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CHAPTER I 

INTRODUCTION 

 

1.1 Research rationale 

Nanoporous materials have received increasing attention for applications in 

several industrial processes due to their superior features such as high chemical and 

thermal stabilities, large surface area, small size, and high reactivity 1-3, which are the 

most essential factors. Hence, porous materials have wide applications as gas 

separation, catalysis, adsorption, and energy 4-6. Metal–organic frameworks (MOFs) is 

exhibited, highlighting the significant advances in their research over the past decade. 

This new class of porous materials is composed of metal ions and organic linkers. 

Functionalities and large pore can be obtained and make this porous material for 

many industrial applications.  

 A special type of metal organic frameworks is zeolitic imidazolate frameworks 

(ZIFs) which constructed from tetrahedrally bonded transition metals (M = Zn, Co, 

Cu, Fe, etc.) linked by imidazolate (IM) ligands. ZIFs present high thermal stability, 

frameworks flexibility, remarkable chemical and physical properties 7-8. This ability 

would be useful in many applications such as adsorption, separation, sensing 

catalysts, and gas storage 9-11. Moreover, they have studied the synthesis of many 

types of ZIFs, such as ZIF‒11 10, ZIF‒7 12, ZIF‒8 13, ZIF‒69 14, and ZIF‒67 15. 

Nowadays, many researchers have been studied the separation and adsorption of 

pure gases in ZIFs 16-18. Hydrogen separations and adsorptions in various types of 

ZIFs such as ZIF‒7 12, ZIF‒8, and ZIF‒11 were widely studied. ZIF‒8 has exhibited 

wide applications for the diffusion and adsorption of various gases (CO2, N2, CH4, 

etc.) 19-21, catalysts 22-23, and gas storages 21, 24. The primary applications for ZIFs in 

the petrochemical industry were used in purification of propylene from 

propylene/propane mixture 25 and the purity of propylene depends on the removal of 

propane in dehydrogenation reaction 26. The ZIF–8 membranes synthesized by 

different methods showed excellent separation performance for propylene/propane 
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mixture 27-29. Hara et al. studied on diffusive separation of propylene/propane with 

ZIF–8 membranes based on their performances 30-32.  

The separation of propylene/propane using the ZIF–8 membranes, i.e. 

computed in terms of diffusivities, activation energies and adsorption properties of 

propane and propylene 33, and optimum separation performance of ZIF-8 membranes 

including its Cd2+, Co2+ and Be2+ substitutes of Zn2+, 34 were theoretically studied 

using molecular simulations. The excellent separation performance of ZIF–8 

membranes for C2/C3 hydrocarbon mixtures was also found 35. The gate opening in 

ZIF–8 and the self–diffusion values (Ds) of hydrocarbon molecules from for ethane 

and propane separation process were studied by molecular dynamics (MD) 

simulations based on force field parameters 36. Investigation of the crystal size 

dependency of structural transitions of ZIF–8 during N2, Ar, and n–butanol adsorption 

showed that at low pressure, isotherms of studied gases are not affected by crystal size 

37. This suggested that at low–pressure, low–loading adsorption energy is independent 

of crystal size, but at high–pressure, crystal downsizing suppressed the structural 

flexibility. Nevertheless, there are two sizes of hexagonal aperture of the ZIF–8 

namely small sizes 16, 38 and large size 39. These varied sizes resulting different 

performance of gas separation from its mixture have been expected. ZIF‒8 and     

ZIF‒67 have been extensively studied in terms of their separation efficiency 27, 40. 

 However, separation performances of membranes depend on several factors 

and adsorption of propylene and propane gases. ZIFs are attractive for effective 

factors separations of gas mixtures. Particularly ZIF‒8 and ZIF‒67 pores have 

become more specific MOF for purification in terms of adsorption and separation of 

propane and propylene molecules. 

 Even though, several publications on propylene and propane storage, 

adsorption and separation of their mixtures in ZIFs, the physical insight of propylene 

and propane gases in ZIFs has not been clarified. This becomes the main aims of this 

study focus on the investigation of adsorption and separation of propylene and 

propane mixtures in ZIF‒8 and ZIF‒67 pores by the density functional tight binding 

(DFTB) and molecular dynamic simulation methods (MD). Moreover, we have 

investigated interaction between single guest molecule (propane and propylene 
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molecules) representing low–pressure interacting with inside wall of the ZIF–8 pore 

using periodic density functional theory (DFT) as first–principles method. Interactions 

of propane and propylene gases with functional groups of the ZIF–8 and their 

corresponding transition–state configurations of guest molecule passing through the 

hexagonal aperture have been investigated. The separation factor of propylene/ 

propane based on their transition–state configurations have been assessed. 

 

1.2 Zeolitic imidazolate frameworks (ZIFs) 

ZIFs are a new subclass of the metal organic frameworks (MOFs) which 

consist of tetrahedral metal ions (M=Zn, Co, Cu, Fe, etc.) linked by imidazolate 

linkers or functional imidazolate ligands-based, of the kind shown in Figure 1, to 

make porous frameworks based on tetrahedral topologies. The angle of metal ions 

formed by imidazolate (IM) linkers in the metal−imidazolate−metal (namely 

M−IM−M) units is 145o
, which is similar to the Si−O−Si angle in zeolites. Therefore, 

ZIFs have zeolite like topologies as shown in Figure 2. 

 
 

Figure 1 The kind of imidazolate linkers used in the coordination frameworks.  
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 

 

 

Figure 2 The bridging angles between metal and imidazolate linkers of ZIFs (1) and 

zeolites structure (2) 16. 

 

Structure of ZIF is controlled by IM linkers, which have several type zeolite 

topologies according to the main advantages of ZIFs characteristics of both zeolites 

and MOFs porous materials, such as many functionalities and chemical stabilities of 

MOFs and catalysis, separation and sensing of zeolites. This feature confirmed the 

potential for a systematic approach to further developing this new category of porous 

crystals. The types of ZIFs with zeolitic topologies are shown in Figure 2. 

 
 

Figure 3 Crystal structures of ZIFs were shown in left and center columns. The 

largest cage in each ZIF was shown in right column 41. 
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1.3 Applications 

Due to ZIFs have several classes of topologies. The key of their design was 

suggested by A. Phan and co−workers in 2009 41. They can be made for chemical 

properties and large surface area. ZIFs are charming candidates for various 

applications such as gases adsorption, separation and storage.  

 

1.3.1 Gas adsorption 

Gas adsorption processes are of outstanding excellence for developing 

efficient storage porous materials. The adsorption characteristics of molecules on 

solid surfaces have been studied many different techniques. One of the solid surfaces 

comes from the design to obtain numerous topologies by replacing metal and organic 

linkers. The result showed that ZIFs adsorbed vast amount of various gases in 

industrial processes 42-43. 

ZIFs have been widely used for gas adsorption for light gases including 

hydrogen storage and light hydrocarbons 44. In 2013, Zhang et al. 45 suggests that the 

post–synthetic modification of the ZIF−8 not only reforms its adsorption capacity of 

CO2 considerably, but also increases its adsorption selectivity for CO2/N2/H2O 

significantly. Therefore, ZIF−8 is useful for CO2 adsorption. 

 

1.3.2 Gas separation 

ZIFs membranes are attractive interesting for industrial gas separation 

applications. They have high selectivity based on strong molecular sieving behavior. 

The gas separation efficiency of ZIFs membranes can be considered by making the 

shapes and sizes of their pores and by the chemical functionalization of ZIFs 

membranes Krokidas et al. 46 suggested that gas mixtures can efficiently been 

separated with porous of ZIF−8 and ZIF−67 via the size exclusion using sub 

nanometer pore edges. The response of the membranes to the demonstration of 

diffusing molecules of different sizes from He (2.66 Å) up to n−butane (4.16 Å) has 

been analyzed, providing data on how huge molecules pass through the apertures that 
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connect the framework cages. Thus, both ZIF−8 and ZIF−67 are advantageous for gas 

mixtures. 

1.3.3 Gas storage 

The pore topology of ZIFs, which is defined by their crystal topology, is a 

remarkable feature in the gas storage applications. This specific surface area could 

lead to a new path for the design of ZIFs membranes aimed at gas storage. Ma et al. 47 

indicate that ZIFs showed great agreement for the adsorptive storage of carbon 

dioxide, methane and hydrogen and in clean energy applications. The rising efficiency 

to improve pore size and pore wall functionality permits researchers to concentrate on 

those key factors which fixing the most promise, increasing both the high area to 

volume ratio utilizable for the affinity and storage of the porous network for the stored 

gas molecules. Remarkably, ZIFs present permanent porosity, which generate its 

appealing candidates for gas storage. 

 

1.4 Zeolitic imidazolate frameworks−8 (ZIF−8) 

ZIF−8 is composed of zinc ions coordinated by 2−methylimidazole forming a 

sodalite (SOD)−like structure which is similar to Si and Al atoms types of zeolite 

structures. It has large pore cavity of about 11.4 Å 48 diameter, which is composed of   

4 member ring windows, 6 member ring windows and ZnN4 clusters of 3.3 Å 48 

diameter (Figure 4).  

 

 

Figure 4 The single crystal structure of ZIF−8: Zn (polyhedral), C (line), and N    

(sphere) 49. 
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This structure makes ZIF−8 especially attractive as a molecular sieve. Another 

interesting factor is the flexibility of framework, permitting adsorption of molecules 

whose dimensions are abundant larger than the conventional pore diameter. 

 

1.5 Zeolitic imidazolate frameworks−67 (ZIF−67) 

ZIF−67 is consists of cobalt ion connected by 2−methylimidazole linkers to 

combine a three−dimensional framework with sodalite framework topology (SOD) 

like structure similar to ZIF−8 and a pore size of about 3.4 Å 49, which has large pore 

cavities about 11.6 Å as shown in Figure 5. 

 

 

 

 

 

 

 

 

Figure 5 The single crystal structure of ZIF−67: Co (polyhedral), C (line), and N 

(sphere) 50. 

 

ZIF−67 is one of the typical zeolitic imidazole frameworks ZIF−67 has 

potential application in gas separation, gas adsorption and gas storage due to physical 

characteristics and flexible pore size in the framework. In addition, it has high 

chemical and thermal stabilities as a function of chemical structure. 
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1.6 Literature reviews 

The ZIF‒8 and ZIF‒67 have fascinated researchers from numerous fields for 

computer simulation and experimental data in publications. Gas separation by 

adsorption and diffusion for small gases in ZIF‒8 and ZIF‒67 pores have been 

severally provided information. The aim of the present report is to study the 

interaction configurations and the permeability behaviors of gases molecules in ZIFs 

pores.  

In previous work, hydrogen adsorptions in difference types of ZIFs such as   

ZIF‒7 12, ZIF‒8 10 and ZIF‒11 10 were extensively studied. Hydrogen permeations 

through various porous membranes of ZIF‒8 13, ZIF‒7 51, ZIF‒90 13 and hydrogen 

separation using ZIF‒8 were investigated. Adsorption of CO2, N2 and CH4 in ZIF‒8, 

ZIF‒78 and ZIF‒79 was studied by different theoretical approaches for gas storage 

applications 11. Studies for kinetic transformation on ZIF‒8 and ZIF‒67 52 were made. 

Other types of ZIFs were synthesized and studied for CO2 capture 8. 

In 2015, Verploegh et al. 53 examined accurate and effective predictions of 

hydrocarbon (methane, ethane, ethylene, propane, propylene, n‒butane, and 1‒butene) 

diffusivities in zeolitic imidazolate frameworks (ZIFs) by the Wicke‒Kallen bach 

(WK) technique and dynamically corrected transition state theory (dcTST). ZIFs are 

attractive, due to the small pore size of materials such as ZIF-8 and the extensive 

range of diffusion time scales of hydrocarbon molecules in ZIFs. They have 

computationally measured different molecules (kinetic diameters of 2.66−5.10 Å) in 

ZIF−8 through dcTST. The dcTST method was also used to study the effect of 

hydrocarbon loadings. Comparison of the computed diffusivities to extant 

experimental results shows surprising approval inside an order of magnitude for all 

the molecules. 

In 2016, Wang et al 54 studied the separation performances of propylene/ 

propane mixtures in ZIF‒67 by zinc‒substituted nanocrystals and polycrystalline 

membranes using a counter diffusion‒based in situ method. The result showed that 

the substituted amount of zinc ion increased the separation accomplishments for 

propylene/propane mixtures in ZIF‒67 polycrystalline membranes and improved 

hydrothermal stability of membranes and crystals. This metal‒substitution strategy 
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was considered to permit excellent‒tuning of the efficient pore aperture for other 

MOF membranes and was achieved for efficiently separating other valuable and 

challenging gas‒pairs, such as ethylene/ethane. 

