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Abstract. 
The differential evolution (DE) algorithm is applied for obtaining the optimized intermolecular interaction parameters between CH4 and 2-methylimidazolate ([C4N2H5]−) using quantum binding energies of CH4-[C4N2H5]− complexes. The initial parameters and their upper/lower bounds are obtained from the general AMBER force field. The DE optimized and the AMBER parameters are then used in the molecular dynamics (MD) simulations of CH4 molecules in the frameworks of ZIF-8. The results show that the DE parameters are better for representing the quantum interaction energies than the AMBER parameters. The dynamical and structural behaviors obtained from MD simulations with both sets of parameters are also of notable differences.



1. Introduction
Methane (CH4) is one of the greenhouse gases caused by farming, livestock, burning biofuel, and burning fuels like coal, oil, and natural gas. In order to reduce this gas in the atmosphere, efficient and cost saving methods are studied worldwide. The application of porous material for high capacity and cost-effective gas separation and storage is one intensively investigated way [1–7]. Zeolitic imidazolate frameworks (ZIFs), a subclass of metal organic frameworks (MOFs), which are composed of positive transition metal ions such as Zn, Co, and Cu are linked by ditopic imidazolate ligands. Because of their high porosity, thermal and chemical stability, and the exact structure, they are used in the greenhouse gases separation and storage [1–5, 8–11]. ZIF-8 [8–10, 12] is one of the ZIFs, which is composed of Zn2+ ion linked with ditopic 2-methylimidazolate ([C4N2H5]−) ligands with a chemical formula of Zn[C4N2H5]2. It is applied for the separation of CH4 from natural gas and the reduction of CH4 in the atmosphere. Structures of CH4 molecule, ZIF-8 framework, and [C4N2H5]− molecule are shown in Figure 1.




	
	
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
	


Figure 1: Structures of CH4 molecule, ZIF-8 framework, and [C4N2H5]− molecule.


The knowledge of chemical processes such as diffusion, adsorption, and reaction at the molecular level can help to design and improve the properties of these materials for efficient use in gas separation and storage [1–5, 8, 10, 11]. The key to understanding the behavior of the adsorption and diffusion of CH4 in ZIF-8 is the intermolecular interaction. Since the quantum method needs large resources and time consumption, it is not suitable for computer simulation which is composed of several atoms. Therefore, the development of intermolecular interactions functions is important. These functions are generated by the experimental data or the computational quantum data. Moreover, the optimization method is used to find the suitable forms and parameters of such functions. The famous form of the intermolecular interactions is the Lennard-Jones function [5, 8]. In this paper, the parameters of Lennard-Jones are optimized based on ab initio using the heuristic method called the differential evolution (DE) in order to obtain the specific parameters for use in the molecular dynamic simulations of CH4 in the ZIF-8.
2. Models and Calculations
The geometrical structure of [C4N2H5]− is cut directly from the framework of single-crystal XRD data [9] and the geometric model of CH4 molecule is taken from the interaction site model with the bond length of 1.089 and bond angle of 109.5 [13]. A total of 1377 single point energies of CH4-[C4N2H5]− complexes are obtained at B2PLYPD/6-31G(d) level using Gaussian 09 package [14]. Some configurations of CH4-[C4N2H5]− complexes are illustrated in Figure 2.




	
	
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
			
	


Figure 2: Some configurations of CH4-[C4N2H5]− complexes. In each complex, a methane molecule is started from the initial point and moved out along an arrow line.


The interaction energy with the corrected basis sets superposition error  is represented by the following equation [15]:where , , and  are the total energy of CH4-[C4N2H5]− complex, the energy of CH4 molecule, and the energy of [C4N2H5]− molecule with the basis sets of both molecules, respectively [10]. The Lennard-Jones function is used to estimate the intermolecular interaction between CH4 with zero charges and [C4N2H5]− molecules:where , , , and .  and  used for computing the interactions are shown in Table 1.
Table 1: The AMBER force field for atoms of ZIF-8 framework and CH4 molecules [8].
	

