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Abstract 

Density functional theory (DFT) calculations were performed to study the interactions 

between methane and single atom of six metals, Co, Rh, Ir, Ni, Pd, and Pt. Understanding the 

metal initiated activation of C-H bonds is important as the metal-methane interaction can lead to 

the production of hydrogen molecules from methane as well as the detection of methane.  The 

energies associated with the sigma interactions between methane and the metal atom were 

obtained with B3LYP.  The different possible orientations and electronic interactions for each 

metal-methane interaction were analyzed and weighted using the population distribution to 

determine the average binding energy for the complex.  The relative binding energies of each 

metal were compared and the metal with the greatest degree of binding is Palladium.  The 

molecular orbitals were also analyzed to gain an understanding of how strongly the metal was 

interacting with methane. The distances between the atoms in the complex were studied to 

determine whether the interactions formed a sigma complex and the type of coordination the 

interactions formed.   
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1. Introduction 

 A large amount of research has been conducted in order to better understand the 

characteristics of metal-C-H  interactions, especially in metal-methane systems.1-26 Although 

metal-methane complex was discovered in the late sixties or early seventies of the twentieth 

century,27-29 and potential applications of methane as ligands, however, data on metal-methane σ-

complexes are extremely limited because of the nature of the interaction is difficult to describe 

accurately and the computational methods to such studies are only available recently.   

In metal- interactions the electrons of a  bond, such as C-H in methane, interact with a 

metal resulting in an elongated bond.30,31  The σ electrons in the C-H bond are donated to the 

empty d orbitals of the metal, the metal then back donates to the antibonding σ* molecular 

orbitals of the bond.  The back donation of electrons to the antibonding molecular orbital causes 

the  bond to destabilize and become elongated.  This characteristic can be beneficial in organic 

compounds because it increases the reactivity of otherwise stable carbon-hydrogen bonds,32 as 

this is the first step of any C-H bond activation33-65 or sensing.66  Increasing the acidity of the 

hydrogen in methane makes it more favorable for further reactions to take place; this can lead to 

the development of methods used to produce hydrogen from naturally abundant methane gas, as 

well as develop devices, i.e. sensors, capable of detecting low concentrations of methane.  

In the density functional theory (DFT) studies of methane adsorption on Pd atom and 

clusters, Zhang et al found that the three CH4-Pd adducts with weak Pd and methane 

interactions.67  Bullock et al. studied the  bonds formed between hydrocarbons and low valence 

shell metals.12  Formation of  complexes has been observed in alkane-metal complexes.5  There 

are a great demand on understanding the neutral metal-methane interactions.6  The metal-
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methane complexes can be formed via several different coordination configurations, including 

η1; η2-H,H; η2-C,H; η3, which are shown in Figure 1.68 

 

 

Figure 1. Configurations of interaction between methane and a metal atom. The blue, gray, and white 

balls represent metal, carbon, and hydrogen atoms, respectively. 

 

 

Heterogeneous catalysis plays important roles in the refining of natural resources and in 

the synthesis of organic molecules that have many applications in energy and sensing industry.69-

78 Many studies have been conducted to investigate methane activation to form useful 

products37,67,79,80 and other reactions80-113 on various nanoparticles.114-133  Reactions on Cu 

catalyst134,135 and on single atom catalyst136,137 have been active research area.  In order for the  

interaction induced reactions to be useful two challenges must be addressed, these include 

activity and more importantly selectivity.  The reaction needs to proceed quickly enough for it to 

be useful and there should be minimal formation of side products.  To overcome these 

challenges, understanding the  complex formation is critically important.  As such, in this 

research the interactions of six metals with methane molecule were analyzed to determine the 

most effective metal for the activation of C-H bonds.  The most efficient metal catalyst is one 

that is able to activate the C-H bonds most significantly and not lead to the breaking of carbon-

η1 

 
η2-H,H η2-C,H 

 

η3 
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hydrogen bonds.1  To evaluate the adsorption strength of various single metal atoms in methane 

adsorption, we performed DFT calculations to obtain the relative binding energy of each metal-

methane complex and analyze the bond distances of the elongated C-H bonds.  The relative 

binding energy is useful in predicting which metal will have the strongest interactions with 

methane.  The elongated bond distances will provide insight into the characteristics of the 

interactions, whether they are  interactions and the type of coordination they have.1   

 

2. Computational Details 

The DFT calculations performed in this experiment were completed using Gaussian 09 

software, calculations were setup using Gauss View 3.09.  The interactions were studied by 

optimization and frequency calculations of metal-methane complexes in gas phase using B3LYP. 

In order to account for all possible metal-methane interactions, combinations of three different 

orientations (shown in Figure 1) and three electronic configurations for each metal were 

considered.  A split basis set was used with Lanl2DZ for metal atoms and 6-311g+(d,p) for C 

and H atoms.  To determine the relative accuracy of the basis set, a single basis set calculations, 

b3lyp/lanl2dz, was used for all elements.  The convergence criteria of calculations were default 

and have been used in our other DFT studies.138-142 

 Some of the interactions proved to be difficult for Gaussian to solve, in order to complete 

some of the calculations a quadratically convergent SCF was used and write connectivity was 

selected.  When a calculation would terminate without finding an optimized structure the output 

file was saved as an input file and the calculation was continued where it had ended.  There were 

calculations that would determine an optimized structure that does not exist, resulting in negative 

vibrational frequencies.  The arrangement of the atoms in these structures would be altered; 
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generally the metal was moved towards the direction of the vibration vector given by the output 

file.  The calculation process was continued until an optimized structure was obtained with no 

negative frequency values.  The structures of the output files were then analyzed to ensure the 

orientation of the metal was not significantly different than the input file.  