Many experimental results have been investigated to understand the 

separation, adsorption and diffusion of small gases in ZIF‒8 and ZIF‒67 pores. 

Experimental data give a straightforward and powerful way to obtain knowledge. For 

theoretical calculation methods studied to know the interaction behaviors of gas 

molecules on   ZIF‒8 and ZIF‒67 pores in invisible mechanisms and results sketched 

from computer simulations product important guidelines for development of new 

ZIFs. 

The main objective of this work is to investigate the diffusion and adsorption 

of gas molecules in ZIF‒8 and ZIF‒67 pores. 

 

1.7 Scope of dissertation 

The aim of this research is to investigate geometries, interaction and physical 

properties of the adsorption, separation, and diffusion behavior of propylene/propane 

mixtures in ZIF‒8 and ZIF‒67 pores. 

The calculation of nanoporous materials to be employed for investigating 

adsorption, separation and diffusion behavior of propylene/propane mixtures studies 

can be carried out using DFTB periodic boundary conditions and the MD simulations 

method. The separation of propylene/propane using the ZIF–8 membranes, i.e. 

computed in terms of diffusivities, activation energies and adsorption properties of 

propane and propylene 33 and the adsorption and diffusion abilities, in terms of MSD, 

the self‒diffusion coefficient, RDF and interaction energies, will be analyzed and 

reported. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

THEORETICAL BACKGROUND 

 

Quantum mechanical (QM) method is the fundamental knowledge and tools 

for physicists and chemists to solve scientific problems as numerical experiments can 

be carried out without synthesis. QM method is classified into ab initio, DFT and 

semi–empirical calculations. The aims of this technique are to copy and amplify real 

experiments. On the other hand, computational simulation can be applied as a 

beneficial predictive tool 55, which is used to describe and predict chemical and 

physical properties of chemical systems in porous materials. 

Density functional tight binding (DFTB), was employed to calculate 

structures, interaction and properties of molecules. In this work. 

 

2.1 Ab Initio Method 

Ab initio calculation method is a computational chemistry method based on 

quantum mechanics. This method in principle can lead to a rational approximation to 

the solution of the Schrödinger equation as shown in equation (2.1). 

 

                                                                   Ĥ E =                                                                      (2.1) 

 

where Ĥ  is Hamiltonian operator, Ψ is electronic wavefunction and E  is the energy 

of an electron on orbital in independent particle model. Whereas there is no solution 

for many–electron systems and Hartree–Fock (HF) method is the starting point of ab 

initio method. 
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2.1.1 Hartree–Fock Method  

The Hartree–Fock method is the basis of molecular theory. The simplest way 

to represent Ψ for many–electron systems is combination of all atomic orbitals in the 

system as linear combination of atomic orbitals (LCAO). The probable approximate 

wavefunction for a polyelectronic as product of one–electron wavefunctions is written 

and called Hartree product 

 

                            0 0 0 0 0(1) (2) (3)... ( )n    =                                           (2.2) 

 

Here 0 is function which depends on the coordinates of all electrons in the atom, is a 

0 (1) function of the first electron, (2) is a function of the second electron, etc., the 

one–electron, etc. are called atomic orbitals. 0( )n  are the initial estimate which can 

be described for basis set. Owing to the HF nonlinear approximation, the 

mathematical method to solve equation of HF is called self–consistent–field–

procedure (SCF). The major steps in initial function, 0 , is solved in Schrödinger 

equation. The first cycle calculation presents more correct set of orbitals. 

The SCF procedure is moved for k cycles until self–consistency is completed. 

Therefore, the configuration state functions and spin–orbitals can be created by HF 

equation. Although these HF equations disregards electron correlation in the system.        

The electrons of the system can shift independently in an average field potential, 

which it is hard to practice the exact calculations with large basis sets containing 

many atoms and electrons. Consequently, DFT has become a necessary part for 

chemical system simulation. 
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2.2 Density functional theory (DFT) method 56 

DFT has become widely the popular method for calculating properties of 

many–electron system. This methods are founded by the Hohenberg–Kohn (HK) 

theorems 57. The HK theorems constructed the electronic density as variable to 

calculate electronic–structure and the energy of a molecule is come from the electron 

density replaced in a wave function. HK–DFT shows that electron density function, 

0( )F p , can define the ground state properties functional, )(xf , e.g. energy, 0E of a 

many–electron system. 

 

                                      0 0 0[ ] [ ]E F E = =                                                (2.3) 

 

The total electronic energy of molecule to obtain from a trial electron density, 

t , is the energy of the electrons in motion under the nuclear potential called external 

potential, )(r . The energy functional of exact ground state electron density, vE , was 

stated by the second HK–DFT. 

 

                                         0[ ] [ ]v tE E                                                      (2.4) 

 

where 0  is exact ground state energy according to exact electronic density.  

 

   2.2.1 The Kohn–Sham Equations and the Kohn–Sham Energy 

The Kohn and Sham (KS) DFT is the sum of the exchange and correlation 

energies of a uniform electron molecule. The KS–DFT presented an efficient one–

electron system in the ground–state electronic energy which is obtained from a sum 

term of the kinetic energy, the potential energy, the Coulomb interaction energy and 

the exchange–correlation energy. Then, choose the initial guess of the electron density 

in the KS–DFT equations calculate the KS orbitals which are improved by a process 

https://en.wikipedia.org/wiki/Electronic_density
https://en.wikipedia.org/wiki/Stationary_state#ground_state
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that like HF or SCF method. Finally, KS orbitals can be used to calculate an electron 

density which is used to calculate accurate total energy of system. 

 

2.2.1.1 The KS Equations 

 The KS equations have theorem obtained from using the variation principle, 

which the second HK theorem convinces applies to DFT. We use the fact that the 

electron density of the reference system, which is the same as that of our real system, 

is given by 

 

                                   
2n

2

0

1

(1)KS

r i

i

  
=

= =                                                   (2.5) 

 

where the 
KS

i are the KS spatial orbital. Replacing the above definition for the 

orbitals to the energy and fluctuating E0 with consideration to the point to the 

limitation that these remain orthonormal lead to the KS equations, algorithm is like to 

that used in deriving the HF equations, 

                               

                  2 KS KS KSA 2
i 2 xc i i i

iA 12

1
(1) (1) (1)

2 nucleiA

Z ( r )
dr v

r r


  

 
−  − + + = 

 
                            (2.6) 

 

where 
KS

i are the KS energy levels and vxc (1) is the exchange–correlation potential, 

arbitrarily determined here for electron number (1), because the KS equations have a 

fix of one electron equations with where subscript i operate over all the 2n electron in 

the system from 1 to n,. The exchange–correlation energy is determined as the 

functional derivative from ρ(r) 

 

                                           xc
xc

[ (r)]
(r)

δ (r)

E
v

 


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We require the derivative vxc for the KS equations, and the exchange–correlation 

function itself for the energy equation. The following KS equations can be written as 

                                                       

         
KS

KS KS KS

i i i(1) (1) = (1)h   


                                                        (2.8) 

 

The KS operator 
KS

h


is determined by equation (2.6). The difference between DFT 

method is the selection of the functional from of the exchange–correlation energy. 

Functional of DFT forms are often created to obtain a confident restricting behavior, 

and fitting parameters to understand correct data. Which functional is the better will 

have to be solved by comparing the efficiency with experiments or high–level wave 

mechanics calculations. 

 

2.3 Density functional tight–binding (DFTB) method 58 

Density functional tight–binding (DFTB) method, one of quantum mechanics 

method based on DFT was used to calculate molecular and material properties, which 

has an efficient and fast quantum mechanical simulation method. DFTB can be 

derived from a Taylor expansion of the KS–DFT density functional 

 

                                    (r) =  0 (r) + (r)                                                     (2.9) 

 

The exchange–correlation energy functional is described in a Taylor series and 

the total energy can be written as 

 

               EDFTB3[ρ+δρ]=E0[ρ
0
]+E1[ρ

0
,δρ]+E2 [ρ

0
,(δρ)

2
] +E3 [ρ

0
,(δρ)

3
]                (2.10) 
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2.3.1 DFTB1 

 

DFTB1 or non–self–consistent DFTB (non–SCC) DFTB is involved only the 

two terms of equation (2.10), E0[ρ0] and E1[ρ0, δρ]. DFTB1 is based on linear 

combination of atomic orbital (LCAO) of the KS orbitals. 

 

                                                     𝜑i= ∑ cμiϕμμ                                                         (2.11) 

 

The atomic orbitals (AOs) are received from DFT calculations of the corresponding 

atoms. 

 

                               b b

μ μ κ κ μ

b a

, a


     


= −                                      (2.12) 

 

where 
μ  is the valences AO μ at atom 𝑎 and b

κ  is a core orbital at atom b, as 

obtained from the corresponding atomic calculations.  

The atomic KS equations are usually solved applying an additional potential to 

the atomic KS equations. 

 

                   

2

2 eff atom

μ μ μ

1

2

r
v

r
   

  
  −  + + =  

   0

                                     (2.13)  

 

Then, with AO basis and initial density determined, the KS equation can be solved 

leading to the energy. 

 

                                   E1= ∑ niεIi                                                 (2.14) 

where ni is an occupation number of KS orbital i. 
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This is the electronic energy of the DFTB method. To find the total energy, the E0 is 

to be approximated. This term in DFTB is approximated by a sum of pair potentials 

called repulsive energy term. 

 

                                                  rep

rep ab

ab

1

2
E E  = 0 0        (2.15) 

 

The total energy for DFTB1 is defined as 

 

       
DFTB1 rep

i i ab

1

2i ab

E n v= +                                               (2.16) 

 

2.3.2 DFTB2 

DFTB2 approximates E2 term in equation (2.10) further. The density 

fluctuations are written as a superposition of atomic contributions. 

 

                                 
a

a

  =                                              (2.17) 

 

By assessed assuming an exponentially decaying charge density  

 

            0
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8

a r Ra
aq e






− −
                                                     (2.18) 

 

E2 in (2.10) is defined as 
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The Hartree term therefore explains the interaction of the charge density 

fluctuations δρa and δρb, which decreases to Coulomb interaction of partial charges 

Δqa and Δqb for large distances, i.e. γab approaches 1/Rab for huge distances. 

 

2.3.3 DFTB3 

For E3, the same approximations are started as for E2. The third–order terms 

explain the change of the chemical hardness of an atom with its charge state, a new 

parameter is introduced, the chemical hardness derivative. A function Гab results as 

derivative of the γ–function with point to charge by introducing the Hubbard 

derivative parameter. 

With all these approximations, the SCC–DFTB total energy in the third order 

is given by 

            

         3 0 21 1 1

2 3 2

DFTB h rep

i i vi v a b ab a b ab ab

iab a v b ab ab ab

E n c c H q q q q V 



 

= +   +   +     (2.20)  

 

2.4 Molecular dynamics (MD) simulation 

 

Molecular dynamics (MD) simulations compute the time dependent behavior 

of a molecular system that can be used effectively to study in physical chemistry. The 

basic idea here is predicted accurately motion, which describes how the behavior of a 

physical system such as positions, velocities and conformational changes of molecule 

with time. Since the time evolution of chemical and physical properties and many 

phenomena such as diffusions, chemical reactions are described by MD simulation.  

In general, motion was calculated from integrating Newton’s equations. The 

integration ought to be done numerically using one of some well–known numerical 

integrators and the potential energy function. 
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2.4.1 Classical mechanics 

MD simulation method is based on Newton’s second law or another equation 

of motion for suitable boundary conditions of the geometry in system. Knowledge of       

the force on each atom and of conformational energy is required, it is probable to 

define the acceleration of molecule in the system. Integration of Newton’s second law 

of equations then yields a trajectory which explains the accelerations, velocities and 

positions of atoms as they fluctuate with time. The average values from this trajectory 

of properties can be defined from this trajectory. The velocities and positions of each 

atom in system can be predicted at any time in the future or the past 59-60. 

 

Newton’s equation of motion is given by equation (2.21). 

 

                                                                      i i iF m a=                                                   (2.21) 

 

where Fi is the total force of atom i, mi is the mass of atom i and ai is the acceleration 

of atom i. After that force can also be shown as the gradient of the potential energy by 

equation (2.22). 

 

                                                              i iF U= −                                                 (2.22) 

 

Then, integrating these two equations yields from (2.21) and (2.22) are giving in 

equation (2.23). 