	Molecules	Atoms	σ (Å)	 (kcal/mol)
	

	ZIF-8	Zn	1.960	0.013
	CR	3.400	0.086
	N	3.250	0.170
	CC	3.400	0.086
	H4	2.421	0.015
	CT	3.400	0.110
	HT	2.650	0.016
	

	CH4	H	2.650	0.016
	C	3.400	0.110
	



Although the general AMBER force field is famous for use in molecular dynamics, it is not suitable for some specific models. Thus, we use differential evolution algorithm [16] with the interaction energies from quantum mechanics method with zero charges to optimize the specific intermolecular interaction parameters  and . The objective function is the following chi-square equation:where  is the index of configuration,  is the counterpoise corrected interaction energy,  is the Lennard-Jones energy,  is the weighted value with respect to  which is set very close to the minimum energy of ,  is the degree of freedom,  is the total number of energies, and  is the total number of parameters.
The optimized molecular interaction parameters and the original AMBER [8] parameters are used in computer simulations for studying the adsorption and diffusion of CH4 in porous material ZIF-8 by using DL_POLY program (version 2.20) [17, 18]. The flexible ZIF-8 framework is composed of eight () unit cells and loadings of CH4 molecules per unit cell are 1, 2, 4, 6, and 8, respectively. The NVT ensemble is set at 300 K and time step of 1.0 fs. The simulations are equilibrated for 1.0 ns (1,000,000 steps), and further 1.0 ns trajectories data are collected at every 200 time steps for studying the structural and dynamical properties.
The site-site radial distribution functions (RDFs), , are a statistical analysis which is the probability of finding an atom  around a reference atom :where  is the number of  atoms in thickness of radius of circle  at distance ,  is the volume of box, and  is the number of all  atoms.
A smaller particle will diffuse without direction. The self-diffusion coefficient,  (m2/s), is computed by mean squared displacement (MSD) method using the Einstein relation for a three-dimensional system [5, 19]:where  is the total number of guest particles and  and  are the position vectors of the diffusing molecule in framework at time  and time origin .
3. Results and Discussion
The intermolecular interaction parameters  and  between atom of CH4 and atom of [C4N2H5]− obtained from AMBER force field and DE method are presented in Table 2. It is clear that the optimized parameters provide the value of chi-square of 0.159 which is much smaller than 35.052 obtained with AMBER parameters. Thus, the energies with DE parameters are close to the QM energies more than those obtained with the AMBER parameters (see Figure 3).
Table 2: Parameters  and  (kcal/mol) obtained with AMBER force field and DE method.
	

	Atom	Force field
	AMBER	DE
						
	

	H	CR	86889	113	19016	104
	N	90349	137	17399	257
	CC	86889	113	19016	104
	H4	4245	15	431	24
	CT	98631	128	13590	26
	HT	7675	22	768	40
	

	C	CR	925931	599	1677902	762
	N	1000645	740	1457350	1262
	CC	925931	599	1677902	762
	H4	60722	99	32285	37
	CT	1050025	679	1439945	343
	HT	98631	128	29852	36
	







	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
	


Figure 3: Comparison between  (red line),  (dash-purple), and  (dot-black) energies of some CH4-[C4N2H5]− complexes.


The adsorption and diffusion of CH4 molecules in ZIF-8 framework are investigated by molecular dynamic simulations using the DE and AMBER parameters for comparison. The site-site RDFs between all atoms in framework to atoms H and C of CH4 molecules are presented in Figure 4. The results of RDFs obtained by all simulations indicate that atoms H4 and HT are favored sites for adsorption. The parameters of DE yield the average minimum distances from atoms H and C of CH4 molecules to atoms of the framework as 1.45 Å and 2.15 Å, which are shorter than those of 1.77 Å and 2.33 Å obtained with the original AMBER parameters. These obtained distances agree well with the interaction profiles (see Figure 3) where both minimum binding energies and minimum binding distances of QM and DE profiles are stronger and shorter than the AMBER profiles. The simulations with AMBER parameters show that CH4 molecules are distributed within the cavities and less diffuse between the cavities, while the CH4 molecules are distributed within the cavities more close to atoms H4 and HT and more diffuse between the cavities with the optimized DE parameters in the simulations (see Figure 5).
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(b)
Figure 4: RDFs of simulations between ZIF-8-H and ZIF-8-C using (a) AMBER parameters and (b) DE parameters.
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(b)
Figure 5: Diffusion of CH4 molecules in ZIF-8 using (a) AMBER parameters and (b) DE parameters.