 

3. Results and Discussion 

 The metal-methane complexes were analyzed by calculating the binding energies 

associated with the sigma interactions for each metal and investigated the optimized structures of 

the complexes including C-H bond distances.  The binding energies provided theoretical data 

used to predict the most effective metal catalyst for the activation of C-H bonds in methane.  The 

bond distances gave further insight into the magnitude of the interaction and whether the 

interaction resulted in broken carbon-hydrogen bonds, which was unfavorable.1   

 

Figure 2. Metal-Methane orientations and notation of the complexes. 

 

The optimized structures and energies for each metal, methane, and the metal-methane  

complexes were determined. The metals studied in this work include Cobalt, Rhodium, Iridium, 

Nickel, Palladium, and Platinum.  Three electronic configurations for each metal were accounted 

for; these included doublet, quartet, and sextet for Co, Rh, and Ir as well as singlet, triplet, and 
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quintet for Ni, Pd, and Pt.  With Cobalt as an example; the doublet, quartet, and sextet energies 

were calculated for the metal and compared to determine the lowest energy electronic state, the 

ground state electronic configuration for cobalt was the quartet.  The optimized structure and 

energy for the Co-methane complex for the doublet, quartet, and sextet electronic configurations 

were calculated for each orientation.  The characteristics of each interaction were analyzed by 

considering the interaction and bond distances, energy values, and orientations.  Upon analysis of 

the various interactions many of the optimized structures were found to be duplicates.  The 

duplicates were excluded from the binding energy calculations in order to accurately compare 

the catalytic ability of each metal; duplicates are indicated in Table 1 with a δ. 

Table 1. The energy values (in Hartree) of the optimized sigma complexes 
Metal 

Complexes Doublet Quartet Sextet 

Metal 

Complexes Singlet Triplet Quintet 

Co--H -185.5225 -185.5120 -185.3973 Ni--H -209.7067 -209.7631 -209.531 

Rh--H δ -149.9512 δ Pd--H δ -167.1899 -166.9573 

Ir--H -145.0772 -145.0956 δ Pt--H -159.4969 -159.5361 δ 

Co--CH -185.4990 -185.5325 -185.4008 Ni--CH -209.7331 -209.7631 δ 

Rh--CH -149.9509 -149.9511 -149.7468 Pd--CH -167.2294 -167.1896 -166.9660 

Ir--CH -145.0773 -145.0994 -144.9481 Pt--CH -159.6422 -159.5937 δ 

Co--C -185.4992 -185.5327 -185.4009 Ni--C δ -209.7631 -209.609 

Rh--C δ -149.9511 -149.7550 Pd--C δ -166.966 -167.2294 

Ir--C -145.0787 -145.1000 -144.9482 Pt--C -159.6422 -159.5935 -159.4082 

 

The binding energy, Eb, for the complexes was calculated using equation (1), where Ecomp 

is the energy of the metal-methane complex, Emeth is the energy of methane, and EM is the energy 

of the lowest energy electronic state for each metal.  Using this calculation method the lower the 

binding energy is the more favorable the interaction. 

Eb = Ecomp – (Emeth + EM)     (1) 

The energy values for each electronic configuration were weighted using population 

values determined by the Boltzmann equation, shown in equation 2 where Nj is the number of 
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particles in state j, gj/go is equal to 1, k is the Boltzmann constant, T is temperature 298.15 K 

(room temperature), and Ej is the energy difference between states. 

Nj/No = gj/go*exp(-Ej/kT)       (2) 

  The lowest energy complex within each orientation was considered the “ground state” 

with a population value of 1.  The energy difference between the lowest energy complex and 

higher energy complexes was used in the Boltzmann equation to calculate the relative population 

values.  The populations were then used to weight the relative energy contribution to the overall 

metal-methane interaction by multiplying the population values and energy values. This 

calculation was performed for each orientation and electronic combination; the relative energy 

values for each orientation are listed in Table 2. 

Table 2. Weighted average binding energies of metal-methane interactions 
Metal 

Complexes 

Energy 

(kcal/mol) 

Metal 

Complexes 

Energy 

(kcal/mol) 

Co-H -5.72 Ni--H -0.63 

Rh-H -0.17 Pd--H -19.64 

Ir-H -1.95 Pt--H -35.61 

Co-CH -0.50 Ni--CH -0.63 

Rh-CH -0.14 Pd--CH -5.13 

Ir-CH -4.32 Pt--CH -30.96 

Co-C -0.64 Ni--C -0.62 

Rh-C -0.12 Pd--C -5.13 

Ir-C -4.71 Pt--C -30.96 

 

The energy values for each orientation were also weighted using the Boltzmann equation, 

in order to determine the relative energies for each metal-methane interaction.  The energy 

differences between the lowest energy state and the higher energy orientations were determined 

and used to calculate the population values for each orientation.  The relative energies associated 

with each metal-methane complex are shown in Table 3.  Based on the calculations Platinum had 

the lowest binding energy and has the strongest interaction with a methane molecue.  However, 
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structures of the complex must also be taken into account.  The energy of dispersion was also 

determined by the x, y, z coordinates in the optimization calculations.   