 

                                                     

2
i

2
i

i

d rdU
F= = m

dr dt
−                       (2.23) 

 

where U is the potential or conformational energy of the system. Therefore, Newton’s 

equations of motion associated with the potential energy for changing the position as    

a function of time. 
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 The average positions of the lattice atoms obtain from experimental structures 

such as the X–ray crystal structure determined by NMR spectroscopy. These can be 

used as initial position of the lattice atoms while the initial positions of the guests are 

chosen randomly. 

 The initial of velocities are defined from a random distribution with the 

magnitudes conforming to the needed temperature, which gives the possibility density 

(W) that an atom i has a velocity vx in the x direction at a temperature (T) shown in 

equation (2.24) 

 

                                        ( )
1 2 2

xi i

B B

1

2 2ix

/

ivm m
W v exp

k T k T

  
= −  

   
                          (2.24) 

 

The velocities are corrected to fulfill. 

 

                                                          
N

i i0i=1 0P m v= =                                         (2.25) 

 

The temperature is estimated from the velocities using equation (2.26) when N 

is the number of atoms in the system using the equipartition theorem of statistical 

mechanics. kB is Boltzmann constant. 

 

                                        
( )

N
i i

1b i

1

3 i

Pv
T

Nk m=

=                                              (2.26) 

 

While the MD simulation the sites and velocities are stored. The trajectory can 

be used to estimate configurational properties (accelerations, positions and velocities) 
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and dynamic quantities like to time correlation functions and transport coefficients of 

all N atoms from the trajectory 60. 

 

2.4.2 Integration algorithms 

Function of potential energy is atomic positions (3N) of all the atoms in the 

system. Due to the complexed nature of this function, there is no analytical solution to 

the equations of motion, they must be solved numerically. Therefore, the solution of 

equations of motion use a finite difference approach that is performed by the use of an 

integration algorithm. Many numerical algorithms are developed for the integration 

processes in molecular dynamics for integrating the equations of motion such as 

Toxvaerd, Verlet, Leapfrog and Gear algorithm. The importance in choosing which 

algorithm to apply. The criteria should be dealt with computational performance, long 

time step for integration and conserved energy and momentum. The Velocity–Verlet 

algorithm has been chosen which is the most common one.  

This algorithm defines accelerations, velocities, positions and combines two 

Taylor expansions, as follows. The Taylor series for position from time t forward to        

t + Δt is: 

        ( )
( ) ( ) ( )

( )
2 3

2 3 4

2 3

1 1
( )

2 3!

i i i

i i

dx t d x t d x t
x t t x t t t t O t

dt dt dt
+  = +  +  +  +           (2.27)      

The Taylor series from t backward to t–Δt is: 

        ( )
( ) ( ) ( )

( )
2 3

2 3 4

2 3

1 1
( )

2 3!

i i i

i i

dx t d x t d x t
x t t x t t t t O t

dt dt dt
−  = −  +  −  +           (2.28)    

   

Adding these two expansions eliminates all odd–order terms, leaving 

 

        ( ) ( ) ( )
( )

( )
2

2 4

2
2

i

i i i

d x t
x t t x t x t t t O t

dt
+  = − −  +  +                         (2.29)    
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The acceleration in (2.29) is obtained from the intermolecular forces.                           

To approximate velocities, practitioners have designed different schemes, one being 

an estimate for the velocity at the half–step: 

 

                                       
( ) ( )1

2

i i

i

x t t x t
v t t

t

+  − 
+   

 
                      (2.30)    

 

Verlet himself is used the first–order central difference estimator. 

   

                                        ( )
( ) ( )

2

i i

i

x t t x t t
v t

t

+  − − 



                                        (2.31)    

 

Verlet's algorithm is a two–step method because it approximates xi (t + Δt) 

from the present position xi (t) and the former position xi (t – Δt). Consequently, it is 

not self–starting initial positions (x0) and velocities (v0) are not enough to start a 

calculation, and something specific must be done for example hypothesis about x(–Δt) 

can be made. The Verlet algorithm is normal and has very good stability for 

reasonably large time steps. In its initial form molecular velocities do not resemble, in 

struggle with the viewpoint that the phase–space trajectory depends equally on 

velocities and positions. The current formulations [43, 44] of the method often 

overcome this asymmetric view 61-62. 
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2.4.3 Canonical (NVT) ensemble 

The canonical ensemble is a statistical ensemble that is specified via the 

system, number of particles N, volume V and temperature T. These systems describe 

a system in contact with a heat bath. Energy of endothermic and exothermic processes 

can be exchanged with the bath that has the wished temperature 63. 

 

 2.4.3.1 Andersen thermostat 

The Andersen thermostat is a scheme in molecular dynamics simulation for 

keeping constant temperature conditions. It is couple the system to a heat bath that 

imposes the desired temperature. The coupling to a heat bath is substituted by 

stochastic conflict that perform sometimes on randomly selected particles 64. 

 

 2.4.3.2 Berendsen thermostat 

In Berendsen thermostat, another way to control the temperature is weakly 

coupled to an external heat bath. This thermostat suppresses fluctuations of the kinetic 

energy of the system and consequently cannot produce trajectories correspond to the 

canonical ensemble. The temperature of the system is corrected such that the 

deviation exponentially decays with some time constant. 

 

2.4.4 Gas diffusion 

Gas diffusion is the transport process of particles moving, which is the 

movement of particles or molecules from an area of higher concentration to an area of 

lower concentration and self–diffusion, which is a mixing migration by irregular 

thermal motion.   
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  2.4.4.1 The mean-square displacement (MSD) 

The mean–square displacement (MSD) 65 is one of the most significant 

dynamical quantities that can be calculated from the time evolution of a simulated 

system defined by, 

 

                            ( ) ( ) ( )
2 2c c

i i

1

1
0

N

i

MSD r t r r t
N =

 = − =                                  (2.32)    

where ri
c(t) is the location of the center of mass of particle i at time t. 

 

 

 

2.4.4.2 The self–diffusion coefficient 

 

This type of diffusion can be noticed by marking some of the molecules and 

following the motion of marked and unmarked molecules. The self–diffusion 

coefficient 65 can be calculated from the long–time limit of MSD using Einstein 

relation. It is a direct measurement of MSD of guest molecules under equilibrium 

conditions. 

 

                         ( ) ( )
2

c c

i i

1
lim 0

6
i

t

d
D r t r

dt→
 = −                                        (2.33) 

 

2.4.4.3 The radial distribution function (RDF) 

The radial distribution function (RDF) represented by g(r). This system, 

particles explains how density varies as a function of distance from a reference 

particle.  For a system of N atoms in a volume V (with number density ρ), RDF is 

defined by the expression. 
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where the bracket indicates time average and rij is the distance between atoms i and j. 

If we explicitly consider the time average over the total of M time steps, tk, in the MD, 

we have 

 

   ( )
( )

( )

M

k1
,

1
,

2

K
N r r

g r

M N V r r

=


=
 

 
 


                                            (2.35) 

 

where N(r,Δr) and V(r,Δr) are the number of local atoms and volume between the 

spherical shells of radius r and (r + Δr) with the shell centered on another atom. 

 

 

 

2.4.5 Gas adsorption 

The adsorption energy (∆Eads) for gas molecules adsorbed on the surface has 

been computed by the equation 

 

                                                  
ads gas/surface gas surface( )E E E E = − +                                         (2.36) 

 

where gas/surfaceE  is the total energy of gas adsorbed on the surface, surfaceE is the total 

energy of isolated surface and gasE  is total energy of free gas molecule. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 

DETAILS OF THE CALCULATIONS 

 

3.1 Computational method 

 

The ZIF–8 and ZIF–67 pores, based on the X–ray diffraction structures 66-67, 

have a cubic space group 43I m . The ZIF‒8 unit–cell dimension is a=16.705 Å, 

V=4860.0 Å3, in the case of the ZIF‒67 this unit cell dimension is a=16.959 Å,               

V= 4833.4 Å3. The geometry of the ZIF‒8 and ZIF‒67 pores were geometrically 

optimized using density functional tight binding (DFTB) periodic calculations. The 

geometry of ZIF–8 and ZIF–67 (Figure 1) were geometrically optimized using self–

consistent charge density functional tight–binding (SCC–DFTB) periodic 

calculations. All SCC–DFTB calculations were performed with the code of DFTB+ 

version 1.3 68. Parameter sets “mio–0–1” for H, C, N atoms 69 “znorg–0–1” for Zn 

atom 70 and “trans3d–0–1” for Co atom were employed in SCC–DFTB calculations. 

Solid–state cubic ZIF–8 and ZIF–67 properties were calculated using PBC and 

converged (1 × 1 × 1) MP k–points. In all SCC–DFTB calculations, the atomic 

positions were relaxed until the forces in the system became smaller than 1.9 × 10−5 

eV/Å with SCC tolerance being smaller than 1.0 × 10−5 eV/Å. The periodic structures 

of the ZIF–8 and ZIF–67 pores based on (Zn12N48C96H120) and (Co12N48C96H120), 

respectively, are defined as supercell size. The ZIF‒8 and ZIF‒67 pores are composed 

of Zn and Co ions, respectively and linked by 2‒methylimidazole ligands, forming   

the sodalite (SOD) zeolite topology (Figure 6). 
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Figure 6 The DFTB optimized structures of the ZIF‒8 and ZIF‒67 pores and 

approximated pore apertures (six‒membered ring window), based on 

(Zn12N48C96H120) and (Co12N48C96H120) periodic formulas, respectively. 

 

 

All quantum–mechanical computations were carried out using the 

CRYSTAL14 software packages 71 implementing a periodic linear combination of 

atomic orbitals (LCAO) approach with atom–centered Gaussian type basis functions. 

Density functional theory (DFT), the B3LYP hybrid functional including Becke’s 

three–parameter exchange 72 and Lee–Yang–Parr correlation 73 as a hybrid functional 

have been adopted. Basis sets used for atoms of the ZIF–8, 6–31d1G 74, 6–311G(d) 75, 

86–411d31G 76, 3–1p1G 74 were used for C, N, Zn and H atoms, respectively. The 

basis sets of C and H atoms in propane and propylene molecules, Gatti basis sets 74 

were also employed. A Monkhorst−Pack shrinking factor of 1×1×1 k–point was used 

to sample the Brillouin zone. The tolerances for geometry optimization convergence 

have been set to the default values and the default truncation thresholds of 10–6, 10–6, 

10–6, 10–6 and 10–12 eV/Å for the coulomb–exchange screening tolerances. 

Fock/Kohn–Sham matrices mixing, default value of 30 was set. 
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3.2 MD simulations details 
The MD simulations were performed using the code of DFTB+ version 1.3 68 

to calculate structural and properties based on Newton’s equation of motion. In this 

work, we inserted guest molecules in ZIF‒8 and simulated in the NVT ensemble 

using the Berendsen thermostat 77 method. The MD simulations for the host‒guest 

systems of 4, 8, 12 and 16 molecules of propane, propylene and propane/propylene 

mixtures in ZIF–8 pore were investigated at 298 K. 

 

3.3 Adsorption energies of propylene and propane molecules in the ZIF‒8 and         

ZIF‒67 

Adsorption energy (ΔEads) of propylene (PPE)/propane (PPA) guest molecule 

(G) in ZIF‒8 and ZIF‒67 host molecules are defined by 

 

                                        ads G/ZIF-8/67 ZIF 8/67( )GE E E E − = − +                                           (3.1) 

  

where EG/ZIF‒8/67, EZIF‒8/67, and EG are the total energies of guest molecule (propylene/ 
propane) in the host (ZIF‒8/ZIF‒67), ZIF‒8/ZIF‒67 host, and propylene/propane 

guest molecule, respectively. 

 

 

3.4 Transition–state structure of gases moving through hexagonal aperture of 

ZIF–8 and some related theories 

Transition–state structures of adsorbate gas during diffusion through the 

hexagonal aperture (HA) were obtained using stationary transition–state optimization 

approach. The transition state theory (TST) in its classical form used for discussing 

and correlating on guest diffusion in MOF ZIF–8 was mentioned78. The transport 

behavior of ethylene and ethane components as a function of temperature can be 

elucidated through analysis of the temperature dependency of both diffusivity and 

solubility through the Arrhenius equation and van’t Hoff equation79, as shown in Eq. 

(3.2) and (3.3), respectively. 
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                                                      /

0 0
RTE

D D e −
=                                                     (3.2) 

where cD  is corrected diffusion coefficient. 0D  is pre–exponential factor (diffusion 

rate) which is a function of distance between two neighboring gates ( ) , and E  is 

the activation energy of diffusion. R and T are the universal gas constant and the 

absolute temperature, respectively. 

