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Since the first detection of CH molecule in interstellar medium (ISM), more than 270 molecules have been identified in various astronomical sources in ISM. These molecules include big complex ones, such as fullerene (C60) and polycyclic aromatic hydrocarbons (PAHs), which are the main components of carbonaceous dust. Dust surface chemistry plays an important role in explaining the formation of interstellar molecules. However, many of the dust surface chemical parameters, such as the adsorption energies, are still of uncertainty. Here we present a study of the adsorption of water (H2O), ammonia (NH3), and carbon dioxide (CO2) on graphene-like substrate within the framework of density functional theory (DFT). We used Gaussian 16 software and adopted the corrected generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functions. We determined the optimal accretion position of the studied molecules on the graphene-like surface and calculated the adsorption energies. Furthermore, according to the density of states and molecular orbitals of the adsorbed states, we analyzed the charge transfer between the molecules and the graphene-like surface. These results can provide more accurate parameters for calculating the chemical reaction rates on the dust surface, thus contributing to the understanding of dust-surface reactions in ISM.
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1 INTRODUCTION
The finding of interstellar molecules is one of the four major discoveries of astronomy in the 1960’s. Astronomers used large radio telescopes and detected NH3 and H2O in the central region of the Milky (Cheung et al., 1968; Cheung et al., 1969). These molecules are abundant behind the dust clouds, forming massive “molecular clouds”. Soon, astronomers discovered a more complex organic molecule, formaldehyde (H2CO) (Snyder et al., 1969). It is widespread, not only in the central region of the Milky, but also in the Orion Nebula and other regions. Since then, more interstellar molecules have been found in the space, including inorganic and organic ones. For example, hydroxyl (−OH), carbon monoxide (CO), carbon dioxide (CO2), hydrogen cyanide (HCN), methyl alcohol (CH3OH), acetaldehyde (CH3CHO), cyanoacetylene (HC3N), methylamine (CH3NH2), etc. To date, more than 270 molecules and ions have been detected in interstellar space1.
Carbon-containing organic complex molecules are the basic materials for the origin of life. Carbonaceous dust is one of the main components of interstellar dust, and its infrared spectrum is an important indicator for detecting the physical and chemical conditions of various celestial environments (Draine et al., 2003). Carbonaceous dust such as graphite, nanodiamond, PAHs, C60, hydrogenated amorphous carbon and other dust particles are important research objects of interstellar medium (Li et al., 2020). Indeed, many of these carbon allotropes have been found in the ISM Some of them are indicated from pre-solar grains isolated from carbonaceous primitive (such as nanodiamond, graphite; see Lewis et al., 1987; Amari et al., 1990), and some are from the observations of molecular and solid-state features in astronomical spectra (such as amorphous carbon, PAHs; see Stecher and Donn 1965; Leger and Puget 1984). After that, the detection of C60 and C70 and their ions in the interstellar and circumstellar space has been reported based on their characteristic vibrational spectral bands in infrared (Cami et al., 2010; Strelnikov et al., 2015).
The formation process and chemical evolution of interstellar molecules are not completely understood due to their diversity and complexity. Astronomers wonder how and when interstellar molecules form in clouds as gases and solids. How do interstellar molecules generate, survive, and further evolve on the surface of interstellar dust, under the extremely low temperature and ultra-high vacuum conditions associated with interstellar clouds? They could be formed in the gas phase, on the surface of bare dust particles, or in the ice mantles that cover bare grains in cold dense interstellar clouds (Herbst 2013; Herbst 2014). At low temperatures, only the exothermic and barrier-free reactions (or reactions with low potential barriers) can occur in the gas phase in dense clouds. Thus, free radical reactions and ion-molecule reactions dominate gas phase chemistry (Herbst 1973; Watson 1973). Atoms and molecular ions are produced by cosmic rays (including photons). At the same time, it is recognized that large numbers of species and organic molecules in the gas phase cannot be produced efficiently. When the dense cloud is sufficiently cooled (≤20 K), the gaseous atoms (e.g., H, C, N, O) and molecules (e.g., H2 and CO) are deposited on the dust surface, and the new molecules are formed through the cold surface chemical reaction, due to the thermal fluctuations on the dust surface, the matter can be desorbed to the gas phase again (Hama and Watanabe, 2013; Wakelam et al., 2017a).