The self-diffusion coefficients for loadings 1, 2, 4, 6, and 8 of CH4 molecules per unit cell obtained by simulations are shown in Table 3. The  values obtained from AMBER parameters are in agreement with previous works using the same parameters set. For all loadings, the  values obtained by the DE parameters are approximately one magnitude higher than those obtained by AMBER parameters. The higher distributions and diffusion obtained from DE parameters can be explained by interaction profiles and the obtained RDFs. Since the CH4 molecules are more close to the imidazolate ligands which are flexible, the movements of CH4 molecules are additionally induced by the ligands, and locating around the cage windows increases the chance of cage-to-cage migration. By the way, these obtained  values agree well with some experimental values that are in a range in the order between 10−11 and 10−9 m2/s [2, 8, 20–22]. More comparative works between experiments and simulations are required for more discussions.
Table 3: The self-diffusion coefficients (10−9 m2/s) of CH4-ZIF-8 obtained with AMBER and DE parameters.
	

	Loadings of CH4 per unit cell	
						Self-diffusion coefficients
	AMBER	DE
	

	1	0.29	3.35
	2	0.93	4.12
	4	0.61	4.21
	6	1.02	6.88
	8	1.01	5.41
	



4. Conclusions
The molecular dynamics simulations are performed for investigating the structural and dynamical properties of CH4 molecules in the ZIF-8 framework. A total of 1377 configurations of CH4-[C4N2H5]− complexes are used for obtaining the binding energies with BSSE correction at a level of B2PLYPD/6-31G(d). Those energies are used as the data in parameters optimization. Since the DE method is based on random searching in the bounded space, the optimal parameters can be controlled to be positive values to archive the physical meaning of Lennard-Jones model. The energies obtained with DE parameters are more close to the QM data than those obtained with AMBER parameters which are not specifically optimized for these systems of interest.
The site-site RDFs between atoms of the framework to atoms H and C of CH4 molecule indicate that atoms H4 and HT are favored sites of adsorption obtained by all simulations. The parameters of DE give shorter average minimum distances from atoms H and C of CH4 to all atoms of the framework than those obtained with AMBER parameters. These obtained results show correspondence between the structural properties and the energies profiles. The molecular distributions obtained by the simulations with AMBER parameters show that the CH4 molecules are distributed within the cavities and there is little diffusion between the cavities, while there is more diffusion between the cavities when using DE parameters. Moreover, the self-diffusion coefficients obtained by the optimized parameters are higher than those obtained by the AMBER parameters for all loadings. These indicate the effects of flexible imidazolate ligands on the movements of their bounded CH4 molecules.
Competing Interests
The authors declare that there are no competing interests regarding the publication of this paper.
Acknowledgments
The authors would like to thank the research capability enhancement program through graduate student scholarship, Faculty of Science, Khon Kaen University, for the financial support.
References
	C. Chmelik, J. van Baten, and R. Krishna, “Hindering effects in diffusion of CO2/CH4 mixtures in ZIF-8 crystals,” Journal of Membrane Science, vol. 397-398, pp. 87–91, 2012.
	L. Hertäg, H. Bux, J. Caro et al., “Diffusion of CH4 and H2 in ZIF-8,” Journal of Membrane Science, vol. 377, no. 1-2, pp. 36–41, 2011.
	J. McEwen, J. D. Hayman, and A. Ozgur Yazaydin, “A comparative study of CO2, CH4 and N2 adsorption in ZIF-8, Zeolite-13X and BPL activated carbon,” Chemical Physics, vol. 412, pp. 72–76, 2013.
	S. R. Venna and M. A. Carreon, “Highly permeable zeolite imidazolate framework-8 membranes for CO2/CH4 separation,” Journal of the American Chemical Society, vol. 132, no. 1, pp. 76–78, 2010.