 

0 0

1

2
D  =               (3.3) 

/E RTe −=               (3.4) 

where 0 is the probability of guest passing through the aperture. Permeability (P) of 

a penetrant through a membrane material, its temperature dependency follows the 

Arrhenius equation expressed in term of P, as shown in Eq. (3.5). 

                                                              
/

p

0

E RT

P P e
−

=                                    (3.5) 

where 0P  is the pre–exponential factor, pE is the apparent activation energy for 

permeation of a penetrant through a given material. 

 

3.5 Adsorption–based energy barrier  

The hopping rate of guest in the ZIF–8 material can be computed through 

using transition state theory (TST) 79 and Arrhenius equation, a formula for the 

temperature dependence of reaction rate can be stated as Eq. (3.6). 

 

                                                                            /

0

E RTk k e−=                                                        (3.6) 

 

where k  is rate constant, 0k  is pre–exponential factor, and E is the energy barrier. 

Values of energy barrier were obtained through using two calculation strategies. One 

employed the Boltzmann–weighted free energy equation 80, as shown below: 
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B B ln( )E k T = −                                        (3.7) 

 

where BE  and   are the Boltzmann free energy profile and sorbate probability 

respectively. 

3.6 Separation factor for two gases competition 

 Separation factor (𝛼), used as guide both experimental testing and practical 

applications, is defined for the guest's separation by MOFs as shown in eq. (3.8) 79. 

       

1
B

B

2
B

/
/

/

E RT
E RT

E RT

e
e

e


−


−
= =                                         (3.8) 

where 1

BE  and 2

BE  are energy barriers (activation energies) of guest molecule of 

number 1 and 2, respectively. BE is a difference of energy barriers 2 1

B B( )E E− . 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHATER IV 

RESULTS AND DISCUSSION 

 

This research is aimed to investigate geometries, the adsorption, separation, 

and diffusion behavior of propylene/propane mixtures in ZIF‒8 and ZIF‒67 pores.                     

The calculation of nanoporous materials to be employed for investigating adsorption, 

separation, and diffusion behavior of propylene/propane mixtures studies can be 

carried out using DFTB periodic boundary conditions and the MD simulations. The 

adsorption, separation, and diffusion abilities, in terms of MSD, the self‒diffusion 

coefficient and interaction energies, will be analyzed and reported. The details of 

results and discussion were shown below. 

 

4.1 Geometry optimization of ZIF‒8 and ZIF‒67  

The optimized structures of ZIF‒8 and ZIF‒67 unit‒cell obtained by the SCC‒

DFTB method, and the unit cell parameter a = 16.705 Å and 16.959 Å, respectively         

at 298.15 K, were obtained. Tetragonal and hexagonal apertures of the SCC− DFTB− 

optimized structure of ZIF−8 and ZIF‒67 unit-cell, are shown in Figure 7. 

Nevertheless, the gate size, size of hexagonal aperture for the optimized ZIF−8 

structure (3.27 Å), computed using a model introduced by Zheng et al. (2016) being 

smaller than the X−ray structure (Novaković et al. 2015) (3.53 Å), in the case of the 

ZIF‒67’s aperture (3.11) computed using a model introduced by Eric et al. (2013)  

which is smaller than ZIF-8’s, were found. This difference of approximately 0.2 Å, 

which agrees with experiments,49 persists at 298 K. 

ZIF‒8 and ZIF‒67 are sodalite (SOD) topology and sub‒class of MOFs 

consisting of zinc ions and cobalt ions, respectively and 2-methyl imidazolate linkers 

and crystallizes in a cubic lattice with I43m space group (Yao and Wang 2014).                 

It contains cavities with a diameter of 11.6 Å connected with tetragonal aperture and 

flexible hexagonal aperture with diameters of ~3.3 Å and ~2.2 Å, respectively (Huang 

et al. 2006). 
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Figure 7 The SCC−DFTB optimized structure of ZIF−8 and ZIF‒67 unit−cell 

depicted by tube model, shown its a tetragonal aperture (TA), b hexagonal aperture 

(HA) and c propane (left) and propylene (right) molecules, shown by ball–stick 

model. 

 

4.1.1 Interaction energy of propane on windows of the ZIF−8 pore 

The SCC−DFTB−optimized structures of propane interacting with atoms of 

the ZIF−8 pore are shown in Figure 7. Six configurations of propane adsorbed on wall 

of the ZIF−8 were found. All the configurations named as PPA/ZIF−8_H, 

PPA/ZIF−8_T, PPA/ZIF−8_H/T_1, PPA/ZIF−8_h−H, PPA/ZIF−8_H/T_2 and 

PPA/ZIF−8_h−T are defined. The first (PPA/ZIF−8_H) and second (PPA/ZIF−8_T) 

configurations are structures of which propane is located near the hexagonal aperture 

(H) and tetragonal aperture (T), respectively. The third (PPA/ZIF−8_H/T_1) is the 

structure of which propane is located in between the hexagonal and tetragonal 

apertures. PPA/ZIF−8_h−H is the structure of which propane is located at the center 

of the hexagonal aperture. PPA/ZIF-8_H/T_2 is quite similar to the 

PPA/ZIF−8_H/T_1. PPA/ZIF−8_h−T is the structure of which propane is located at 

the center of the tetragonal aperture. Adsorption energies (ΔEads) of propane on the 
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ZIF−8 cage are shown in Table 4.1. Adsorption strengths are in order: 

PPA/ZIF−8_H/T_1 (ΔEads = − 1.38 kcal/mol) > PPA/ZIF−8_h−H (ΔEads = − 1.08 

kcal/mol) > PPA/ZIF−8_H (ΔEads = − 0.95 kcal/mol)   >  PPA/ ZIF−8_ H/T_2 (ΔEads 

= − 0.90 kcal/mol)  >  PPA/ZIF−8_h−T (ΔEads = − 0.66 kcal/mol)  >  PPA/ZIF−8_T 

(ΔEads = − 0.39 kcal/mol). 

 

 
 

Figure 8 Adsorption structures of propane in the ZIF−8 pore, which the propane 

molecule is located close to the tetragonal aperture as configuration a PPA/ZIF-8_H,   

b PPA/ZIF−8_T, c PPA/ZIF−8_H/T_1, d PPA/ZIF−8_h−H, e PPA/ZIF−8_H/T_2 and 

f PPA/ZIF−8_h−T. “H” and “T” stand for hexagonal and tetragonal apertures, 

respectively, and h means at hollow position. Atoms in ZIF apertures and propane 

molecule, shown by tube model are the main adsorption interaction. The left and right 

graphics are side and top views, respectively. The adsorption energies ads( )E , in 

kcal/mol are shown.  
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Table 1 Total energies of the SCC−DFTB−optimized structure of propane and 

propylene adsorbed on wall of the ZIF−8 pore and their components, and its 

corresponding adsorption energies. 

Compound Etotal, au Eads, kcal/mol 

ZIF‒8 ‒379.2730472 ‒ 
Propane ‒8.178396288 ‒ 
Propene ‒7.388266617 ‒ 
Propane/ZIF‒8:   
2a (PPA/ZIF‒8_H) ‒387.4529502 ‒0.95 

2b (PPA/ZIF‒8_T) ‒387.4520560 ‒0.39 

2c (PPA/ZIF‒8_H/T_1) ‒387.4536361 ‒1.38 

2d (PPA/ZIF‒8_h‒H) ‒387.4531617 ‒1.08 

2e (PPA/ZIF‒8_H/T_2) ‒387.4528811 ‒0.90 

2f (PPA/ZIF‒8_h‒T) ‒387.4524916 ‒0.66 

Propylene/ZIF‒8:    

3a (PPE/ZIF‒8_H_1) ‒386.6626219 ‒0.82 

3b (PPE/ZIF‒8_h‒H_1) ‒386.6626177 ‒0.82 

3c (PPE/ZIF‒8_H/T_1) ‒386.6621387 ‒0.52 

3d (PPE/ZIF‒8_H/T_2) ‒386.6618589 ‒0.34 

3e (PPE/ZIF‒8_T_1) ‒386.6632995 ‒1.25 

3f (PPE/ZIF‒8_T_2) ‒386.6630932 ‒1.12 

3g (PPE/ZIF‒8_h‒H_2(CH2)) ‒386.6632341 ‒1.20 

3h (PPE/ZIF‒8_H_2) ‒386.6629239 ‒1.01 

3i (PPE/ZIF‒8_h‒H_3(CH3)) ‒386.6632785 ‒0.83 

3j (PPE/ZIF‒8_h‒H_4(CH2)) ‒386.6625597 ‒0.78 

3k (PPE/ZIF‒8_center) ‒386.6623603 ‒0.66 
 

 

The shortest bond−distances between propane’s atoms and atoms of the ZIF−8 

of all the (six) adsorption configurations are shown in Table 1 of which all locations 

of propane molecule in the ZIF−8 are specified. The shortest bond-distances between 

hydrogen atoms (ether methyl or ethylene group) of propane and hydrogen atoms of 

either methyl or ethylene group of imidazolate unit of the ZIF−8 are within the range 

of 2.14–2.66 Å. 
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Table 2 The shortest bond−distances between specific atoms of propane and the 

ZIF−8. 

Configuration/bondsa Bond distances (Å) 

Propane/ZIF‒8   

2a (PPA/ZIF‒8_H)   

H1(H)‧‧‧H6(G) 2.26 

C2(H)‧‧‧H6(G) 3.31 

2b (PPA/ZIF‒8_T)    

H1(H)‧‧‧H5(G) 2.34 

C2(H)‧‧‧H5(G) 3.18 

2c (PPA/ZIF‒8_H/T_1)   

H1(H)‧‧‧H6(G) 2.66 

H2(H)‧‧‧H5(G) 2.63 

H3(H)‧‧‧H2(G) 2.14 

2d (PPA/ZIF‒8_h‒H)   

H1(H)‧‧‧H6(G) 2.19 

H2(H)‧‧‧H5(G) 2.44 

H3(H)‧‧‧H7(G) 2.30 

2e (PPA/ZIF‒8_H/T_2)    

H1(H)‧‧‧H6(G) 2.19 

H2(H)‧‧‧H5(G) 2.44 

H3(H)‧‧‧H7(G) 2.30 

2f (PPA/ZIF‒8_h‒T)   

H1(H)‧‧‧H6(G) 5.43 

H2(H)‧‧‧H5(G) 6.34 

H3(H)‧‧‧H7(G) 6.20 

 

aA(G)⋯B(H) represents atom A of guest (G) bonding to atom B of host (H) and 

labels for all atoms are defined in Figure 8. 

bThe most stable configuration. 
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4.1.2 Interaction energy of propylene on windows of the ZIF-8 pore 

The SCC−DFTB−optimized structures of propylene interacting with atoms 

of the ZIF−8 pore are shown in Figure 9. Eleven configurations of propylene 

adsorbed on wall of the ZIF−8 were found. All the configurations named as 

PPE/ZIF−8_H_1, PPE/ZIF−8_h−H,PPE/ZIF−8_H/T_1, PPE/ZIF-8_H/T_2, PPE/ 

ZIF−8_T_1, PPE/ ZIF−8_T_2, PPE/ZIF−8_h−H(CH2), PPE/ZIF−8_H_2, PPE/ 

ZIF−8_h−H_2(CH3, PPE/ZIF−8_h−H_3(CH2) and PPE/ZIF−8_center are defined. 