Some important molecules, such as H2O, CO2, NH3, and organic molecules, require surface reactions to attain the observed abundances. In addition, H2O, CO2, NH3 molecules are also the main components of the ice mantles covered on the dust grains (Hama and Watanabe, 2013). Currently, the rate coefficients of gas phase reactions in chemical reaction networks are mostly estimated. Experimental and computational quantum chemistry are needed to measure/calculate these reaction rates more accurately in the future (Herbst, 2013). The dust surface chemistry model is even more uncertain, and current ones do not take into account all the important physical processes on dust. The essential parameters, such as desorption energies, also have great uncertainty (Chen et al., 2020). All these require more accurate measurements of experimental and/or theoretical astrochemical studies.
In recent years, astronomers have calculated and studied the binding energy of species on interstellar various substrates (Wakelam et al., 2017b; Duflot et al., 2021; Bovolenta et al., 2022; Perrero et al., 2022; Tinacci et al., 2022). In this study, we set up models of interstellar molecules H2O, NH3, and CO2 landing on graphene-like surfaces through quantum chemistry computation and calculated their adsorption energies. In order to determine the changes in the electrical properties of graphene-like surfaces before and after the adsorption H2O, NH3 and CO2, we studied their density of states (DOS) on the graphene-like surface. In Section 2, we introduce the calculation method. We discuss the results in Section 3 and summarize the major findings in Section 4.
2 CALCULATION METHOD AND DETAILS
Based on the DFT (Delley 1990; Ni et al., 2020), we used PBE method with the 6-31G (d, p) basis set to optimize the interstellar molecule H2O, NH3, CO2 and graphene-like structures. The graphene-like surface contains 48 carbon atoms, and H is added to the edge to eliminate the edge effect. In addition, the PBE functional was mostly used for 2D material correlation calculations (Li, et al., 2022). Considering that PBE amplification underestimates the non-local interaction, the PBE0-D3 method (Mehta et al., 2018) was adopted to calculate the adsorption energies and the DOS, including the total (TDOS), and partial (PDOS) density of states. All quantum chemical calculations were run with the GAUSSIAN 16 program package (Frisch, 2016).
For each of the molecules, we considered three adsorption sites on graphene-like surfaces (See Figure 1A), namely, top location (above a carbon atom, T), bridge location (the midpoint of a carbon-carbon bond, B), and center location (the center of a carbon hexagon, C). The scheme of adsorption of a molecule on the surface is shown in Figure 1B, where d is the adsorption distance between the molecule and the graphene-like surface. According to the structure of the molecule, H2O has two forms: the oxygen atom pointing vertically to the graphene-like surface (denoted by v1), and two hydrogen atoms pointing vertically to the graphene-like surface (denoted by v2). Coupled with the three graphene adsorption sites, so H2O has six adsorption modes; For NH3, there are two forms, the nitrogen atom pointing vertically to the surface (denoted by v1) and the three hydrogen atoms pointing vertically (denoted by v2), with a total of six adsorption modes; For CO2, there are two forms: parallel (denoted by p) and vertical (denoted by v), so it has six modes. The different forms of these molecules are shown in Figure 1C. Gray, red, white, and blue spheres represent carbon, oxygen, hydrogen, and nitrogen atoms, respectively.
[image: Figure 1]FIGURE 1 | (A) Three adsorption sites on the graphene-like surface; (B) The scheme of adsorption of a molecule on the surface; (C) The adsorption configurations of H2O, NH3 and CO2.
The adsorption energy (Eads) is used to determine the stability of the structure before and after adsorpting interstellar molecules, and the equation is:
[image: image]
where Egr is the energy of graphene-like surface, Emol is the energy of interstellar molecules H2O, NH3, and CO2, and Egr+mol is the energy of the whole adsorption system. According to this definition, when the adsorption energy is negative, the adsorption process is exothermic, and the larger the absolute value of adsorption energy, the stronger the adsorption of molecules on the graphene-like surface and the more stable the configuration; On the other hand, when the adsorption energy is positive, the process is endothermic, and the larger the value, the weaker the adsorption. (Saha and Chowdhury, 2011). Moreover, when the absolute value of adsorption energy is more than 0.8 eV, it is chemical adsorption. Otherwise it is physical adsorption (Li, et al., 2022). The energy involved in the equation of Eads is the electronic energy of the system, without considering the influence of temperature. If the thermodynamic properties of the system are to be further analyzed, the Gibbs free energy should be calculated, and the effects of temperature and pressure should be considered (Buelna-Garcia et al., 2020; Buelna-Garcia et al., 2021; Buelna-Garcia et al., 2022; Castillo-Quevedo et al., 2021; Wesslén et al., 2014; Pracht and Grimme, 2021; Baletto and Ferrando, 2005).
