω) from 2. 2011 eV to 2. 9227eV. It is clear that when the energy gap 

value is smaller than that of the isolated thiophene, the electrophilicity of the complex 

increases compared with that of the isolated thiophene. The global hardness (η) and softness(S) 

are inversely related to each other. Therefore, when the global hardness (η) value decreases, 

the softness value(S) increases from 0. 1675eV to 0. 1919eV. Softness(S) is a property that 

measures the extent of chemical reactivity. The smaller energy gap between HOMO and 

LUMO of thiophene with COS supports the high-chemical softness and lower value of 

hardness compared with that of the monomer [45]. The molecules that have a large HOMO–

LUMO energy gap are called ―hard molecules,‖ while the molecules with a small HOMO–

LUMO energy gap are called ―soft molecules.‖ The molecules with the lowest HOMO–LUMO 

gap become more reactive, which establishes our result. The value of electronegativity (χ) can 

be obtained by the equation 

  
     

 
(8) 
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The values of χ for thiophene and thiophene with COS were equal to 3. 6249eV and 3. 

9034eV, respectively. The higher electronegativity value of the complex compared with that of 

the monomer reveals that there is a charge transfer from the analyte to the monomer. The 

Fermi level (EFL) lies between the valence and conduction bands, and it is given by the 

equation 

    
             

 
 (9) 

This means that the position of the Fermi level will be in the middle of HOMO and 

LUMO. Our result shows that the Fermi level value changes from -3. 625 eV to -3. 903eV 

upon interaction with COS.  

 

Table 7. Global reactivity indices: ionization potential(I), electron affinity(A), global 

hardness(η), softness(S), chemical potential(µ), electrophilicity(ω), electronegativity(χ), and 

Fermi level (EF) calculated at the DFTB3LYP/6-31+G(d) level (all parameters are in units of 

eV) 

S. no  Parameter Thiophene Thiophene with COS 

1 I = -EHOMO 6. 6100 6. 5097 

2 A= -ELUMO 0. 6397 1. 2970 

3 η=(ELUMO-EHOMO)/2 2. 9852 2. 6064 

4 S=1/2 η 0. 1675 0. 1919 

5 µ= -(EHOMO+ELUMO)/2 -3. 6249 -3. 9034 

6 ω= µ
2
/2 η 2. 2011 2. 9227 

7 χ=(I+A)/2 3. 6249 3. 9034 

8 EFL=(EHOMO+ ELUMO)/2 -3. 6249 -3. 9034 
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UV-vis spectroscopic analysis 

UV-vis calculations involve the excitation of an electron from the occupied orbital to a 

higher energy orbital.  This excitation occurs when a photon with the energy that matches the 

difference between the two states interacts with the molecule. In our study, UV-vis spectra of 

isolated thiophene and analyte-bound complexes were simulated at the TD-DFT B3LYP/6-

31+G(d) level. It is known that TD-DFT B3LYP energy values are very accurate and are 

always closer to the experimental values [46]. TD-DFT obtains the wave functions of MOs that 

oscillate between the ground and the first excited state. Figures 4(a) and 4(b) show the UV-vis 

spectra of isolated thiophene and the analyte-bound complex that represents the main peak 

positions and information regarding the observed shifts. In Table 8, we list the calculated 

maximum absorption wavelength λmax [nm], vertical excitation energies (∆E) [in eV], oscillator 

strengths, coefficients, and molecular orbitals of the allowed transitions involved in the 

excitation of thiophene and thiophene with COS.  

In UV-vis spectroscopic analysis, the absorption spectrum of molecules is characterized 

by the vertical excitation energies. Table 8 lists the λmax value of isolated thiophene that 

exhibits maximum absorbance at 215. 66nm. After complexation of thiophene with COS, the 

value of λmax for the allowed transition of thiophene with COS is 262. 09nm. Further, from the 

results of TD-DFT, the vertical excitation energy of thiophene which corresponds to λmax is 5. 