These configurations can be categorized into four groups as follows. The first group 

is collected of PPE/ZIF−8_H_1, PPE/ZIF−8_H_2, PPE/ZIF−8_h−H_1, PPE/ 

ZIF−8_h−H_2(CH2), PPE/ZIF−8_h−H_3(CH3) and PPE/ZIF−8_h−H_4(CH2) of 

which propylene is located close to the hexagonal apertures. The second group is 

composed of PPE/ZIF−8_T_1 and PPE/ZIF−8_T_2 of which propylene is located 

close to the tetragonal aperture. The PPE/ZIF−8_H/T_1 and PPE/ZIF−8_H/T_2, the 

third group, are configurations of which propylene is located in between hexagonal 

and tetragonal apertures. The last group, PPE/ZIF−8_center is the configuration of 

which propylene is located at center of the cage. Adsorption strengths are in order: 

PPE/ZIF−8_T_1 (ΔEads= − 1.25 kcal/mol) > PPE/ZIF−8_h−H_2(CH2) (ΔEads= 

− 1.20 kcal/mol)  >  PPE/ZIF−8_T_2 (ΔEads = − 1.12 kcal/mol) > PPE/ZIF−8_H_2 

(ΔEads=− 1.01 kcal/mol) > PPE/ZIF−8_h−H_3(CH3) (ΔEads = − 0.83 kcal/mol) >  

PPE/ZIF−8_H_1 (ΔEads = − 0.82kcal/mol) ~ PPE/ZIF−8_h−H_1 (ΔEads=− 0.82 

kcal/mol)  >  PPE/ ZIF−8_ h−H_4(CH2) (ΔEads = − 0.78 kcal/mol)  >  PPE/ ZIF−8_ 

center (ΔEads = − 0.66 kcal/mol) > PPE/ZIF−8_H/T_1 (ΔEads = − 0.52 kcal/mol) > 

 PPE/ZIF−8_H/T_2 (ΔEads = − 0.34 kcal/mol). 
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Figure 9 Adsorption structures of propene in the ZIF−8 pore, which the propene 

molecule located close to the tetragonal aperture as configuration a PPE/ZIF−8_H_1,   

b PPE/ZIF−8_h−H, c PPE/ZIF−8_H/T_1, d PPE/ZIF−8_H/T_2, e PPE/ZIF−8_T_1,                

f PPE/ZIF−8_T_2, close to the hexagonal aperture as g PPE/ZIF−8_h−H(CH2),                  

h PPE/ZIF−8_H_2, i PPE/ZIF−8_h−H_2(CH3), j PPE/ZIF−8_h−H_3(CH2) and close 

to the center as k PPE/ZIF−8_center. Atoms of apertures and the propane molecule, 

shown by tube are the main adsorption interaction. The left and right graphics are side 

and top views, respectively. The adsorption energies ads( )E , in kcal/mol are shown. 
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Table 3 The shortest bond−distances between specific atoms of propylene and the 

ZIF−8. 

Configuration/bondsa Bond distances (Å) 

Propylene/ZIF‒8   

3a (PPE/ZIF‒8_H_1)   

H1(H)‧‧‧H7(G) 2.32 

C2(H)‧‧‧H7(G) 3.20 

3b (PPE/ZIF‒8_h‒H_1)   

H1(H)‧‧‧H9(G) 2.44 

C1(H)‧‧‧H9(G) 2.62 

3c (PPE/ZIF‒8_H/T_1)   

H1(H)‧‧‧H8(G) 2.73 

C2(H)‧‧‧H8(G) 3.34 

3d (PPE/ZIF‒8_H/T_2)   

H1(H)‧‧‧H5(G) 2.76 

C2(H)‧‧‧H5(G) 3.25 

3e (PPE/ZIF‒8_T_1)   

H1(H)‧‧‧H4(G) 2.43 

H2(H)‧‧‧H4(G) 3.14 

3f (PPE/ZIF‒8_T_2)   

H1(H)‧‧‧H8(G) 2.22 

H2(H)‧‧‧H8(G) 1.56 

3g (PPE/ZIF‒8_h‒H_2(CH2))   

H1(H)‧‧‧H6(G) 2.47 

H1(H)‧‧‧H6(G) 2.45 

H2(H)‧‧‧H7(G) 2.52 

3h (PPE/ZIF‒8_H_2)   

H1(H)‧‧‧H9(G) 2.90 

H2(H)‧‧‧H9(G) 3.00 

H3(H)‧‧‧H10(G) 2.27 

3i (PPE/ZIF‒8_h‒H_3(CH3))   

H4(H)‧‧‧H6(G) 2.47 

H1(H)‧‧‧H6(G) 2.47 

H2(H)‧‧‧H7(G) 2.52 

3j (PPE/ZIF‒8_h‒H_4(CH2))   

H4(H)‧‧‧H10(G) 2.37 

H1(H)‧‧‧H10(G) 2.80 

H2(H)‧‧‧H9(G) 2.66 

3k (PPE/ZIF‒8_center)   

H1(H)‧‧‧H5(G) 6.22 

H2(H)‧‧‧H6(G) 6.42 

H3(H)‧‧‧H6(G) 5.17 
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aA(G)⋯B(H) represents atom A of guest (G) bonding to atom B of host (H) and 

labels for all atoms are defined in Figure 7.  

bThe most stable configuration. 

 

The shortest bond−distances between propylene’s atoms and atoms of the 

ZIF−8 of all the (eleven) adsorption configurations are shown in Table 3 of which all 

locations of propylene molecule in the ZIF−8 are specified. The shortest 

bond−distances between hydrogen atoms (ether methyl or ethylene group) of 

propylene and hydrogen atoms of either methyl or ethylene group of imidazolate unit 

of the ZIF−8 are within the wide range of 1.56–3.25 Å, except the adsorption at center 

of the pore. 

 

4.1.3 Effect of adsorption configurations on separation of propane and 

propylene mixture in ZIF−8 

The most stable adsorption−structures of propane and propylene in the ZIF−8 

are illustrated in Figure 10. It shows that propane points its methyl hydrogen atoms 

towards ethylene and methyl hydrogen atoms of imidazolate unit belonging to the 

hexagonal aperture of the ZIF−8 of which bond distances are 2.66, 2.63 and 2.14 Å, 

respectively. For propylene adsorption, propylene points its methyl hydrogen atoms 

towards hydrogen atoms of two methyl groups of imidazolate unit belonging to the 

tetragonal aperture of the ZIF−8 of which bond distances are 2.43 and 3.14 Å, 

respectively. Based on the separation of propane/propylene mixture and partition 

theory, the adsorption configurations of propane or propylene in the ZIF−8 located 

close to the hexagonal aperture has more effect on its moving rate through the 

hexagonal aperture than further location. As consideration of adsorption 

configuration, PPE/ZIF−8_h−H_2(CH2) for propylene adsorption of which adsorption 

is the strongest (ΔEads = − 1.20 kcal/mol), must be taken into consideration of moving 

rate through the hexagonal aperture. Bond−distance data shown in Tables 2 and 3 

were used to confirm locations of propane and propylene molecules of related 

adsorption configurations. 
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Figure 10 The most stable adsorption−structures of a propane and b propylene in 

ZIF−8 pore as configurations PPA/ZIF−8_H/T_1 and PPE/ZIF−8_T_1, respectively. 

Bond distances between nearest atoms of guest molecule (propane or propylene) and 

ZIF−8 pore are illustrated. 
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4.1.4 Interaction energy of propane on windows of the ZIF−67 pore 

The SCC‒DFTB‒optimized structures of propane interacting with atoms of 

the ZIF‒67 pore which are shown in Figure 11. Four configurations of propane 

adsorbed on wall of the ZIF‒67 were found. All the configurations named as 

PPA/ZIF‒67_H, PPA/ZIF‒67_H/T, PPA/ZIF‒67_h‒H and PPA/ZIF‒67_T are 

defined. The first configuration is structure of PPA/ZIF‒67_H of which propane is 

located near the hexagonal aperture (H). The second (PPA/ZIF‒67_H/T) is the 

structure of which propane is located in between the hexagonal and tetragonal 

apertures. The third (PPA/ZIF‒67_h‒H) is the structure of which propane’s located at 

the center of the hexagonal aperture. PPA/ZIF‒67_T is the structure of which propane 

is located near the tetragonal apertures (T). Adsorption energies (ΔEads) of propane on 

the ZIF‒67 cage which are shown in Table 4. Adsorption strengths are in order: 

PPA/ZIF‒67_h‒T (ΔEads = − 1.24 kcal/mol) > PPA/ZIF‒67_H/T (ΔEads = − 0.16 

kcal/mol) > PPA/ZIF‒67_H (ΔEads = − 0.15 kcal/mol) > PPA/ZIF‒67_T (ΔEads =       

− 0.12 kcal/mol).  

 

 
 

Figure 11 Adsorption structures of propane in the ZIF‒67 pore, which the propane 

molecule is located close to the tetragonal aperture as configuration a PPA/ZIF‒67_H, 

b PPA/ZIF‒67_H/T, c PPA/ZIF‒67_h‒H and d PPA/ZIF‒67_T. “H” and “T” stand 

for hexagonal and tetragonal apertures, respectively, and h means at hollow position. 

Atoms in ZIF apertures and propane molecule, shown by tube model are the main 

adsorption interaction. The left and right graphics are side and top views, respectively. 

The adsorption energies ads( )E , in kcal/mol are shown. 
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Table 4 Total energies of the SCC‒DFTB‒optimized structure of propane and 

propene adsorbed on windows of the ZIF‒67 pore and their components, and its 

corresponding adsorption energies. 

Compound Etotal, au Eads, kcal/mol 

ZIF‒67 ‒379.2730472 ‒ 
Propane ‒8.178396288 ‒ 
Propene ‒7.388266617 ‒ 
Propane/ZIF‒67:   
2a (PPA/ZIF‒67_H) ‒353.6547518 ‒0.15 

2b (PPA/ZIF‒67_H/T) ‒353.6547606 ‒0.16 

2c (PPA/ZIF‒67_h‒H) ‒353.6554942 ‒1.24 

2d (PPA/ZIF‒67_T) ‒353.6547094 ‒0.12 

Propylene/ZIF‒67:    

3a (PPE/ZIF‒67_h‒H_1) ‒352.8654959 ‒0.70 

3b (PPE/ZIF‒67_H/T_1) ‒352.8661105 ‒1.08 

3c (PPE/ZIF‒67_h‒H_2) ‒352.8650729 ‒0.43 

3d (PPE/ZIF‒67_T) ‒352.8648718 ‒0.30 

 

Table 5 The shortest bond−distances between specific atoms of propane and the 

ZIF−8. 

Configuration/bondsa Bond distances (Å) 

Propane/ZIF‒67   

2a (PPA/ZIF‒67_H)   

H1(H)‧‧‧H6(G) 2.53 

C2(H)‧‧‧H6(G) 3.04 

2b (PPA/ZIF‒67_H/T)   

H1(H)‧‧‧H3(G) 2.42 

H2(H)‧‧‧H6(G) 2.60 

H3(H)‧‧‧H7(G) 2.95 

2c (PPA/ZIF‒67_h‒T)   

H1(H)‧‧‧H6(G) 2.43 

H2(H)‧‧‧H5(G) 2.30 

H3(H)‧‧‧H7(G) 2.42 

2d (PPA/ZIF‒67_T)    

H1(H)‧‧‧H6(G) 2.75 

H2(H)‧‧‧H5(G) 3.11 

H3(H)‧‧‧H7(G) 2.94 

aA(G)⋯B(H) represents atom A of guest (G) bonding to atom B of host (H) and 

labels for all atoms are defined in Figure 5. 

bThe most stable configuration. 
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The shortest bond−distances between propane’s atoms and atoms of the 

ZIF−67 of all the (four) adsorption configurations are shown in Table 4 of which all 

locations of propane molecule in the ZIF−67 are specified. The shortest 

bond−distances between hydrogen atoms (ether methyl or ethylene group) of propane 

and hydrogen atoms of either methyl or ethylene group of imidazolate unit of the 

ZIF−67 are within the range of 2.30–3.11 Å. 

 

4.1.5 Interaction energy of propylene on windows of the ZIF‒67 pore 

The SCC‒DFTB‒optimized structures of propylene interacting with atoms of 

the ZIF‒67 pore which are shown in Figure 6. Four configurations of propylene 

adsorbed on wall of the ZIF‒67 were found. All the configurations named as 

PPE/ZIF‒67_h‒H_1, ZIF‒67_H/T_1, PPE/ZIF‒67_h‒H_2 and PPE/ZIF‒67_T are 

defined. These configurations can be categorized into four structures as follows. The 

first (PPE/ZIF‒67_h‒H_1) and second (PPE/ZIF‒67_h‒H_2) configurations are 

structures of which propylene are located at the center of the hexagonal aperture. The 

third (ZIF‒67_H/T_1) is the structure of which propylene is located in between the 

hexagonal and tetragonal aperture. The last configuration, PPE/ZIF‒67_T is the 

structure of which propylene is located at center of the cage. Adsorption strengths are 

in order: ZIF‒67_H/T_1 (ΔEads = −1.08 kcal/mol) > PPE/ZIF‒67_h‒H_1 (ΔEads = 

−0.70 kcal/mol) > PPE/ZIF‒67_h‒H_2 (ΔEads = −0.43 kcal/mol) > (ΔEads = −0.30 

kcal/mol). 
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Figure 12 Adsorption structures of propylene in the ZIF‒67 pore, which the 

propylene molecule located close to the tetragonal aperture as configuration a 

PPE/ZIF‒67_h‒H_1, b ZIF‒67_H/T_1, c PPE/ZIF‒67_h‒H_2 and d PPE/ZIF‒67_T. 

Atoms of apertures and the propylene molecule, shown by tube are the main 

adsorption interaction. The left and right graphics are side and top views, respectively. 

The adsorption energies ads( )E , in kcal/mol are shown. 