3 RESULTS AND DISCUSSION
The optimized H2O, NH3, CO2, and graphene-like surfaces are shown in Figure 2A. H2O molecule is a planar triangle, with bond lengths of 0.973Å, and the bond angle of H-O-H is 102.65°; NH3 molecule is a triangular cone with bond lengths of 1.026Å and a bond angle of 104.75°; CO2 molecule is linear with bond lengths of 1.181Å and the bond length is 180°. As it can be seen from Figure 2B, the overall C-C bond length of the graphene-like surface is 1.352–1.496Å. The C-C bonds at the non-hexagonal rings are shortened or lengthened due to the missing of hexagonal symmetry (Peng and Ahuja, 2008) The C-C-C angles range from 90° to 146°, consistent with previous studies (Liu et al., 2017).
[image: Figure 2]FIGURE 2 | The optimized Structures of (A) H2O, NH3, CO2 and (B) the graphene-like surface. The bond lengths are in angstroms.
For the adsorption of H2O, NH3, and CO2 on graphene-like surfaces, we have optimized the structure of different configurations, and calculated the intrinsic vibrational frequencies. The results show that each adsorption system has no virtual frequencies, indicating that its adsorption structure is stable.
The DOS analysis can provide basic information on the effects of the electronic properties of graphene-like surfaces, which adsorbed interstellar molecules H2O, NH3, and CO2 (Zahedi and Seif, 2011). In addition, it can also be seen that the change of conductivity and energy gap of graphene-like surfaces before and after adsorption (Leenaerts et al., 2008; Wang et al., 2018).
3.1 H2O on the graphene-like surface
We examined the following orientations of the H2O molecule with respect to the graphene-like surface: the oxygen atom points vertically to the surface (v1), or two hydrogen atoms point vertically to the surface (v2). Depending on the binding site (shown in Figure 1A) on the graphene-like surface, there are six different configurations of H2O adsorption: T-v1, T-v2, B-v1, B-v2, C-v1, and C-v2. The calculated results are shown in Table 1, where d is the adsorption distance between the molecule and the nearest atom on the graphene-like surface.
TABLE 1 | H2O on the graphene-like surface: Eads, d and the bond length and bond angle of H2O.
[image: Table 1]The stability of H2O on the graphene-like surface is in the order of T-v2 > T-v1 > B-v1 > C-v2 > C-v1 > B-v2, among which the highest adsorption energy is in T-v2, with a value of 0.3436eV; B-v2 has the smallest adsorption energy with the value 0.1610eV. The adsorption energy is mainly determined by the position of the binding site (C, B, T), followed by the orientation of the molecule (v, p). Furthermore, the farther the distance in between the molecule with the binding site, the smaller the adsorption energy. All the absolute value of adsorption energy in the table are less than 0.8 eV, the length of the H-O bond and the angle of H-O-H are almost unchanged. In combination with the charge density of H2O adsorbed on the graphene-like surface (Figure 3), it is found that there is no overlap between the electron clouds of H2O and the graphene-like surface, so the adsorption of H2O on the surface belongs to physical adsorption, indicating that there is no chemical bond between H2O and the surface.
[image: Figure 3]FIGURE 3 | The electron density of six different configurations of H2O on the graphene-like surface. (A): T-v1, (B): T-v2, (C): B-v1, (D): B-v2, (E): C-v1, (F): and C-v2.
To further study the adsorption behavior, we analyzed the DOS of the graphene-like surface before and after the top-position adsorption of H2O (Figure 4), with the Fermi level as energy zero (Kahn 2016). There are two peaks on both sides of this zero, and the distance between the peaks is defined as the pseudogap (Loktev et al., 2001). The change of the pseudogap at a local bond reflects the change of the bond energy here. The larger the pseudogap is, the stronger chemical bonds are. On the contrary, the narrowing of the pseudogap means that the chemical bonds are easier to break.
[image: Figure 4]FIGURE 4 | (A) The DOS of the graphene-like surface before and after adsorption of H2O; (B) The PDOS of H2O on the surface. Inset: HOMO and LUMO of H2O (Green and deep red lines indicate different signs of the orbital wavefunctions). Main panel: The red line is the DOS of H2O on the graphene-like surface, and other lines show the PDOS of the O and H atoms, respectively.