 

Table 3. Binding energies of metal methane interactions 

Metal Complexes 

Average Energy 

(kcal/mol) 

Cobalt-Methane -1.04 

Rhodium-Methane -0.42 

Iridium-Methane -6.95 

Nickel-Methane -1.84 

Palladium-Methane -10.26 

Platinum-Methane -61.93 

 

Previous work shown that inclusion of dispersion energy increases the binding energy but 

does not change the relative stability of absorption complexes.67 The dispersion energies were 

also taken into account when calculating the average binding energy and the results are shown in 

Table 4.  The overall trend of binding energies did not change however, the binding energies for 

palladium and iridium were much more similar when the dispersion energies are considered. 

 

Table 4. Binding energies of metal-methane interactions with dispersion energy 

Metal Complexes 

Average Energy 

(kcal/mol) 

Cobalt-Methane -4.08 

Rhodium-Methane -3.54 

Iridium-Methane -9.57 

Nickel-Methane -4.15 

Palladium-Methane -9.68 

Platinum-Methane -63.82 

 

 

The optimized structures for platinum resulted in the breaking of carbon-hydrogen bonds 

and the formation of Pt-C bonds and therefore they are not  complexes.  The weak interaction 
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between Pt and methane atom was found in the previous work.80  The metal with the lowest 

binding energy of  complexes was palladium, the optimized structures for this metal was 

further analyzed and the results are shown in Tables 5-7 in details. 

 

Table 5. Bond distances in Pd—H complexes 

Singlet: Distances (Å) Triplet: Distances (Å) Quintet: Distances (Å) 

Pd-H3 2.164 Pd-H3 2.941 Pd-H3 4.39025 

Pd-C1 2.567 Pd-C1 4.039 Pd-C1 5.487 

C1-H3* 1.112 C1-H3 1.098 C1-H3 1.096 

C1-H2* 1.112 C1-H2,H5,H4 1.095 C1-H2,H5,H4 1.096 

C1-H4 1.094 

    C1-H5 1.094 

     

 

 

Table 6. Bond distances in Pd—CH complexes  

Singlet: Distances (Å) Triplet: Distances (Å) Quintet: Distances (Å) 

Pd-H3 2.165 Pd-H3 3.927 Pd-H3 3.182 

Pd-H4 2.163 Pd-H4 3.789 Pd-H4 2.127 

Pd-C1 2.567 Pd-C1 4.384 Pd-H5 3.185 

C1-H2 1.094 C1-H2 1.096 Pd-C1 2.960 

C1-H3* 1.112 C1-H3 1.096 C1-H2 1.097 

C1-H4* 1.112 C1-H4 1.096 C1-H3 1.092 

C1-H5 1.094 C1-H5 1.096 C1-H4** 1.141 

    

C1-H5 1.092 
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Table 7. Bond distances in Pd—C complexes  

Singlet: Distances (Å) Triplet: Distances (Å) Quintet: Distances (Å) 

Pd-H3 2.164 Pd-H3 4.102 Pd-H3 3.178 

Pd-H4 2.166 Pd-H4 4.105 Pd-H4 3.182 

Pd-H5 3.315 Pd-H5 3.890 Pd-H5 2.126 

Pd-C1 2.569 Pd-C1 4.259 Pd-C1 2.957 

C1-H2 1.094 C1-H2 1.096 C1-H2 1.097 

C1-H3* 1.112 C1-H3 1.096 C1-H3 1.093 

C1-H4* 1.112 C1-H4 1.096 C1-H4 1.093 

C1-H5 1.094 C1-H5 1.096 C1-H5** 1.141 

 

The bond distances showed which interactions resulted in the elongation of C-H bonds in 

methane and would be considered sigma interactions.  The interactions with elongated bonds 

shown in Tables 4, 5, and 6 were Pd—H, Pd—CH, and Pd—C singlet interactions as well as 

Pd—CH and Pd—C quintet interactions.  The molecular orbitals for these interactions were 

studied to determine the extent of orbital overlap between the metal and methane and the type of 

sigma coordination. The Pd—H, Pd—CH, and Pd—C singlet interactions resulted in a η2-H,H 

coordination which caused the two hydrogen which interacted with the metal to become 

elongated.  The Pd—CH and Pd—C quintet interactions resulted in η2-C,H coordination. The η2-

C,H had a much larger degree of orbital overlap and caused the C-H bond the metal interacted 

with to break with an elongated distance of approximately 1.14 Å.  Therefore from the bond 

distances and the molecular orbital overlap the only coordination modes that resulted in sigma 

interactions between palladium and methane were η2-C,H, and η2-H,H. 