 

Table 6 The shortest bond−distances between specific atoms of propylene and the 

ZIF−67. 

Configuration/bondsa Bond distances (Å) 

Propylene/ZIF‒67   

3a (PPE/ZIF‒67_h‒T_1)   

H1(H)‧‧‧H6(G) 2.70 

C2(H)‧‧‧H6(G) 2.75 

3b (PPE/ZIF‒67_H/T_1)   

H1(H)‧‧‧H5(G) 2.20 

C2(H)‧‧‧H5(G) 3.30 

3c (PPE/ZIF‒67_h‒T_2)   

H1(H)‧‧‧H6(G) 1.77 

H2(H)‧‧‧H5(G) 2.85 

H3(H)‧‧‧H7(G) 2.30 

3d (PPA/ZIF‒67_T)   

H1(H)‧‧‧H6(G) 2.54 

H2(H)‧‧‧H5(G) 2.52 

H3(H)‧‧‧H7(G) 2.85 
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aA(G)⋯B(H) represents atom A of guest (G) bonding to atom B of host (H) and 

labels for all atoms are defined in Figure 6. 

bThe most stable configuration. 

 

The shortest bond‒distances between propylene’s atoms and atoms of the     

ZIF‒67 of all the (four) adsorption configurations are shown in Table 6 of which all 

locations of propylene molecule in the ZIF‒67 are specified. The shortest bond‒

distances between hydrogen atoms (ether methyl or ethylene group) of propylene and 

hydrogen atoms of either methyl or ethylene group of imidazolate unit of the ZIF‒67 

are within the wide range of 1.77–3.30 Å, except the adsorption at center of the pore. 

 

4.1.6 Effect of adsorption configurations on separation of propane and 

propylene mixture in ZIF‒67 

 The most stable adsorption‒structures of propane and propylene in the ZIF‒67 

are illustrated in Figure 13. It shows that propane points its methyl hydrogen atoms 

towards ethylene and methyl hydrogen atoms of imidazolate unit belonging to the 

hexagonal aperture of the ZIF−67 of which bond distances are 2.43, 2.42 and 2.30 Å, 

respectively. For propylene adsorption, propylene points its methyl hydrogen atoms 

towards hydrogen atoms of two methyl groups of imidazolate unit belonging to the 

tetragonal aperture of the ZIF−67 of which bond distances are 2.42, 2.60 and 3.14 Å, 

respectively. Based on the separation of propane/propylene mixture and partition 

theory, the adsorption configurations of propane or propylene in the ZIF−67 located 

close to the hexagonal aperture has more effect on its moving rate through the 

hexagonal aperture than further location. As consideration of adsorption 

configuration, PPE/ZIF‒67_H/T_1(CH2) for propylene adsorption of which 

adsorption is the strongest (ΔEads = − 1.20 kcal/mol), must be taken into consideration 

of moving rate through the hexagonal aperture. Bond distance data shown in Tables 5 

and 6 were used to confirm locations of propane and propylene molecules of related 

adsorption configurations. 
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Figure 13 The most stable adsorption‒structures of a propane and b propylene                

in ZIF‒67 pore as configurations PPA/ZIF‒67_h‒H and PPE/ZIF‒67_H/T_1, 

respectively. Bond distances between nearest atoms of guest molecule (propane or 

propylene) and ZIF‒67 pore are illustrated. 

 

 From the adsorption studies it is known that propylene rapidly diffuse through 

the hexagonal aperture of both ZIF‒8 and ZIF‒67, so this high energetic motion likely 

corresponds to the diffusion, while the adsorption capacity of propane and propylene 

in ZIF‒8 is obviously stronger than that of ZIF‒67 due to the power of the pore 

structure and the way the chemical nature of the linker affected the adsorption were 

investigated. 
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Moreover, this research also demonstrates that adsorption behavior is 

determined by the containing arrangement of the guest inside the host, which in turn 

defines how the adsorbed gas molecules distribute inside the cavities and control the 

gas induced opening of both ZIF‒8 and ZIF‒67structures.  

 

4.2 Adsorption configurations of propane and propylene in ZIF–8 

Total energies, adsorption energies of propane and propylene gases in the       

ZIF–8, their energy barrier and separation factor for their mixture are shown in          

Table 7. It shows that the adsorption energy of propane (Eads = –1.8 kcal/mol) is 

clearly stronger than of propylene (Eads = –0.51 kcal/mol). This means that 

propylene molecule can easily desorb as compared with the propane molecule. The 

configuration structures of propane and propylene adsorbed in the ZIF–8 are shown in 

Figures 14 and 15, respectively. Based on transportation of propylene and propane 

gases passing through the hexagonal aperture, their transition–state structures of 

which configurations are within the hexagonal aperture. The optimized transition–

state structure of propane molecule adsorbed on the ZIF–8 (TS–PPA) located in 

between its hexagonal aperture is shown in Figure 16.  
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Table 7 Total Total( )E , adsorption ads( )E  energies of propane and propylene 

molecules in the ZIF–8, their energy barrier B( )E , and separation factor (𝛼) of 

propylene from the propylene/propane. 

 

Compounds ETotal, au Eads, kcal/mol EB, kcal/mol 𝛼 

Propane (PPA) gas 

system: 

    

PPA –119.0586798214 – – – 

PPA/ZIF–8 –

27708.0404355700 

–1.85 – – 

TS–PPA/ZIF–8a –

27825.7624232480 

– 6.96 b – 

   7.8 c,9.2 c,7.48 
d 

– 

Propylene (PPE) gas 

system: 

    

PPE –117.8265789848 – – – 

PPE/ZIF–8 –

27824.5392816150 

–0.51 – – 

TSI–PPE/ZIF–8 e –27824.53467660 – 2.89 f – 

TSII–PPE/ZIF–8 g –27824.53394626 – 3.35 f – 

     

Separation factor:     

PPE/PPA system e – – – 985 

PPE/PPA system g – – – 453 

PPE/PPA h    ~50 h 

 

a The transition–state structure within hexagonal aperture. 

b Based on the most stable structure, PPA/ZIF–8.  

c Taken from ref. 79. 

d Taken from ref. 81. 

e The transition–state structure (TSI–PPE) by pointing methyl group of propylene 

through the inside hexagonal aperture. 

f Based on the most stable structure, PPE/ZIF–8.  

g The transition–state structure (TSII–PPE) by pointing methylene group of propylene 

through the outside hexagonal aperture. 

h Taken from ref. 28. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

48 

 
 

Figure 14 The optimized structure of the most stable configuration of propane 

molecule adsorbed on the ZIF–8 cage, (a) through–tetragonal view and (b) through–

hexagonal view. All bond distances are in Å. 
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Figure 15 The optimized structure of the most stable configuration of propylene 

molecule adsorbed on the ZIF–8 cage, (a) through–tetragonal view and (b) through–

hexagonal view. All bond distances are in Å. 
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Figure 16 The optimized transition–state structure of propane molecule adsorbed on 

the ZIF–8 (TS_PPA) located in between its hexagonal aperture, (a) looking through 

tetragonal aperture and (b) through hexagonal aperture. The right views are zoomed 

images of the left views. All bond distances are in Å. 

 

The transition–state structures (type I) and (type II) of propylene molecule 

adsorbed on the ZIF–8 located in between its hexagonal aperture, called as TSI–PPE 

and TSII–PPE are shown in Figure 17 and 18, respectively. The energy barriers for 

propane ( 1

BE = 6.96 kcal/mol) and for propylene ( 2(I)

BE = 2.89 and 2(II)

BE = 3.35 

kcal/mol) are obtained. Based on interaction of guest/host system, the potential profile 

for propylene and propane transportation from pore to pore via the hexagonal aperture 

is shown in Figure 17. Based on diffusion rate, the energy barrier of propane                              

( D

BE = 7.48 kcal/mol) in ZIF–8 was found 36. 
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Figure 17 The optimized transition–state structure (type I) of propylene molecule 

adsorbed on the ZIF–8 (TS–I_PPE) located in between its hexagonal aperture, (a) 

looking through tetragonal aperture and (b) through hexagonal aperture. The right 

views are zoomed images of the left views. All bond distances are in Å. 
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Figure 18 The optimized transition–state structure (type II) of propylene molecule 

adsorbed on the ZIF–8 (TS–II_PPE) located in between its hexagonal aperture, (a) 

looking through tetragonal aperture and (b) through hexagonal aperture. The right 

views are zoomed images of the left views. All bond distances are in Å. 

 

4.3 Estimation of the separation factor from activation energy 

 Based on the permeance of propylene and propane depending on both the heat 

of adsorption and the activation energy for their diffusion,  
ads p(Δ - / )

0

H E RT
P P e= ,the heats 

of adsorption of propylene and propane on ZIF–8 are 7.2 kcal/mol (30 kJ/mol) and        

8.1 kcal/mol (34 kJ/mol), respectively, while the diffusional activation energies for 

propylene and propane are 2.3 kcal/mol (9.7 kJ/mol) and 17.7 kcal/mol (74.1 kJ/mol), 

respectively 82. All activation energies are listed in Table 8. Based on definitions, 
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types of activation energies i.e. diffusion and permeance, are composed of single 

values except the activation energy of adsorption (referred to transition state) 

comprising two different values (2.89 and 3.35 kcal/mol) for propylene adsorption. 

Table 8 shows that adsorption energies dues to the propylene gas are smaller than that 

of propane gas. These results agree with solubilities of the propylene gas are smaller 

than the propane gas. The energetic profile for transportation of (a) propane (PPA) 

molecule via transition–state structure, TS–PPA, (b) propylene (PPE) molecule via 

transition–state structure, TSI–PPE by pointing its methyl group through the 

hexagonal aperture from inside to outside cage and (c) PPE molecule via transition–

state structure, TSII–PPE by pointing its methyl group through the hexagonal aperture 

from inside to outside cage, which are shown in Figure 19. 

Due to the Eq. 4.7, the separation factor (𝛼) of propylene/propane of 989 was 

obtained. This 𝛼 value is much higher than that propylene/propane separated by   

ZIF–8 of which separation factor  of ∼50 was reported 28.  

 

Table 8 The activation energies based on various properties (adsorption, diffusion and 

permeance) of propane and propylene molecules in the ZIF–8 cage. 

 

Activation energies a/Properties 
Propylene  Propane 

 Configuration I Configuration II   

     
Adsorption 2.89 3.35  6.96 

 
Diffusion 2.3 b   7.48 c 
    17.7 b 
Permeance  7.2 b   8.1 b 
     

a In kcal/mol, based on  

b Taken from ref. 82.  

c Taken from ref. 81. 
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Figure 19 The energetic profile for transportation of (a) propane (PPA) molecule via 

transition–state structure, TS_PPA, (b) propylene (PPE) molecule via transition–state 

structure, TS–I_PPE by pointing its methyl group through the hexagonal aperture 

from inside to outside cage and (c) PPE molecule via transition–state structure,        

TS–II_PPE by pointing its methyl group through the hexagonal aperture from inside 

to outside cage. The activation energies are in kcal/mol. 
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The results showed that isotropic rotation of propylene inside the cavity is 

more hindered than the rotation of propane. Activation barrier for motion in case of 

propane is 6.96 kcal/mol which is higher than the barrier of propylene ( 2(I)

BE = 2.89 

and 2(II)

BE = 3.35 kcal/mol). It resembles that slightly larger size of propane molecule 

decelerates the rotation weaker than the interaction of double bond of propylene with 

the framework. Therefore, it is harder for propane to rotate inside the cavity while the 

transport between pores occurs faster than for the propylene. From high activation 

energy for the rotation inside the cavity of propane compared to propylene indicates 

stronger interaction of this adsorbate with the walls of the cavity. 

 

4.4 MD simulations and dynamical quantities of propane and propylene in ZIF–

8 pore 

The particle positions were stored every 10 steps from the last 500,000 steps 

and the mean square displacement (MSD) was investigated at the host‒guest systems 

of 4, 8, 12 and 16 molecules of propane, propylene and propane/propylene mixtures in      

ZIF–8 pores. The self‒diffusion coefficients (Ds) were calculated from the MSD using 

Einstein’s equation. The MD simulations based on the SCC–DFTB method with the 

Berendsen thermostat for the host–guest systems of 4, 8, 12 and 16 molecules of 

propane, propylene and propane/propylene mixtures in ZIF–8 pores were observed as 

shown in Figure 20, 21 and 22, respectively. The Ds of propane, propylene and 

propane/propylene mixtures in ZIF–8 pores at different systems in NVT ensemble are 

shown in Table 9. The highest values of Ds are 6.68×10–10 m2s–1 of 16 molecules of 

propane systems, 3.49×10–10 m2s–1 of 12 molecules of propylene systems and     

1.69×10–10 m2s–1 of 12 molecules of propane/propylene mixtures systems. This 

observation is similar to Anastasios et.al.83, which reported the decreasing diffusion of 

guest molecules with increase of the loading high density. This behavior is one of the 

most usual forms of inserting dependency observed in porous materials, arisen from a 

natural consequence of steric hindrance between diffusing molecules. Due to our 

simulations only probed low and medium pore inserting related to the saturation 

capacity, the effect of system on Ds is weak. 
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Figure 20 The MD simulations based on the SCC–DFTB method with the Berendsen 

thermostat for the host–guest systems of 4, 8, 12 and 16 molecules of propane in        

ZIF–8 pore. 