As it can be seen from Figure 4A, the DOS of the graphene-like surface does not change significantly before and after H2O adsorption. No new states appear near the Fermi level. The width of the pseudogap is unchanged, indicating that H2O adsorption has minimal effect on graphene-like surface. Combined with the results shown in Figure 4B, it can be seen that H2O molecule’s HOMO is located entirely on the O atom, while LUMO is mainly located on the H atom. If the O atoms point to the graphene-like surface, HOMO plays a dominant role, but this does not induce any charge transfer because all these orbits are filled up, and Figure 4B shows that the PDOS of oxygen atoms is almost zero near the Fermi level. In the case of v2, where the H atoms point to the graphene surface, the LUMO of H2O interacts with the surface much more strongly, but this still does not cause any charge transfer, because all these orbits are empty. The PDOS of the H atoms near the Fermi level is almost zero.
3.2 NH3 on the graphene-like surface
For NH3 molecules, two orientations were studied, namely, H atoms pointing to graphene-like surface (v1), and N atoms pointing to graphene-like surface (v2). All properties are once again found to be almost invariant to the rotation around the axis perpendicular to the surface and through the nitrogen atoms. The calculated results are shown in Table 2.
TABLE 2 | NH3 on the graphene-like surface: Eads, d and the bond length and bond angle of NH3.
[image: Table 2]It can be seen from Table 2, when the N atom points to the graphene-like surface, the adsorption energies and the distances to the T, B, and C binding sites are almost the same. When the H atom points to the graphene-like, the order of adsorption energies is B-v2 > T-v2 > C-v2. The main factor affecting the adsorption energy is the adsorption position. Table 2 shows that all the adsorption energies are less than 0.8 eV, and the optimal adsorption configuration is H atoms point to the graphene-like surface. This is because the atomic radius of H atom is smaller than that of other elements, and the repulsive force between H atom and other atoms is smaller. Moreover, the contact area between NH3 and the graphene-like surface is the largest in v2 mode, where the hydrogen bond is easily formed between H in NH3 and the atom with greater electronegativity (such as C). Therefore the adsorption energy is relatively large. As also shown in Figure 5, it is found that NH3 does not overlap with the electron cloud of the graphene-like surface, and the adsorption of NH3 is physical adsorption, with no electron transfer.
[image: Figure 5]FIGURE 5 | The electron density of six different configurations of NH3 on the graphene-like surface. (A): T-v1, (B): T-v2, (C): B-v1, (D): B-v2, (E): C-v1, (F): and C-v2.
We calculated the DOS of the graphene-like surface before and after the adsorption of NH3, and show them in Figure 6. In Figure 6A, the TDOS and the pseudogap are almost constant. In Figure 6B, the PDOS of the N and H atoms are almost zero near the Fermi level. Analysis of HOMO and LUMO shows that the electron distribution is concentrated on the C3v symmetry axis of the NH3 molecule (concentrated around the N atoms), not on the N-H line. This indicates that the electrons of HOMO are uninvolved in the N-H bonding of the NH3 molecule, and that HOMO is occupied by a lone pair of electrons. In LUMO, the electron density is mainly concentrated in the space in between the N and H atoms (near N atom), but not along the N-H bond, indicating that LUMO is in the N-H antibonding position and is unoccupied. Therefore, the electronic properties before and after adsorption are almost unchanged.
[image: Figure 6]FIGURE 6 | (A) The DOS of the graphene-like surface before and after adsorption of NH3; (B) The PDOS of the NH3 on the surface. Inset: HOMO and LUMO of NH3 (green and deep red lines indicate different signs of the orbital wavefunctions). Main panel: The red line is the DOS of NH3 on the graphene-like surface, and other lines show the PDOS of the H and N atoms, respectively.
3.3 CO2 on the graphene-like surface
According to the structural characteristics of CO2 molecules and the selected binding sites, there are 6 different adsorption configurations of CO2 molecules on the graphene-like surface. The calculated adsorption energies of CO2 on the graphene-like surface are listed in Table 3.
TABLE 3 | CO2 on the graphene-like surface: Eads, d and the bond length and bond angle of CO2.
[image: Table 3]As it can be seen from Table 3, all adsorption energies are positive values, indicating that the adsorption of CO2 on the graphene-like surface is an endothermic process. The magnitude of adsorption energy mainly depends on the distance. When the distance is the same, the adsorption energy is also the same. The larger the distance, the greater the adsorption energy. Also, the adsorption distances of all modes are greater than 0.34 Å, which is greater than the sum of the covalent bond radii of the corresponding atoms. In combination with the charge density of CO2 adsorbed on the graphene-like surface (Figure 7), it can be concluded that CO2 molecules do not overlap with the electron cloud of the surface. All adsorption energies are less than 0.8 eV, and the bond length and bond angle are both almost constant, indicating that the adsorption of CO2 on the graphene-like surface is weak physical adsorption. The molecular structure has not changed, and there is no electron transfer.