In order to determine the accuracy of the data obtained using a dual basis set was used to 

calculate the binding energies for Palladium, Iridium, and Cobalt.  Using DFT b3lyp/6-

311g+(d,p) for C and H atoms and lanl2dz for the metal, these calculations provided a much 
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more accurate binding energy and optimized structure.  These values were compared with the 

values obtained from the single basis set calculations in order to ensure the accuracy of the 

results.  The results of the calculations for the split basis set are shown in Table 8.  The 

calculated binding energies for the metals in Table 8 displayed thermodynamically unfavorable 

interactions because the values were positive.  Also the trend displayed from the single basis set 

calculations was not the same for the split basis set calculations.  Once possible source of error 

was the calculations for the energy of methane, this would have resulted in a much larger energy 

for the separate metal and methane.  Also several of the calculations for the different metal-

methane interactions had not been completed, leaving a number of holes in the data that could 

have skewed the results. 

 

Table 8. Binding Energies of Metal-Methane Interactions 

Metal Complexes 

Average Energy 

(kcal/mol) 

Cobalt-Methane -19.78 

Iridium-Methane -6.51 

Palladium-Methane -54.23 

 

Finally, we discuss briefly the frontier orbitals of the  complexes. As an illustration of 

the predicted σ-bonding, it is important to note the molecular orbitals of the structures.  Though 

this trend is evident in many of the complexes, a few have been selected to emphasize the 

interaction.  Figure 3 illustrates the electron distribution of the Cu-methane complex in the η2-

C,H configuration.  It can be seen in Figure 3 that there is definite metal-carbon interaction, 

indicated by the red electron density.  Additionally, metal-hydrogen interaction can be observed 

by the large green contour. 
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Figure 3. The highest occupied orbital of the η2-C,H Cu-methane complex. 

 

Further illustration can be found in Figure 4, which depicts the electron distribution of 

Cu-methane complex with η1 interaction.  As seen in Figure 4, there is dz2 σ-interaction 

interaction between the metal and the hydrogen which makes up the majority of the electron 

density of the complex.  Figures 3 and 4 provide additional proof that the expected interaction is 

largely due to σ-interaction.   

 

Figure 4. The highest occupied orbital of the η1 Cu-methane complex. 

 

4. Conclusions 

 The experiment showed that many of the metal-methane interactions resulted in the 

formation of a sigma complex.  The most thermodynamically favorable interaction was between 
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methane and palladium.  The optimized structure with η2-H,H coordination displayed the most 

ideal sigma interaction, though the metal also had several non sigma interactions as well as a η2-

C,H coordinate that resulted in the breaking of carbon-hydrogen bonds in methane.  The results 

of the split basis set did not support the trends shown in the single basis set though there are 

possible errors in the calculations because none of the interactions were thermodynamically 

stable compared with the single basis set calculations.  Further research is needed to be able to 

ensure the trend determined by the single basis set was accurate. Also the selectivity of the sigma 

complexes that result from the interaction with the metals needs to be investigated in order to 

determine if the metals will be useful as a catalyst for the activation of C-H bonds in methane. 

 

 

Acknowledgements 

We thank Hayley Hudson and Jessica Martinez for performing some of the reported 

calculations and the assistance to the research project. 

 

References 

 (1) Haroun, M. F.; Moussounda, P. S.; Legare, P.; Parlebas, J. C. Eur. Phys. J. B 2010, 78, 

353. 

 (2) Bouke, S. B.; Kramer, G. J. Top Catal. 2010, 53, 403. 

 (3) Hu, X.; Li, H.; Wu, T. J. Phys. Chem. A 2011, 115, 904. 

 (4) Dryza, B.; Bieske, E. J. Int. J. Mass Spectro. 2010, 297, 46. 

 (5) Weaver, J. F.; Hakanoglu, C.; Hawkins, J. M.; Asthagiri, A. J. Chem. Phys. 2010, 132, 

024709. 

 (6) Alexandrou, E. I.; Gor, A.; Bacalis, N. C. J. Chem. Phys. 2010, 132, 154701. 

 (7) Billups, W. E.; Chang, S. c.; Hauge, R. H.; Margrave, J. L. J Am. Chem. Soc. 1993, 115, 

2039. 

 (8) Schultz, R. H.; Haynes, C. L. J. Phys. Chem. A 1993, 97, 596. 

 (9) Von Koppen, P. A. M.; Kemper, P. R.; Bushnell, J. E.; Bowers, M. T. J. Am. Chem. Soc. 

1995, 117, 2098. 

 (10) Green, J. C.; Jardine, C. N. J. Chem. Soc. Dalton trans. 1998, 1057. 

https://doi.org/10.26434/chemrxiv-2023-jt7jh ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-jt7jh
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/


14 

 

 (11) Wang, C.; Ziller, J. W.; Flood, T. C. J. Am. Chem. Soc. 1995, 117, 1647. 

 (12) Bullock, R. M.; Headford, C. E. L.; Hennessy, K. M. J. Am. Chem. Soc. 1989, 111, 3897. 

 (13) Partridge, M. G.; McCamley, A.; Perutz, R. N. J. Chem. Soc., Dalton Trans. 1994, 3519. 

 (14) Crabtree, R. H. Chem. Rev. 1995, 96, 3125. 

 (15) Burns, C. J.; Andersen, R. A. J. Am. Chem. Soc. 1987, 109, 5853. 

 (16) Saillard, J.-Y.; Hoffmann, R. J. Am. Chem. Soc. 1984, 106, 2006. 