 
 

Figure 21 The MD simulations based on the SCC–DFTB method with the Berendsen 

thermostat for the host–guest systems of 4, 8, 12 and 16 molecules of propylene in     

ZIF–8 pore. 
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Figure 22 The MD simulations based on the SCC–DFTB method with the Berendsen 

thermostat for the host–guest systems of 4, 8, 12 and 16 molecules of 

propane/propylene mixtures in ZIF–8 pore. 
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Table 9 Diffusion constants sD  ,for the host–guest systems of 4, 8, 12 and 16 

molecules of propane, propylene and propane/propylene mixtures in ZIF–8 pore at 

298.15 K. 

 

Systems Ds, m
2s-1 

propane/ZIF‒8  
4Propane         2.10×10-10 

8Propane         1.19×10-10 

12Propane         1.34×10-10 

16Propane         6.68×10-10 

propylene/ZIF‒8  
4Propylene 8.29×10-9 

8Propylene 6.60×10-9 

12Propylene 3.49×10-9 

16Propylene 5.21×10-9 

propane/propylene mixtures/ZIF‒8  
2Propane_2Propylene_Propane    4.80×10-10 

2Propane_2Propylene_Propylene         1.68×10-9 

4Propane_4Propylene_Propane 9.82×10-10 

4Propane_4Propylene_Propylene        1.41×10-9 

6Propane_6Propylene_Propane 1.69×10-10 

6Propane_6Propylene_Propylene        4.61×10-9 

8Propane_8Propylene_Propane 7.56×10-10 

8Propane_8Propylene_Propylene         1.78×10-9 

 

This study exhibited that propane can better adsorb than propylene in ZIF–8 

and ZIF–67 pores material. From adsorption energies, it could be seen that the 

number of adsorbed propane is higher than propylene in ZIF–8 and ZIF–67 pores. 

Therefore, ZIF–8 and ZIF–67 pores can be used for propane/propylene mixtures 

separation. The past of MD simulations, this research aims to investigate the impact 

of structural changes on the dynamics of propane/propylene molecules in the ZIF–8. 

The results showed that propylene can diffuse faster than propane in ZIF–8 material 

due to the self–diffusion coefficient values of propylene is higher than propane at the 

same systems. Moreover, we can know the close containing of propane/propylene 

molecules which indicates propane/propylene molecules can diffuse at high loadings 

less than at lower loadings because of correlate hindrance. This data agreed with the 
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diffusion coefficient. Consequently, ZIF–8 adsorbs both propane and propylene in the 

different sites and the gases can pass through ZIF–8 framework with the different 

velocities. Hence, we expected that ZIF–8 and ZIF–67 pores materials probably used 

as separation of propane and propylene.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 

CONCLUSIONS 

 

 Adsorption of propane and propylene in the ZIF–8 and ZIF–67 pores, were 

studied using periodic SCC–DFTB method. Adsorption energies of the most stable 

configurations of propane and propylene molecules in ZIF–8 are −1.38 and −1.25 

kcal/mol and ZIF–67 are −1.24 and − 1.08 kcal/mol, respectively. As trend of 

adsorption abilities of the ZIF–8 and ZIF–67 pores for adsorption of propane better 

than propylene, the ZIF–8 and ZIF–67 cages can differentiate diffusion fluxes of 

propane and propylene via hexagonal aperture. Therefore, lower diffusion flux of 

propane gas via hexagonal aperture of ZIF–8 and ZIF–67, compared with propylene 

gas, is expected.  

 The adsorption structures of propane and propylene molecules on the high–

pressure synthesized ZIF–8 cage which was synthesized at 1.47 GPa, and their 

corresponding transition–state structures which represent molecular transportation of 

propane and propylene passing through the hexagonal aperture were obtained using 

the periodic DFT method. The adsorption energy of propane (Eads =–1.8 kcal/mol) 

was found to be stronger than that of propylene (Eads =–0.51 kcal/ mol). Two 

transition–state structures for propylene interacting with the hexagonal aperture were 

obtained. One configuration (TSI–PPE) is alignment of propylene by pointing its 

methyl group along the hexagonal aperture which the ethylene hydrogen atoms of 

imidazolate units point against the propylene. The other configuration (TSII–PPE), 

the propylene points its ethylene group against the hexagonal aperture. Two estimated 

separation–factors (∼453 and ∼985) of propylene/propane were found. The ZIF–8 

cage can effectively separate the propylene/propane mixture. The results suggest that 

the ZIF–8 cage synthesized under high–pressure of 1.47 GPa could be an excellent 

material for separation of propylene/propane. 

Diffusion of propane and propylene in the ZIF–8 were investigated using 

molecular simulations. The self–diffusivity of propane, propylene and propane/ 

propylene mixtures were within the ranges of 1.19–6.68 x 10-9 m2/s, 3.49–8.29 x 10-10 

m2/s and 1.68 x 10-9 – 9.82 x 10-10 m2/s, respectively. For low loadings the diffusivity 
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increases slightly with increasing loadings while at higher loadings it decreases as a 

consequence of steric hindrance of the guest molecules in ZIF–8 pore. Therefore, we 

expected that ZIF–8 and ZIF–67 pores materials probably used as separation of 

propane and propylene. 
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APPENDIX 

 

 
 

Figure A1 Plot of total energy (au) of the ZIF–8 against lattice parameter a including 

its quadratic fit (Etotal = 0.18857a2 – 6.30013a – 326.64929). The minimum value 

derived by equation (dE_total)/da=0,  a = 16.7050 Å was obtained. 

 

Figure A2 Labeling atoms of ZIF–8 for as referred in Table A1. 
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Table A1 Selected geometrical parameters of ZIF–8, based on X–ray diffraction and 

DFTB optimized structures. 

Parameters a X–ray b Component c Unit cell d 
Bond length (Å)    

Zn1–N1 1.989 1.972 1.975 
Zn1–N1' 1.989 1.973 1.975 
Zn2–N2 1.989 –  1.975 
C3–N1 1.340 1.362 1.356 
C3–N2 1.340 1.354 1.356 
C2–N2 1.379 1.378 1.377 
C1–C2 1.360 1.394 1.387 
C1–N1 1.379 1.375 1.377 
C3–C4 1.494 1.486 1.482 
C4–H1 1.026 1.106 1.103 
C4–H2 1.030 1.098 1.097 

Angle (o)    
C2–C1–N1 108.2 106.8 107.5 

C1–N1–Zn1 126.9 126.3 124.6 
C3–N1–Zn1 127.2 126.4 127.5 
C1–N1–C3 105.8 107.3 107.8 

N1–Zn1–N1' 109.4 109.4 109.8 
N1–C3–N2 112.0 110.9 109.4 
N1–C3–C4 124.0 123.7 125.3 
C1–C2–N2 108.2 108.8 107.5 
C2–N2–C3 105.8 106.1 107.8 

Zn2–N2–C3 127.2  – 127.5 
N2–C3–C4 124.0 125.4 125.3 
C3–C4–H1 115.8 111.8 111.1 
C3–C4–H2 111.1 110.4 110.7 

 

a The structure is defined in Figure A2. 

b Taken from ref. 84. 

c B3LYP/6–311++g(2d,2p)–optimized structure. 

d SCC–DFTB optimized unit–cell–size structure. 
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Figure A2 The SCC–DFTB optimized structure of ZIF–8 unit–cell, shown its 

tetragonal aperture depicted as tube model. The above and bottom graphics are front 

and side views, respectively. At the corner of the unit-cell cubic box shows hexagonal 

apertures. 
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Figure A3 The approximate diameter for hexagonal aperture including van der Waals 

(VDW) radius of hydrogen atom (1.2 Å 85 ) is shown. 
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Figure A4 Radial distribution function of propane (4PA) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 4 propane molecules in the ZIF–8 unit–cell. 

 

Table A2 Data extraction from Figure A4. 

Type Peak Distance The number of H atom 

a  1 1.2–1.4 2.0 

 2 3.5–6.0 4.0 

b 1 0.9–1.1 2.0 

 2 2.5–6.0 28.0 

c 1 2.0–2.2 2.5 

 2 2.2–8.0 15.0 

d 1 2.0–2.2 5.0 

 2 2.2–7.0 30.0 

e 1 1.0–1.2 2.5 

f 1 1.8–3.0 2.5 

  2 2.9–3.1 4.0 
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Figure A5 Radial distribution function between ZIF–8 unit–cell and propane (4PA) in 

terms of g(r) (left axis) and n(r) (right axis) in the systems of 4 propane molecules. 

 

Table A3 Data extraction from Figure A5. 

Type Peak Distance The number of H atom 

a 1 3.0–5.0 2.5 

 2 6.5–10.0 7.0 

b 1 3.1–4.1 1.0 

 2 4.1–5.1 1.0 

 3 6.2–8.0 4.0 

c 1 1.9–4.2 10.0 

  2 4.2–10.0 20.0 
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Figure A6 Radial distribution function of propane (8PA) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 8 propane molecules in the ZIF–8 unit–cell. 

 

Table A4 Data extraction from Figure A6. 

Type Peak Distance The number of H atom 

a 1 1.2–1.6 2.0 

 2 3.5–6.0 2.2 

b 1 1.0–1.2 2.0 

 2 2.5–6.0 28.0 

c 1 2.0–2.2 2.5 

 2 2.2–7.0 10.5 

d 1 1.9–2.1 5.0 

 2 3.0–7.0 30.0 

e 1 1.0–1.2 2.5 

f 1 1.9–2.9 2.0 

 2 2.9–3.1 0.5 

  3 3.1–10.0 20.0 
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Figure A7 Radial distribution function between ZIF–8 unit–cell and propane (8PA) in 

terms of g(r) (left axis) and n(r) (right axis) in the systems of 8 propane molecules. 

 

Table A5 Data extraction from Figure A7. 

Type Peak Distance The number of H atom 

a 1 3.0–4.8 2.5 

 2 4.8–10.0 18.5 

b 1 3.0–4.5 1.5 

 2 4.5–6.2 1.3 

 3 6.2–9.0 3.0 

c 1 1.8–5.0 8.0 

  2 5.0–10.0 24.0 
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Figure A8 Radial distribution function of propane (12PA) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 12 propane molecules in the ZIF–8 unit–cell. 

 

Table A6 Data extraction from Figure A8. 

Type Peak Distance The number of H atom 

a 1 1.4–1.6 1.0 

b 1 1.0–1.2 2.5 

 2 2.5–6.0 17.5 

c 1 2.0–2.2 2.0 

 2 2.2–8.0 12.0 

d 1 2.0–2.2 5.0 

 2 2.2–8.0 35.0 

e 1 1.0–1.2 2.0 

f 1 2.0–2.9 2.2 

 2 2.9–3.1 0.3 

  3 3.1–10.0 13.8 
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Figure A9 Radial distribution function between ZIF–8 unit–cell and propane (12PA) 

in terms of g(r) (left axis) and n(r) (right axis) in the systems of 12 propane molecules. 

 

Table A7 Data extraction from Figure A9. 

Type Peak Distance The number of H atom 

a 1 3.0–5.0 1.5 

 2 5.0–10.0 12.5 

b 1 2.5–4.2 1.5 

 2 4.2–5.2 0.5 

 3 5.2–10.0 5.3 

c 1 1.9–5.0 5.0 

  2 5.0–10.0 35.0 
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Figure A10 Radial distribution function of propane (16PA) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 16 propane molecules in the ZIF–8 unit–cell. 

 

Table A8 Data extraction from Figure A10. 

Type Peak Distance The number of H atom 

a 1 1.4–1.6 1.0 

b 1 1.0–1.2 4.0 

 2 2.5–4.0 4.0 

c 1 2.0–2.2 2.0 

d 1 2.0–2.2 8.0 

e 1 1.0–1.2 3.0 

f 1 2.0–2.5 1.8 

 2 2.5–3.1 0.2 

  3 3.1–8.0 5.2 
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Figure A11 Radial distribution function between ZIF–8 unit–cell and propane (16PA) 

in terms of g(r) (left axis) and n(r) (right axis) in the systems of 16 propane molecules. 