[image: Figure 7]FIGURE 7 | The electron density of six different configurations of CO2 on the graphene-like surface. (A): T-v, (B): T-p, (C): B-v, (D): B-p, (E): C-v, (F): and C-p.
We also analyzed the DOS of the graphene-like surface before and after CO2 adsorption and show them in Figure 8. From Figure 8A, the TDOS of the graphene-like surface and the pseudogap are unchanged before and after CO2 adsorption. No new states appear near the Fermi level, indicating that the adsorption of CO2 has no significant effect on the graphene-like surface. Moreover, the near-constant pseudogap in the post-adsorption system shows that CO2 has almost no effect on the conductive properties of the system. From the PDOS of Figure 8B, after the CO2 adsorption, three independent peaks at the low energy level become larger, and two independent peaks at the high energy level become larger. The positions of these peaks are similar to the PDOS of CO2 molecules in Figure 8B. The contribution of electronic levels of CO2 after interaction with the graphene-like surface is limited to −16, −15, and −10 eV in the valence band, as well as to 2.5 and 4 eV in the conduction band, which are distant from the Fermi level and cannot change the electronic properties of the graphene-like surface near the Fermi energy (Zahedi and Seif, 2011). It can be concluded that the changes of these peaks correspond to the s and p orbitals of C and O atoms in CO2 molecules, respectively.
[image: Figure 8]FIGURE 8 | (A) The DOS of the graphene-like surface before and after the adsorption of CO2; (B) The PDOS of the CO2 on the surface. Inset: HOMO and LUMO of CO2 (green and deep red lines indicate different signs of the orbital wavefunctions). Main panel: The red line is the DOS of CO2 on the graphene-like surface, other lines show the PDOS of the various orbits of the C and O atoms, respectively.
3.4 Discussion
In conclusion, the adsorption energies of H2O, NH3 and CO2 on graphene-like surfaces are all less than 0.8 eV. All these adsorption processes belong to physical adsorption. Table 4 lists some theoretical results from literature. Some of our results differ from the adsorption energies in Table 4, because of the choice of basis set, different substrates and different substrate sizes. (Leenaerts et al., 2008; Zahedi and Seif, 2011; Lalitha et al., 2017; Safari et al., 2019; Li et al., 2022).
TABLE 4 | Based on the DFT theory, theoretical values for the Eads of interstellar molecules on different substrates.
[image: Table 4]4 SUMMARY
We established the stability models of three interstellar molecules (H2O, NH3, CO2) and the graphene-like surface. Based on the DFT, the adsorption energy, adsorption distance, charge density, DOS and other properties of interstellar molecules H2O, NH3, and CO2 on the graphene-like surface were calculated, and their adsorption properties were studied.
The adsorption of H2O, NH3, and CO2 on the graphene-like surface belongs to physical adsorption, which is reflected in the following aspects: the absolute value of adsorption energy is less than 0.8 eV, and the bond length and bond angle of H2O, NH3, and CO2 are almost unchanged.
Moreover, the charge density shows that the gas molecules do not overlap with the base electron cloud. Adsorption of H2O, NH3, and CO2 had little effect on the density of states of the graphene-like surface. The process has no effect on the pseudogap of the surface either. These results show that the electronic properties of the graphene-like surface are unaffected after the adsorption of the studied molecules. They also further verified that the adsorption of the three molecules on the graphene-like surfaces is physical adsorption.
Last but not least, the results can provide more accurate parameters (e.g., binding energies) for calculating the chemical reaction rates on dust surfaces, which in return can provide a more accurate theoretical reference for the models and observations of interstellar molecules, thus contributing to the understanding of dust-surface reactions in ISM.
On the basis of this work, we will further take carbonaceous materials as the core, and use amorphous phase H2O and other molecules (such as CO, CO2, NH3, CH4, H2CO, and CH3OH) as ice mantles to establish a dust particle model, simulate the adsorption of interstellar molecules on the ice surface, and calculate adsorption energies.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
FL ran the models, analyzed the results, and drafted the manuscript. DQ initiated and directed the project, and mentored FL throughout the study. XZ contributed to quantum computation. All authors discussed the results and revised the manuscript. DQ, XZ, XL, and JE provided funding support for this research.
FUNDING