75eV (∆E). For thiophene with COS, the vertical excitation energy that corresponds to λmax is 

4. 73eV (∆E). From our results, thiophene is red shifted upon interaction with COS (refer to 

Figures 4(a) and 4(b) and Table 8). The red shift is due to the doping process of thiophene by 

COS. COS donates an electron cloud to thiophene and decreases its energy gap. From Figures 

4(a) and 4(b), it is observed that two distinct peaks are observed for isolated thiophene and two 

prominent peaks are observed for the monomer with the analyte. The monomer yields peaks at 

215. 66nm and 186. 85nm, and the monomer with the analyte yields peaks at 262. 09nm and 
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223. 36nm. The major band peak of thiophene is red shifted from 215. 66nm to 262. 09nm 

upon interaction with COS. Thus, upon complexation of the monomer with the analyte, the 

λmax value is red shifted, and all the electronic transitions involved are the π–π* transitions.  

The λmax [nm] value of thiophene is equal to 215. 66nm, and the value corresponding to 

the vertical excitation energy of 5. 75eV is 0. 18eV smaller than the calculated λmax [nm] value 

of the isolated thiophene (which has a value equal to 209. 22nm) and corresponds to a vertical 

excitation energy equal to 5. 93eV according to theTD-DFT B3LYP/6-31G(d), as suggested by 

Sajid et al. [13]. The small difference of 0. 18eV shows that our findings agree with the result 

obtained by Sajid et al. [13] at the TD-DFT B3LYP/6-31+G(d) level. Thus, our results indicate 

that the monomer with COS is responsible for shifting λmax to longer wavelengths (red shift).  
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(a) 

 

 

            

(b) 

Figure  4. (a) Ultraviolet-visible (UV-vis) spectroscopic analysis of thiophene at the time-

dependent (TD)-DFT B3LYP/6-31+G(d) level. (b)UV-vis spectroscopic analysis of thiophene 

with COS at the TD-DFT B3LYP/6-31+G(d) level 
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Table 8. Ultraviolet-visible spectroscopic analysis of isolated thiophene and thiophene with 

COS at the time-dependent (TD)-DFT B3LYP/6-31+G(d) level 

Calculated maximum absorption wavelength, excitation energies, oscillator strengths, and 

molecular orbitals of the first allowed singlet transitions involved in the excitation of thiophene 

and thiophene with COS at the TD-DFT B3LYP/6-31+G(d) level 

 

S. no Parameter Thiophene Thiophene with 

COS 

Result 

1 Maximum absorption 

wavelength λmax [nm] 

215. 66 262. 09  

Redshifted 

2 Excitation energy(∆E) 

[eV] 

5. 75 4. 73 

3 Oscillator strength 0. 0073 0. 0016 

4 Coefficient 0. 6975 0. 7068 

5 Molecular orbitals (MOs) 22            24 37            39 
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  Infrared spectral characteristics 

   Computed IR spectra of thiophene, thiophene-COS are given in figures 5(a), and 5(b) 

respectively. The important peaks of thiophene and thiophene with COS  along with their 

appropriate assignments are compared to their available experimental values [39] and are 

given in tables  9 (a) and 9 (b) respectively. The simulated scaled IR spectrum of thiophene 

has two prominent peaks in the functional group region at 695.92 cm
-1

 C-H wag out- of- 

plane
  

( experimental 712cm
-1

) and 805.33 cm
-1

 C-S str
  

( experimental 839cm
-1

). For 

thiophene with COS, 3 peaks appear in the functional groups at 700.44 cm
-1

 C-H wag out-of-

plane
    

( experimental 712cm
-1

) , 806.17 cm
-1

 C-S str
   

( experimental 839cm
-1

) and a peak is 

observed at 2024.15 cm
-1

 due to C=O str of COS ( experimental 2040 cm
-1

). The results 

predict the vibrational characteristics of the complex. Comparison of the scaled frequencies 

of the thiophene and thiophene-COS [refer  figures 5 (a), and 5 (b) and tables 9 (a) and 9 (b)]  

provide conclusion that COS adsorption  causes a red shift in the frequencies of the finger 

print region of the complex than that of the monomer. 