 (17) Poli, R. J.; Smith, K. M. Organometallics 2000, 19, 2858. 

 (18) Song, J.; Hall, M. B. Organometallics 1993, 12, 3118. 

 (19) Musaev, D. G.; Morokuma, K. J. Am. Chem. Soc. 1995, 117, 799. 

 (20) Su, M. D.; Chu, S. Y. J. Am. Chem. Soc. 1997, 119, 5573. 

 (21) Siegbahn, P. E. M. J. Am. Chem. Soc. 1996, 118, 1487. 

 (22) Dedieu, A. Chem. Rev. 2000, 100, 542. 

 (23) Niu, S.; Hall, M. B. Chem. Rev. 2000, 100, 353. 

 (24) Wasserman, E. P.; Moore, C. B.; Bergman, R. G. Science 1992, 255, 315. 

 (25) Su, M. D.; Chu, S. Y. Chem. Eur. J. 1999, 5, 198. 

 (26) Wang, Y.-C.; Wang, X.-B.; Geng, Z.-Y.; Lv, L.-L.; Wang, Q.; Liu, H.-W.; Wang, Q.; 

Cui, D.-D. J. Mol. Struct. 2010, 962, 90. 

 (27) Chatt, J.; Davidson, J. M. J. Chem. Soc. 1965, 843. 

 (28) Perutz, R. N.; Turner, J. J. J. Am. Chem. Soc. 1975, 97, 4791. 

 (29) Turner, J. J.; Burdett, J. K.; Perutz, R. N.; Poliakoff, M. Pure Appl. Chem. 1977, 49, 271. 

 (30) Hoyano, J. K.; Elder, M.; Graham, W. A. G. J. Am. Chem. Soc. 1969, 91, 4568. 

 (31) McGrady, G. S.; Sirsch, P.; Chatterton, N. P.; Ostermann, A.; Gatti, C.; Altmannshofer, 

S.; Herz, V.; Eickerling, G.; Scherer, W. Inorg. Chem. 2009, 48, 1588. 

 (32) Labinger, J. A.; Bercaw, J. E. Nature 2002, 417, 507. 

 (33) Wang, Y.; Hu, P.; Yang, J.; Zhu, Y.-A.; Chen, D. Chhem. Soc. rev. 2021, 50, 4299. 

 (34) Kwon, Y.; Kim, T. Y.; Kwon, G.; Yi, J.; Lee, H. J. Am. Ceram. Soc. 2017, 139, 17694. 

 (35) Schwarz, H. Isr. J. Chem. 2014, 54, 1413. 

 (36) Chen, H.; Li, Y.; Liu, S.; Xiong, Q.; Bai, R.; Wei, D.; Lan, Y. Coord. Chem. Rev. 2021, 

437, 213863. 

 (37) Bu, X.; Ran, J.; Niu, J.; Ou, Z.; Tang, L.; Huang, X. Mol. Catal. 2021, 515, 111891. 

 (38) Dummer, N. F.; Willock, D. J.; He, Q.; Howard, M. J.; Lewis, R. J.; Qi, G.; Taylor, S. H.; 

Xu, J.; Bethell, D.; Kiely, C. J.; Hutchings, G. J. Chem. Rev. 2023, 123, 6359. 

 (39) Baltrusaitis, J.; Jansenc, I.; Christus, J. D. S. Catal. Sci. Technol. 2014, 4, 2397. 

 (40) Hauser, A. W.; Gomes, J.; Bajdich, M.; Head-Gordon, M.; Bell, A. T. Phys. Chem. 

Chem. Phys. 2013, 15, 20727. 

 (41) Harding, D. J.; Kerpal, C.; Meijer, G.; Fielicke, A. Angew. Chem. Int. Ed. 2012, 51, 817. 

 (42) Hauser, A. W.; Horn, P. R.; Head-Gordon, M.; Bell, A. T. Phys. Chem. Chem. Phys. 

2016, 18, 10906. 

 (43) Zhang, R.; Song, L.; Wang, Y. Appl. Surf. Sci. 2012, 258, 7154. 

 (44) Zhang, R.; Duan, T.; Ling, L.; Wang, B. Appl. Surf. Sci. 2015, 341, 100. 

 (45) Li, J.; Croiset, E.; Ricardez-Sandoval, L. Chem. Phys. Lett. 2015, 639, 205. 

 (46) Perera, M.; Metz, R. B.; Kostko, O.; Ahmed, M. Angew. Chem. Int. Ed. 2013, 52, 888. 

 (47) Damte, J. Y.; Zhu, Z.-J.; Lin, P.-J.; Yeh, C.-H.; Jiang, J.-C. J. Comput. Chem. 2020, 41, 

194. 

 (48) Lv, L.; Wang, Y.; Wang, Q.; Liu, H. J. Phys. Chem. C 2010, 114, 17610. 

 (49) Sengupta, T.; Chung, J. S.; Kang, S. G. Phys. Chem. Chem. Phys. 2019, 21, 9935. 

https://doi.org/10.26434/chemrxiv-2023-jt7jh ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-jt7jh
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/


15 

 

 (50) Sun, Q.; Li, Z.; Wang, M.; Du, A.; Smith, S. C. Chem. Phys. Lett. 2012, 550, 41. 