This work was supported by the National Natural Science Foundation of China grant 11973075, the Natural Science Foundation of Xinjiang Uygur Autonomous Region 2022D01A156, the Xinjiang Tianchi project (2019), and the Project of Xinjiang Uygur Autonomous Region of China for Flexibly Fetching in Upscale Talents (Yu Gao).
ACKNOWLEDGMENTS
We are grateful to the Taurus High Performance Computing System of Xinjiang Astronomical Observatory, which was used for the simulations.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2022.1040703/full#supplementary-material
FOOTNOTES
1https://cdms.astro.uni-koeln.de/classic/molecules
REFERENCES
 Amari, S., Anders, E., Virag, A., and Zinner, E. (1990). Interstellar graphite in meteorites. Nature 345 (6272), 238–240. doi:10.1038/345238a0
 Baletto, F., and Ferrando, R. (2005). Structural properties of nanoclusters: Energetic, thermodynamic, and kinetic effects. Rev. Mod. Phys. 77 (1), 371–423. doi:10.1103/RevModPhys.77.371
 Bovolenta, G. M., Vogt-Geisse, S., Bovino, S., and Grassi, T. (2022). Binding energy evaluation platform: A database of quantum chemical binding energy distributions for the astrochemical community. The Astrophysical Journal Supplement Series 262 (1), 17. doi:10.3847/1538-4365/ac7f31
 Buelna-Garcia, C. E., Cabellos, J. L., Quiroz-Castillo, J. M., Martinez-Guajardo, G., Castillo-Quevedo, C., de-Leon-Flores, A., et al. (2020). Exploration of free energy surface and thermal effects on relative population and infrared spectrum of the Be6B11− fluxional cluster. Materials 14 (1), 112. doi:10.3390/ma14010112
 Buelna-García, C. E., Castillo-Quevedo, C., Quiroz-Castillo, J. M., Paredes-Sotelo, E., Cortez-Valadez, M., Martin-del-Campo-Solis, M. F., et al. (2022). Relative populations and IR spectra of Cu38 cluster at finite temperature based on DFT and statistical thermodynamics calculations. Front. Chem. 97, 841964. doi:10.3389/fchem.2022.841964
 Buelna-García, C. E., Robles-Chaparro, E., Parra-Arellano, T., Quiroz-Castillo, J. M., del-Castillo-Castro, T., Martínez-Guajardo, G., et al. (2021). Theoretical prediction of structures, vibrational circular dichroism, and infrared spectra of chiral Be4B8 cluster at different temperatures. Molecules 26 (13), 3953. doi:10.3390/molecules26133953
 Cami, J., Bernard-Salas, J., Peeters, E., and Malek, S. E. (2010). Detection of C60 and C70 in a young planetary nebula. Science 329 (5996), 1180–1182. doi:10.1126/science.1192035
 Castillo-Quevedo, C., Buelna-Garcia, C. E., Paredes-Sotelo, E., Robles-Chaparro, E., Zamora-Gonzalez, E., Martin-del-Campo-Solis, M. F., et al. (2021). Effects of temperature on enantiomerization energy and distribution of isomers in the chiral Cu13 cluster. Molecules 26 (18), 5710. doi:10.3390/molecules26185710
 Chen, L. F., Li, F. F., and Chang, Q. (2020). The modeling of grain surface chemistry. Chin. J. Chem. Phys. 33 (1), 79–84. doi:10.1063/1674-0068/cjcp1911205
 Cheung, A. C., Rank, D. M., Townes, C. H., Thornton, D. D., and Welch, W. J. (1968). Detection of NH3 molecules in the interstellar medium by their microwave emission. Phys. Rev. Lett. 21 (25), 1701–1705. doi:10.1103/PhysRevLett.21.1701
 Cheung, A. C., Rank, D. M., Townes, C. H., Thornton, D. D., and Welch, W. J. (1969). Detection of water in interstellar regions by its microwave radiation. Nature 221 (5181), 626–628. doi:10.1038/221626a0
 Delley, B. (1990). An all-electron numerical method for solving the local density functional for polyatomic molecules. J. Chem. Phys. 92 (1), 508–517. doi:10.1063/1.458452
 Draine, B. T. (2003). Interstellar dust. Vistas Astronomy 45 (3), 1074–1080. doi:10.1007/978-94-009-2462-8_27
 Duflot, D., Toubin, C., and Monnerville, M. (2021). Theoretical determination of binding energies of small molecules on interstellar ice surfaces. Frontiers in Astronomy and Space Sciences 24. doi:10.3389/fspas.2021.645243
 Frisch, M. J., (2016). Gaussian 16, revision B.01. Wallingford CT: Gaussian, Inc. 
 Hama, T., and Watanabe, N. (2013). Surface processes on interstellar amorphous solid water: Adsorption, diffusion, tunneling reactions, and nuclear-spin conversion. Chem. Rev. 113 (12), 8783–8839. doi:10.1021/cr4000978
 Herbst, E. (2013). Chemistry in the cold, warm, and hot interstellar medium. AIP Conf. Proc. 1543 (1), 15–30. doi:10.1063/1.4812597
 Herbst, E., and Klemperer, W. (1973). The formation and depletion of molecules in dense interstellar clouds. Astrophys. J. 185 (2), 505–534. doi:10.1086/152436
 Herbst, E. (2014). Three milieux for interstellar chemistry: Gas, dust, and ice. Phys. Chem. Chem. Phys. 16 (8), 3344–3359. doi:10.1039/c3cp54065k
 Herbst, E., and Yates, J. T. (2013). Introduction: Astrochemistry. Chem. Rev. 113 (12), 8707–8709. doi:10.1021/cr400579y
 Ivanovskaya, V. V., Zobelli, A., Teillet-Billy, D., Rougeau, N., Sidis, V., and Briddon, P. R. (2010). Hydrogen adsorption on graphene: A first principles study. Eur. Phys. J. B 76 (3), 481–486. doi:10.1140/epjb/e2010-00238-7
 Kahn, A. (2016). Fermi level, work function and vacuum level. Mat. Horiz. 3 (1), 7–10. doi:10.1039/C5MH00160A