	X. Wu, J. Huang, W. Cai, and M. Jaroniec, “Force field for ZIF-8 flexible frameworks: atomistic simulation of adsorption, diffusion of pure gases as CH4, H2, CO2 and N2,” RSC Advances, vol. 4, no. 32, pp. 16503–16511, 2014.
	R. F. Cracknell, P. Gordon, and K. E. Gubbins, “Influence of pore geometry on the design of microporous materials for methane storage,” The Journal of Physical Chemistry, vol. 97, no. 2, pp. 494–499, 1993.
	T. Düren, L. Sarkisov, O. M. Yaghi, and R. Q. Snurr, “Design of new materials for methane storage,” Langmuir, vol. 20, no. 7, pp. 2683–2689, 2004.
	Z. Hu, L. Zhang, and J. Jiang, “Development of a force field for zeolitic imidazolate framework-8 with structural flexibility,” The Journal of Chemical Physics, vol. 136, no. 24, Article ID 244703, 2012.
	K. S. Park, Z. Ni, A. P. Côté et al., “Exceptional chemical and thermal stability of zeolitic imidazolate frameworks,” Proceedings of the National Academy of Sciences of the United States of America, vol. 103, no. 27, pp. 10186–10191, 2006.
	P. Puphasuk and T. Remsungnen, “Refinement of molecular interaction parameters of AMBER force field for CO2 and 2-methylimidazolate complexes,” Journal of Computational and Theoretical Nanoscience, vol. 9, no. 6, pp. 889–893, 2012.
	L. Zhang, G. Wu, and J. Jiang, “Adsorption and diffusion of CO2 and CH4 in zeolitic imidazolate framework-8: effect of structural flexibility,” The Journal of Physical Chemistry C, vol. 118, no. 17, pp. 8788–8794, 2014.
	F. H. Allen, “The Cambridge Structural Database: a quarter of a million crystal structures and rising,” Acta Crystallographica Section B: Structural Science, vol. 58, no. 3, pp. 380–388, 2002.
	R. J. Gillespie and I. Hargittai, The VSEPR Model of Molecular Geometry, Courier Corporation, 2013.
	M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., Gaussian 09, Revision A.1, Gaussian, Inc., Wallingford, Conn, USA, 2009.
	S. F. Boys and F. Bernardi, “The calculation of small molecular interactions by the differences of separate total energies. Some procedures with reduced errors,” Molecular Physics, vol. 19, no. 4, pp. 553–566, 1970.
	R. Storn and K. Price, “Differential evolution—a simple and efficient heuristic for global optimization over continuous spaces,” Journal of Global Optimization, vol. 11, no. 4, pp. 341–359, 1997.
	W. Smith, T. R. Forester, and I. T. Todorov, The DLPOLY Classic User Manual, Version 1.8, STFC Daresbury Laboratory Daresbury, Warrington, UK, 2011.
	W. Smith and T. R. Forester, “DL-POLY-2.0: a general-purpose parallel molecular dynamics simulation package,” Journal of Molecular Graphics, vol. 14, no. 3, pp. 136–141, 1996.
	R. Chitra and S. Yashonath, “Estimation of error in the diffusion coefficient from molecular dynamics simulations,” The Journal of Physical Chemistry B, vol. 101, no. 27, pp. 5437–5445, 1997.
	H. Bux, C. Chmelik, J. M. van Baten, R. Krishna, and J. Caro, “Novel MOF-membrane for molecular sieving predicted by IR-diffusion studies and molecular modeling,” Advanced Materials, vol. 22, no. 42, pp. 4741–4743, 2010.
	E. Pantatosaki, G. Megariotis, A.-K. Pusch, C. Chmelik, F. Stallmach, and G. K. Papadopoulos, “On the impact of sorbent mobility on the sorbed phase equilibria and dynamics: a study of methane and carbon dioxide within the zeolite imidazolate framework-8,” Journal of Physical Chemistry C, vol. 116, no. 1, pp. 201–207, 2012.
	F. Stallmach, A. K. Pusch, T. Splith, C. Horch, and S. Merker, “NMR relaxation and diffusion studies of methane and carbon dioxide in nanoporous ZIF-8 and ZSM-58,” Microporous and Mesoporous Materials, vol. 205, pp. 36–39, 2015.


EPUB/Navigation/nav.xhtml


		

			

		  1. Introduction

		  2. Models and Calculations

		  3. Results and Discussion

		  4. Conclusions

		  References 





EPUB/Content/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  