 (51) Cheng, Z.; Fine, N. A.; Lo, C. S. Top. Catal. 2012, 55, 345. 

 (52) Guan, J.; Zarić, S. D.; Brothers, E. N.; Hall, M. B. Int. J. Quantum Chem. 2018, 118, 

e25605. 

 (53) Vajda, S.; Pellin, M. J.; Greeley, J. P.; Marshall, C. L.; Curtiss, L. A.; Ballentine, G. A.; 

Elam, J. W.; Catillon-Mucherie, S.; Redfern, P. C.; Mehmood, F.; Zapol, P. Nature Mater. 2009, 

8, 213. 

 (54) Chen, J.; Wang, S.; Peres, L.; Collière, V.; Philippot, K.; Lecante, P.; Chen, Y.; Yan, N. 

Catal. Sci. Technol. 2021, 11, 3493. 

 (55) Li, J.; Croiset, E.; Ricardez-Sandoval, L. J. Phys. Chem. C 2013, 117, 16907. 

 (56) Jarvis, J.; He, P.; Wang, A.; Song, H. Fuel 2019, 236, 1301. 

 (57) Panjan, W.; Sirijaraensre, J.; Warakulwit, C.; Pantu, P.; Limtrakul, J. Phys. Chem. Chem. 

Phys. 2012, 14, 16588. 

 (58) Ma, J.-B.; Xu, L.-L.; Liu, Q.-Y.; He, S.-G. Angew. Chem. Int. Ed. 2016, 55, 4947. 

 (59) Wang, Y.; Wang, Q.; Geng, Z.; Lv, L.; Si, Y.; Wang, Q.; Liu, H.; Cui, D. J. Phys. Chem. 

A 2009, 113, 13808. 

 (60) Wang, Y.; Wang, Q.; Geng, Z.; Lv, L.; Si, Y.; Wang, Q.; Liu, H.; Cui, D. Chem. Phys. 

2021, 548, 111204. 

 (61) Li, F.-M.; Yang, H.-Q.; Ju, T.-Y.; Li, X.-Y.; Hu, C.-W. Int. J. Mol. Sci. 2012, 13, 9278. 

 (62) Ju, T.-Y.; Yang, H.-Q.; Li, F.-M.; Li, X.-Y.; Hu, C.-W. Theor. Chem. Acct. 2013, 132, 

1387. 

 (63) Lang, S. M.; Frank, A.; Bernhardt, T. M. J. Phys. Chem. C 2013, 117, 9791. 

 (64) Shore, T. C.; Mith, D.; DePrekel, D.; McNall, S.; Ge, Y. React. Kinet. Mechan. Catal. 

2013, 109, 315. 

 (65) Liu, S.; Geng, Z.; Wang, Y.; Yan, Y. Comput. Theor. Chem. 2011, 977, 44. 

 (66) Nikmanesh, S.; Safaiee, R.; Sheikhi, M. H. Surf. Interface 2022, 29, 101658. 

 (67) Zhang, W.; Wang, L. Comput. Theor. Chem. 2011, 963, 236. 

 (68) Kubas, G. J. Metal Dihydrogen and -Bond Complexes: Structure, Theory, and 

Reactivity; Kluwer Academic/Plenum Publishers: New York, 2001. 

 (69) Zhou, X.; Liu, D.; Wang, T.; Hu, X.; Guo, J.; Weerasinghe, K. C.; Wang, L.; Li, W. J. 

Photochem. Photobiol. A: Chem. 2014, 274, 57. 

 (70) Wang, T.; Zhao, C.; Zhang, L.; Lu, T.; Sun, H.; Bridgmohan, C. N.; Weerasinghe, K. C.; 

Liu, D.; Hu, W.; Li, W.; Zhou, X.; Wang, L. J. Phys. Chem. C 2016, 120, 25263. 

 (71) Wang, T.; Weerasinghe, K. C.; Sun, H.; Hu, X.; Lu, T.; Liu, D.; Hu, W.; Li, W.; Zhou, 

X.; Wang, L. J. Phys. Chem. C 2016, 120, 11338. 

 (72) Xu, F.; Testoff, T. T.; Wang, L.; Zhou, X. Molecules 2020, 25, 4478. 

 (73) Sun, H.; Liu, D.; Wang, T.; Lu, T.; Li, W.; Ren, S.; Hu, W.; Wang, L.; Zhou, X. ACS 

Appl. Mater. Interfaces 2017, 9, 9880. 

 (74) Wang, T.; Weerasinghe, K. C.; Ubaldo, P. C.; Liu, D.; Li, W.; Zhou, X.; Wang, L. Chem. 

Phys. Lett. 2015, 618, 142. 

 (75) Wang, R.; Gong, K.; Liu, R.; Liu, D.; Li, W.; Wang, L.; Zhou, X. J. Porphyrins 

Phthalocyanines 2022, 26, 469. 

 (76) Weerasinghe, K. C.; Wang, T.; Zhuang, J.; Sun, H.; Liu, D.; Li, W.; Hu, W.; Zhou, X.; 

Wang, L. Chem. Phys. Impact 2022, 4, 100062. 