 Lalitha, M., Lakshmipathi, S., and Bhatia, S. K. (2017). Edge functionalised & Li-intercalated 555-777 defective bilayer graphene for the adsorption of CO2 and H2O. Appl. Surf. Sci. 400, 375–390. doi:10.1016/j.apsusc.2016.12.144
 Leenaerts, O., Partoens, B., and Peeters, F. M. (2008). Adsorption of H2O, NH3, CO, NO2, and no on graphene: A first-principles study. Phys. Rev. B 77 (12), 125416. doi:10.1103/PhysRevB.77.125416
 Leger, A., and Puget, J. L. (1984). Identification of the 'unidentified' ir emission features of interstellar dust?Astronomy Astrophysics 137 (1), L5–L8. doi:10.1051/0004-6361/200912164
 Lewis, R. S., Ming, T., Wacker, J. F., Anders, E., and Steel, E. (1987). Interstellar diamonds in meteorites. Nature 326 (6109), 160–162. doi:10.1038/326160a0
 Li, Q., Li, A., Jiang, B. W., and Chen, T. (2020). On carbon nanotubes in the interstellar medium. Mon. Not. R. Astron. Soc. 493 (2), 3054–3059. doi:10.1093/mnras/staa467
 Li, Z., Jia, L., Chen, J., Cui, X., and Zhou, Q. (2022). Adsorption and sensing performances of pristine and Au-decorated gallium nitride monolayer to noxious gas molecules: A DFT investigation. Front. Chem. 10, 898154. doi:10.3389/fchem.2022.898154
 Liu, M., Liu, M., She, L., Zha, Z., Pan, J., Li, S., et al. (2017). Graphene-like nanoribbons periodically embedded with four-and eight-membered rings. Nat. Commun. 8 (1), 14924–14927. doi:10.1038/ncomms14924
 Loktev, V. M., Quick, R. M., and Sharapov, S. G. (2001). Phase fluctuations and pseudogap phenomena. Phys. Rep. 349 (1), 1–123. doi:10.1016/S0370-1573(00)00114-9
 Mehta, N., Casanova-Páez, M., and Goerigk, L. (2018). Semi-empirical or non-empirical double-hybrid density functionals: Which are more robust?Phys. Chem. Chem. Phys. 20 (36), 23175–23194. doi:10.1039/C8CP03852J
 Peng, X., and Ahuja, R. (2008). Symmetry breaking induced bandgap in epitaxial graphene layers on sic. Nano Lett. 8 (12), 4464–4468. doi:10.1021/nl802409q
 Perrero, J., Enrique-Romero, J., Ferrero, S., Ceccarelli, C., Podio, L., Codella, C., et al. (2022). Binding energies of interstellar relevant S-bearing species on water ice mantles: A quantum mechanical investigation. arXiv preprintarXiv:2209.07255. doi:10.48550/arXiv.2209.07255
 Pracht, P., and Grimme, S. (2021). Calculation of absolute molecular entropies and heat capacities made simple. Chem. Sci. 12 (19), 6551–6568. doi:10.1039/d1sc00621e
 Safari, F., Moradinasab, M., Fathipour, M., and Kosina, H. (2019). Adsorption of the NH3, NO, NO2, CO2, and CO gas molecules on blue phosphorene: A first-principles study. Appl. Surf. Sci. 464, 153–161. doi:10.1016/j.apsusc.2018.09.048
 Saha, P., and Chowdhury, S. (2011). Insight into adsorption thermodynamics. Thermodynamics 16, 349–364. doi:10.5772/13474
 Snyder, L. E., Buhl, D., Zuckerman, B., and Palmer, P. (1969). Microwave detection of interstellar formaldehyde. Phys. Rev. Lett. 22 (13), 679–681. doi:10.1103/PhysRevLett.22.679
 Strelnikov, D., Kern, B., and Kappes, M. M. (2015). On observing C60+ and C602+ in laboratory and space. Astron. Astrophys. 584, A55. doi:10.1051/0004-6361/201527234
 Tinacci, L., Germain, A., Pantaleone, S., Ferrero, S., Ceccarelli, C., and Ugliengo, P. (2022). Theoretical distribution of the ammonia binding energy at interstellar icy grains: A new computational framework. ACS Earth and Space Chemistry 6, 1514–1526. doi:10.1021/acsearthspacechem.2c00040
 Wakelam, V., Bron, E., Cazaux, S., Dulieu, F., Gry, C., Guillard, P., et al. (2017a). H2 formation on interstellar dust grains: The viewpoints of theory, experiments, models and observations. Mol. Astrophys. 9, 1–36. doi:10.1016/j.molap.2017.11.001
 Wakelam, V., Loison, J. C., Mereau, R., and Ruaud, M. (2017b). Binding energies: New values and impact on the efficiency of chemical desorption. Molecular Astrophysics 6, 22–35. doi:10.1016/j.molap.2017.01.002
 Wang, X. N., Lu, J. Z., Zhu, H. J., Li, F. F., Ma, M. M., and Tan, G. P. (2018). Novel single-walled carbon nanotubes periodically embedded with four-and eight-membered rings. Front. Phys. (Beijing). 13 (4), 136106–136110. doi:10.1007/s11467-018-0792-0
 Watson, W. D. (1973). The rate of formation of interstellar molecules by ion-molecule reactions. Astrophys. J. 183, L17. doi:10.1086/181242
 Wesslén, C., Tjernström, M., Bromwich, D. H., De Boer, G., Ekman, A. M., Bai, L. S., et al. (2014). The arctic summer atmosphere: An evaluation of reanalyses using ASCOS data. Atmos. Chem. Phys. 14 (5), 2605–2624. doi:10.5194/acp-14-2605-2014
 Zahedi, E., and Seif, A. (2011). Adsorption of NH3 and NO2 molecules on C48B6N6 heterofullerene: A DFT study on electronic properties. Phys. B Condens. Matter 406 (19), 3704–3709. doi:10.1016/j.physb.2011.06.076
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Li, Quan, Zhang, Li and Esimbek. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_qu1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Quantum mechanical modeling of interstellar molecules on cosmic dusts: H2O, NH3, and CO2		1 Introduction