 

 

 

 

 

Figure 5(a) Scaled IR spectra of thiophene 
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Figure 5 (b) Scaled IR spectra of thiophene with COS 

 

Table 9 (a):-Calculated frequencies (in cm
-1

) of thiophene    

 

Experimental 

frequencies (in cm
-1

) 

Calculated frequencies (in cm
-1

) Appropriate 

assignments 
unscaled scaled 

712 723.94 695.92 C-H wag out of plane 

839 837.75 805.33 C-S str 

1083 1117.21 1073.97 CCH bend in plane 

1256 1286.39 1236.66 CCH bend in plane 

1409 1458.32 1401.88 C=C, C-C,ring str 

3126 3216.03 3091.57 C-H str 
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Table 9 (b):-Calculated frequencies (in cm
-1

) of thiophene with COS 

 

Experimental 

frequencies (in cm
-1

) 

Calculated frequencies (in cm
-1

) Appropriate 

assignments 
unscaled scaled 

712 728.64 700.44 C-H wag out of plane 

839 838.62 806.17 C-S str 

839 881.68 847.55 C-S str 

1036 1057.58 1016.65 CCH bend; C-C str 

1256 1286.21 1236.43 CCH bend in plane 

1409 1458.95 1402.49 C=C,C-C,ring str 

2040 2105.64 2024.15 C=O str 

3126 3265.94 3139.55 C-H str 

 

Conclusions 

DFT studies of thiophene and its interactions with COS were conducted to investigate 

the gas-sensing properties of thiophene. Our studies predicted that thiophene may serve as an 

efficient gas sensor, promising to replace the conventional solid-state sensor. Further chronic 

exposure of COS may cause numerous health problems and the  current study focused on the 

the interaction of COS with thiophene, and provides an indispensable way to monitor the 

concentration of the analyte and to assure environmental safety. Both the intermolecular 

interaction energy and the counterpoise-corrected energies were calculated and analyzed. The 

intermolecular interaction was found to be a weak van der Waals interaction, and the value of 

the adsorption energy was in the physisorption range. The doping level of thiophene was 

altered by the interaction of COS owing to the transfer of electrons from the analyte to the 
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monomer. Optimized geometric parameters and the electronic structure calculations before 

and after interaction were evaluated to analyze the sensitivity of thiophene with COS. The 

values of recovery time suggest the reusable efficiency of the thiophene/carbonyl sulphide 

gas sensor. The Mulliken and the NBO calculations quantified the amount of intermolecular 

charge transfer from the analyte to the monomer. Frontier molecular orbitals and their energy 

gaps before and after interaction confirmed the gas-sensing properties. The conductivity of 

the thiophene increased upon interaction with the analyte owing to the decrease in the energy 

gap value. The TD-DFT calculation shows that red shifting was observed in the UV-vis 

spectra upon interaction with the analyte. The global reactive indices and IR vibrational 

assignments indicated that thiophene can be potentially used as a gas sensor toward the 

detection of the gas analyte COS. The obtained results of the electronic structure calculations 

and the value of excitation energy demonstrated that the thiophene has good sensing ability. 

Further, the COS adsorption on thiophene causes a significant transfer of charge that 

determines the adsorption energy; in turn, this produces a change in the resistance of the host 

layer. Thus, our study provides a better understanding of the gas sensing mechanism of 

thiophene with COS. Thiophene is a promising material that can be researched further to 

explore its structural and electronic properties for various applications in organic 

semiconducting devices, and as a functional organic material for electronic and optical 

devices.  
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