 (77) Liu, R.; Liu, D.; Meng, F.; Li, W.; Wang, L.; Zhou, X. Dyes Pigm. 2021, 187, 109135. 

https://doi.org/10.26434/chemrxiv-2023-jt7jh ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-jt7jh
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

 (78) Feng, W.; Wang, T.; Testoff, T. T.; Bridgmohan, C. N.; Zhao, C.; Sun, H.; Hu, W.; Li, 

W.; Liu, D.; Wang, L.; Zhou, X. Spectrochim. Acta. Part A 2020, 229, 118016. 

 (79) Wu, C.; Wang, L.; Xiao, Z.; Li, G.; Wang, L. Chem. Phys. Lett. 2020, 746, 137229. 

 (80) Xiao, L.; Wang, L. J. Phys. Chem. B 2007, 111, 1657. 

 (81) Sun, K.; Zhang, M.; Wang, L. Chem. Phys. Lett. 2013, 585, 89. 

 (82) Wang, L.; Williams, J. I.; Lin, T.; Zhong, C. J. Catal. Today 2011, 165, 150. 

 (83) Xu, H.; Miao, B.; Zhang, M.; Chen, Y.; Wang, L. Phys. Chem. Chem. Phys. 2017, 19, 

26210. 

 (84) Wu, Z.; Zhang, M.; Jiang, H.; Zhong, C.-J.; Chen, Y.; Wang, L. Phys. Chem. Chem. 

Phys. 2017, 19, 15444. 

 (85) Miao, B.; Wu, Z.-P.; Xu, H.; Zhang, M.; Chen, Y.; Wang, L. Comput. Mater. Sci. 2019, 

156, 175. 

 (86) Wu, R.; Wang, L. Chem. Phys. Lett. 2017, 678, 196. 

 (87) Miao, B.; Wu, Z.; Xu, H.; Zhang, M.; Chen, Y.; Wang, L. Chem. Phys. Lett. 2017, 688, 

92. 

 (88) Wu, R.; Wang, L. Phys. Chem. Chem. Phys. 2023, 25, 2190. 

 (89) Wang, L.; Ore, R. M.; Jayamaha, P. K.; Wu, Z.-P.; Zhong, C.-J. Faraday Discuss. 2023, 

242, 429. 

 (90) Wu, R.; Wang, L. J. Phys. Chem. C 2022, 126, 21650. 

 (91) Wu, R.; Wang, L. ChemPhysChem 2022, e202200132. 

 (92) Wu, R.; Wiegand, K. R.; Wang, L. J. Chem. Phys. 2021, 154, 054705. 

 (93) Wu, R.; Wiegand, K. R.; Ge, L.; Wang, L. J. Phys. Chem. C 2021, 125, 14275. 

 (94) Wu, R.; Wang, L. Chem. Phys. Impact 2021, 3, 100040. 

 (95) Wu, R.; Wang, L. Comput. Mater. Sci. 2021, 196, 110514. 

 (96) Wu, R.; Sun, K.; Chen, Y.; Zhang, M.; Wang, L. Surf. Sci. 2021, 703, 121742. 

 (97) Wu, C.; Xiao, Z.; Wang, L.; Li, G.; Zhang, X.; Wang, L. Catal. Sci. Technol. 2021, 11, 

1965. 

 (98) Wu, R.; Wang, L. J. Phys. Chem. C 2020, 124, 26953. 

 (99) Wu, C.; Wang, L.; Xiao, Z.; Li, G.; Wang, L. Phys. Chem. Chem. Phys. 2020, 22, 724. 

 (100) Feng, H.; Chen, C.; Wang, S.; Zhang, M.; Ding, H.; Liang, Y.; Zhang, X. J. Phys. Chem. 

Lett. 2022, 13, 8002. 

 (101) Wang, X.; Ramirez, P. J.; Liao, W.; Rodriguez, J. A.; Liu, P. J. Am. Chem. Soc. 2021, 

143, 13103. 

 (102) Tan, M.; Tian, S.; Zhang, T.; Wang, K.; Xiao, L.; Liang, J.; Ma, Q.; Yang, G.; Tsubaki, 

N.; Tan, Y. ACS Catal. 2021, 11, 4633. 

 (103) Lyle, M. J.; Warschkow, O.; Delley, B.; Stampfl, C. Surf. Sci. 2015, 641, 97. 

 (104) Ludi, B.; Niederberger, M. Dalton Trans. 2013, 42, 12554. 

 (105) S.A. French, A. A. S., S.T. Bromley, C.R. A. Catlow, and P.Sherwood Top. Catal. 2003, 

24, 161. 

 (106) Kulkarni, G. U.; Rao, C. N. R. Surf. Sci. 2003, 543, 188. 

 (107) Klabunde, C. L. C. a. K. J. J.Mol. Catal. A-Chem. 2003, 194, 227. 

 (108) J.Argell, M. B., I. Melian-Cabrera, and j.L.G. Fierro Appl. Catal. A-Gen. 2003, 263. 

 (109) J. Sloczynskim R. Grabowski, A. K., M. Lachowska, and J. Skrzypek Appl. Catal. A-

Gen. 2003, 249, 129. 

 (110) J. Greeley, A. A. G., J. Kreuser, J. A. Dumesic, H. Topsoe, N.Y. Topsoe, and M. 