		2 Calculation method and details

		3 Results and discussion		3.1 H2O on the graphene-like surface

		3.2 NH3 on the graphene-like surface

		3.3 CO2 on the graphene-like surface

		3.4 Discussion





		4 Summary

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Footnotes

		References









OPS/images/fchem-10-1040703-t004.jpg
Molecules The E,; of interstellar molecules on different substrates (eV)

Graphene Blue phosphorene GaN
H0 ~0.112 ~-0.160"
NH, -0.132° -0.89°
NO -0.216 -027¢

H 022°

“Lalitha et al. (2017).
"Leenaerts et al. (2008).
“Safri et al. (2019).
"Li et al. (2022).
Zahedi and Seif(2011).





OPS/images/fchem-10-1040703-t003.jpg
Configurations E,ai(eV) Ea(K) d(A) Bond length (A) Bond angle (')
C1-05 C2-0
T-p 0.3306 3836.48 347 1.159; 1.158 179.25
T-v 0.3288 3815.59 3.39 1.159; 1.159 179.33
B-p 0.3288 3815.59 339 1.159; 1.159 179.33
B-v 0.3288 3815.59 3.39 1.159; 1.159 179.33
C-p 0.3713 4308.78 3.50 1.160; 1.158 179.99
Cv 0.3288 3815.59 3.39 1159 1.159 179.33





OPS/images/fchem-10-1040703-t002.jpg
Configurations E,us(eV) Eu(K) d(A) Bond length (A) Bond angle ()
HI-N; H2-N; H3-N HI-N-H2;H2-N-H3;H3-N-H11

T-vl —0.3869 —4489.82 312 1.01; 1.01; 1.01 106.05; 106.06; 106.01
T-v2 -0.3857 —4475.89 3.02 1.01; 1.01; 1.01 106.94; 106.66; 105.89
B-vl -0.3869 —4489.82 312 1.01; 1.01; 1.01 106.05; 106.05; 106.01
B-v2 -0.3955 —-4589.61 3.02 1.01; 1.01; 1.01 106.21; 106.18; 106.09
C-vl —0.3868 —4488.65 3.10 1.01; 1.01; 1.01 106.07; 106.03; 106.05
C-v2 -0.3319 —-3851.56 340 1.01; 1.01; 1.01 108.85; 106.78; 106.46









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





OPS/images/fchem-10-1040703-g005.gif
A @ LI ]
$808808  ssseese
c g o g

8888888  s888Se

£ g v
2888808 8382822





OPS/images/fchem-10-1040703-g006.gif





OPS/images/fchem-10-1040703-g003.gif
8920808  ss3iess
o e

° @
888808  s3%88

d
2388802 “ﬂ,ﬂv





OPS/images/fchem-10-1040703-g004.gif





OPS/images/fchem-10-1040703-t001.jpg
Configurations E,ai(eV) Ea(K) d(A) Bond length (A) Bond angle (')

H1-0; 0-H2
T-vl -0.3435 -3986.18 2.50 0.957; 0.957 103.61
T-v2 -0.3436 -3987.34 2.50 0.957; 0.957 103.63
B-vl -0.2736 -3175.02 2.80 0.956; 0.956 103.95
B-v2 -0.1610 -1868.34 3.57 0.956; 0.956 103.66
C-vl -0.1785 -2071.42 335 0.955; 0.955 105.05

C-v2 -0.2690 -3121.63 2.90 0.956; 0.956 103.88





OPS/images/fchem-10-1040703-g007.gif
L3
2208882
2888808

2880828

3
2988828

38
2888408

sastess





OPS/images/fchem-10-1040703-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-10-1040703-g001.gif
C ese oo

2

I
3k
597

3

39

3
i
20 3
% s
>a 2s
2 oo
2 s
>3
2 aa
IS S
a4 o
2 s h
e Nd





OPS/images/fchem-10-1040703-g002.gif