Mavrikakis J. Catal. 2003, 213, 63. 

https://doi.org/10.26434/chemrxiv-2023-jt7jh ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-jt7jh
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

 (111) S. Ellis, B. H. S., R. Tobati, and K.C. Waugh Catal. Lett. 2002, 82, 261. 

 (112) rochester, C. H. Catal. Lett. 1998, 121. 

 (113) Waugh, K. C. Catal. Today 1992, 15, 265. 

 (114) Lu, J.; Aydin, C.; Browning, N. D.; Wang, L.; Gates, B. C. Catal. Lett. 2012, 142, 1445. 

 (115) Xiao, L.; Wang, L. J. Phys. Chem. A 2004, 108, 8605. 

 (116) Xiao, L.; Tollberg, B.; Hu, X.; Wang, L. J. Chem. Phys. 2006, 124, 114309. 

 (117) Xiao, L.; Wang, L. Chem. Phys. Lett. 2004, 392 452. 

 (118) Zhang, W.; Ge, Q.; Wang, L. J. Chem. Phys. 2003, 118, 5793. 

 (119) Iqbal, T.; Azam, A.; Majid, A.; Zafar, M.; Shafiq, M.; Ullah, S.; Hussien, M. Opt. 

Quantum. Electron. 2022, 54, 74. 

 (120) Singh, R.; Biswas, P.; Jha, P. K. Int. J. Quantum Chem. 2020, 120, e26239. 

 (121) Oliveira, A. Z. d.; Jorge, F. E. Comput. Theor. Chem. 2020, 1177, 112765. 

 (122) Pariona, N.; Mtz-Enriquez, A. I.; Sanchez-Rangel, D.; Carrion, G.; Paraguay-Delgado, 

F.; Rosas-Saito, G. RSC Adv. 2019, 9, 18835. 

 (123) Barcaro, G.; Monti, S.; Sementa, L.; Carravetta, V. J. Chem. Theory Comput. 2019, 15, 

2010. 

 (124) Thang, H. V.; Tosoni, S.; Pacchioni, G. ACS Catal. 2018, 8, 4110. 

 (125) Gawande, M. B.; Goswami, A.; Felpin, F.-X.; Asefa, T.; Huang, X.; Silva, R.; Zou, X.; 

Zboril, R.; Varma, R. S. Chem. Rev. 2016, 116, 3722. 

 (126) Chibber, S.; Ansari, S. A.; Satar, R. J. Nanopart. Res. 2013, 15, 1492/1. 

 (127) Groppo, E.; Liu, W.; Zavorotynska, O.; Agostini, G.; Spoto, G.; Bordiga, S.; Lamberti, 

C.; Zecchina, A. Chem. Mater. 2010, 22, 2297. 

 (128) Wawa, K.; Oba, Y.; Edamoto, K. Surf. Sci. 2007, 601, 3125. 

 (129) Matulis, V. E.; Ivaskevich, O. A. Comput. Mater. Sci. 2006, 35, 268. 

 (130) Li, S.; Alemay, M. M. G.; Chelikowsky, J. R. J. Chem. Phys. 2006, 125, 034311. 

 (131) Grigoryan, V. G.; Alamanova, D.; Springborg, M. Physical Review B 2006, 73. 

 (132) Balbuena, P. B.; Derosa, P. A.; Seminario, J. M. J. Phys. Chem. B 1999, 103, 2830. 

 (133) Vandebriel, R. J.; De Jong, W. H. Nanotechnol., Sci. Appl. 2012, 5, 61. 

 (134) Mockenhaupt, B.; Schwiderowski, P.; Jelic, J.; Studt, F.; Muhler, M.; Behrens, M. J. 

Phys. Chem. C 2023, 127, 3497. 

 (135) Liu, Z.; An, X.; Song, M.; Wang, Z.; Wei, Y.; Mintova, S.; Giordano, G.; Yan, Z. 

Biomass Bioenergy 2022, 163, 106525. 

 (136) Sarma, B. B.; Maurer, F.; Doronkin, D. E.; Grunwaldt, J.-D. Chem. Rev. 2023, 123, 379. 

 (137) Sun, Y.; Zhang, J.; Zhou, D.; Wang, D.; Wang, Q.; Tan, X.; Shao, X. J. Phys. Chem. Lett. 

2022, 13, 10207. 

 (138) Walkup, L. L.; Weerasinghe, K. C.; Tao, M.; Zhou, X.; Zhang, M.; Liu, D.; Wang, L. J. 

Phys. Chem. C 2010, 114, 19521. 

 (139) Lin, T.; Zhang, W.; Wang, L. J. Phys. Chem. A 2009, 113 7267. 

 (140) Lin, T.; Zhang, W.; Wang, L. J. Phys. Chem. A 2008, 112, 13600. 

 (141) Gong, K.; Yang, J.; Testoff, T. T.; Li, W.; Wang, T.; Liu, D.; Zhou, X.; Wang, L. Chem. 

Phys. 2021, 549, 111256. 

 (142) Testoff, T. T.; Aikawa, T.; Tsung, E.; Lesko, E.; Wang, L. Chem. Phys. 2022, 562, 

111641. 

 

https://doi.org/10.26434/chemrxiv-2023-jt7jh ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-jt7jh
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/