 

Table A9 Data extraction from Figure A11. 

Type Peak Distance The number of H atom 

a 1 3.0–5.0 0.8 

 2 5.0–10.0 6.2 

b 1 3.0–6.0 0.5 

 2 6.0–10.0 3.0 

c 1 2.0–6.0 4.8 

  2 6.0–10.0 15.2 
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Figure A12 Radial distribution function of propene (4PE) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 4 propene molecules in the ZIF–8 unit–cell. 
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Table A10 Data extraction from Figure A12. 

Type Peak Distance The number of H atom 

a 1 3.1–4.0 3.0 

b 1 2.4–2.6 3.0 

c 1 1.4–1.6 1.0 

d 1 1.0–1.2 3.0 

e 1 2.4–3.0 1.0 

 2 3.0–3.6 1.0 

 3 3.6–8.0 6.0 

f 1 2.1–2.3 1.0 

g 1 3.0–5.0 0.6 

 2 5.0-10.0 2.4 

h 1 2.4–2.6 0.5 

 2 2.6–3.2 0.5 

 3 3.2–8.0 3.0 

i 1 2.4–2.6 2.0 

 2 2.6–3.6 2.0 

  3 3.6–10.0 8.0 
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Figure A13 Radial distribution function of propene (4PE) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 4 propene molecules in the ZIF–8 unit–cell. 
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Table A11 Data extraction from Figure A13. 

Type Peak Distance The number of H atom 

a 1 1.0–1.2 2.0 

b 1 2.0–2.2 1.0 

c 1 3.0–9.0 2.0 

d 1 2.0–2.2 2.0 

e 1 2.0–2.2 2.0 

f 1 1.0–1.2 1.0 

g 1 1.7–1.9 1.0 

h 1 2.0–3.0 0.5 

 2 3.0–4.0 1.5 

 3 4.0–4.5 1.0 

i 1 2.0–3.0 0.5 

 2 3.0–3.5 0.5 

 3 3.5–8.0 2.5 

j 1 1.8–2.0 1.0 

k 1 2.0–3.0 0.5 

 2 3.0–3.2 0.5 

 3 3.2–8.0 2.5 

l 1 2.0–10.0 3.0 
 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 90 

 
 

Figure A14 Radial distribution function between ZIF–8 unit–cell and propene (4PE) 

in terms of g(r) (left axis) and n(r) (right axis) in the systems of 4 propene molecules. 

 

Table A12 Data extraction from Figure A14. 

Type Peak Distance The number of H atom 

a 1 3.0–5.0 0.2 

 2 5.0–10.0 3.3 

b 1 3.0–5.0 0.2 

 2 5.0–10.0 3.3 

c 1 3.0–6.0 0.5 

 2 6.0–10.0 3.0 

d 1 1.7–1.9 2.0 

 2 1.9–8.5 34.0 

e 1 2.0–6.0 0.5 

  2 6.0–10.0 6.5 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 91 

 
 

Figure A15 Radial distribution function of propene (8PE) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 8 propene molecules in the ZIF–8 unit–cell. 
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Table A13 Data extraction from Figure A15. 

Type Peak Distance The number of H atom 

a 1 3.0–10.0 7.0 

b 1 2.4–3.0 2.0 

 2 3.0–8.0 12.0 

c 1 1.4–1.6 1.0 

d 1 1.0–1.2 1.0 

e 1 2.0–2.2 2.0 

 2 2.2–3.8 0.5 

 3 3.8–10.0 13.5 

f 1 2.0–2.2 1.0 

 2 2.2–8.0 6.0 

g 1 3.0–5.0 0.7 

 2 5.0–10.0 2.3 

h 1 2.0–3.0 0.5 

 2 3.0–3.5 0.5 

 3 3.5–8.0 3.0 

i 1 2.0–3.0 1.0 

 2 3.0–3.5 2.2 

  3 3.5–8.0 6.8 
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Figure A16 Radial distribution function of propene (8PE) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 8 propene molecules in the ZIF–8 unit–cell. 
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Table A14 Data extraction from Figure A16. 

Type Peak Distance The number of H atom 

a 1 1.0–1.2 2.0 

b 1 2.0–2.2 1.0 

 2 2.2–8.0 6.0 

c 1 3.0–6.8 5.0 

 2 6.8–10.0 2.0 

d 1 2.0–2.2 2.5 

 2 2.2–7.0 15.0 

e 1 2.0–2.2 2.0 

 2 2.2–8.0 12.0 

f 1 1.0–1.2 1.0 

g 1 1.7–1.9 2.5 

 2 1.9–8.0 16.0 

h 1 1.8–3.0 1.0 

 2 3.0–4.0 1.0 

 3 4.0–4.5 2.0 

 4 4.5–10.0 11.0 

i 1 2.0–3.0 1.0 

 2 3.0–3.5 0.2 

 3 3.5–10.0 7.0 

j 1 1.7–1.9 1.0 

  2 1.9–8.0 12.0 
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Figure A17 Radial distribution function between ZIF–8 unit–cell and propene (8PE) 

in terms of g(r) (left axis) and n(r) (right axis) in the systems of 8 propene molecules. 

 

Table A15 Data extraction from Figure A17. 

Type Peak Distance The number of H atom 

a 1 3.0–5.0 0.5 

 2 5.0–10.0 6.5 

b 1 3.0–5.0 0.5 

 2 5.0–10.0 6.5 

c 1 3.0–5.0 0.5 

 2 5.0–10.0 6.5 

d 1 1.8–5.0 2.0 

 2 5.0–10.0 18.0 

e 1 1.8–5.0 1.5 

  2 5.0–10.0 12.0 
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Figure A18 Radial distribution function of propene (12PE) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 12 propene molecules in the ZIF–8 unit–cell. 
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Table A16 Data extraction from Figure A18. 

Type Peak Distance The number of H atom 

a 1 3.0–8.0 5.0 

 2 8.0–10.0 6.0 

b 1 2.4–2.6 2.0 

 2 2.6–10.0 10.0 

c 1 1.4–1.6 2.0 

 2 1.6–8.0 8.0 

d 1 1.0–1.2 5.0 

e 1 2.5–3.3 2.0 

 2 3.3–3.6 3.0 

 3 3.6–10.0 19.0 

f 1 2.1–2.3 1.0 

 2 2.3–10.0 11.0 

g 1 2.4–6.8 6.0 

 2 6.8–10.0 5.0 

h 1 1.3–1.5 1.0 

i 1 2.0–2.6 2.0 

 2 2.6-3.3 3.0 

  3 3.3–10.0 30.0 
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Figure A19 Radial distribution function of propene (12PE) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 12 propene molecules in the ZIF–8 unit–cell. 
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Table A17 Data extraction from Figure A19. 

Type Peak Distance The number of H atom 

a 1 1.0–1.2 2.0 

b 1 2.1–2.3 1.0 

 2 2.3–10.0 11.0 

c 1 3.0–6.5 6.0 

 2 6.5–10.0 5.0 

d 1 2.0–2.2 2.0 

 2 2.2–10.0 33.0 

e 1 2.0–2.2 2.0 

 2 2.2–10.0 22.0 

f 1 1.0–1.2 2.0 

g 1 1.7–1.9 2.0 

 2 1.9–10.0 31.0 

h 1 1.5–3.0 2.0 

 2 3.0–4.0 3.0 

 3 4.0–4.3 1.0 

 4 4.3–10.0 17.0 

i 1 2.0–2.6 1.0 

 2 2.6–3.3 1.0 

 3 3.3–10.0 9.0 

j 1 1.7–1.9 1.0 

 2 1.9–10.0 21.0 

k 1 1.8–2.6 1.0 

 2 2.6–3.2 1.0 

 3 3.2–10.0 9.0 

l 1 1.5–3.5 1.0 

  2 3.5–10.0 10.0 
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Figure A20 Radial distribution function between ZIF–8 unit–cell and propene (12PE) 

in terms of g(r) (left axis) and n(r) (right axis) in the systems of 12 propene molecules. 

 

Table A18 Data extraction from Figure A20. 

Type Peak Distance The number of H atom 

a 1 3.0–5.5 2.0 

 2 5.5–10.0 8.0 

b 1 3.0–5.5 2.0 

 2 5.5–8.0 6.0 

 3 8.0–10.0 2.0 

c 1 3.0–4.5 1.0 

 2 4.5–6.0 1.0 

 3 6.0–10.0 8.0 

d 1 1.8–3.0 1.0 

 2 3.0–5.0 1.0 

 3 5.0–10 28.0 

e 1 1.8–5.0 2.0 

  2 5.0–10.0 18.0 
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Figure A21 Radial distribution function of propene (16PE) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 16 propene molecules in the ZIF–8 unit–cell. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 102 

Table A19 Data extraction from Figure A21. 

 

Type Peak Distance The number of H atom 

a 1 3.0–4.2 2.0 

 2 4.2–10.0 10.0 

b 1 2.0–2.6 1.0 

 2 2.6–10.0 12.0 

c 1 1.4–1.6 2.0 

 2 3.0–8.0 4.0 

d 1 1.0–1.2 2.0 

e 1 2.5–2.9 2.0 

 2 2.9–3.6 1.0 

 3 3.6–10.0 22.0 

f 1 2.1–2.3 2.0 

 2 2.3–10.0 11.0 

g 1 3.0–5.0 3.0 

 2 5.0–10.0 9.0 

h 1 1.4–1.6 1.0 

i 1 2.0–2.6 2.0 

 2 2.6–3.3 3.0 

  3 3.3–10.0 35.0 
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Figure A22 Radial distribution function of propene (16PE) in terms of g(r) (left axis) 

and n(r) (right axis) in the systems of 16 propene molecules in the ZIF–8 unit–cell. 
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Table A20 Data extraction from Figure A22. 

Type Peak Distance The number of H atom 

a 1 1.0–1.2 1.0 

b 1 2.0–2.2 1.0 

 2 2.2–10.0 12.0 

c 1 3.0–6.2 6.0 

 2 6.2–10.0 6.0 

d 1 2.0–2.2 1.0 

 2 2.2–10.0 38.0 

e 1 2.0–2.2 2.0 

 2 2.2–10.0 23.0 

f 1 1.0–1.2 1.0 

g 1 1.7–1.9 1.0 

 2 1.9–10.0 35.0 

h 1 1.8–3.0 1.0 

 2 3.0–3.7 2.0 

 3 3.7–10.0 23.0 

i 1 1.8–2.6 1.0 

 2 2.6–3.3 1.0 

 3 3.3–10.0 11.0 

j 1 1.8–2.0 1.0 

 2 2.0–10.0 24.0 

k 1 2.0–2.6 1.0 

 2 2.6–3.1 1.0 

 3 3.1–10.0 11.0 

l 1 1.8–3.0 1.0 

 2 3.0–6.0 3.0 

  3 6.0–10.0 8.0 
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Figure A23 Radial distribution function between ZIF–8 unit–cell and propene (16PE) 

in terms of g(r) (left axis) and n(r) (right axis) in the systems of 16 propene molecules. 

 

Table A21 Data extraction from Figure A23. 

Type Peak Distance The number of H atom 

a 1 3.0–5.0 2.0 

 2 5.0–10.0 12.0 

b 1 3.0–5.0 2.0 

 2 5.0–10.0 12.0 

c 1 3.0–5.0 2.0 

 2 5.0–10.0 12.0 

d 1 2.0–5.0 5.0 

 2 5.0–10.0 35.0 

e 1 2.0–5.0 2.0 

  2 5.0–10.0 25.0 
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Figure A24 Radial distribution function between 2 propane molecules (2PE) and             

2 propene molecules (2PE) in terms of g(r) (left axis) and n(r) (right axis) in the 

systems of 4 molecules. 

 

Table A22 Data extraction from Figure A24. 

Type Peak Distance The number of H atom 

a 1 3.0–10.0 2.0 

b 1 3.0–10.0 2.0 

c 1    3.0–5.0 0.5 

  2 5.0–10.0 1.5 
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Figure A25 Radial distribution function of 2 propane molecules (2PE), 2 propene 

molecules (2PE) and ZIF–8 unit–cell in terms of g(r) (left axis) and n(r) (right axis) in 

the systems of 4 molecules. 

 

Table A23 Data extraction from Figure A25. 

Type Peak Distance The number of H atom 

a 1 3.0–5.0 0.5 

 2 5.0–10.0 3.0 

b 1 3.0–5.0 0.5 

 2 5.0–10.0 1.0 

c 1 3.0–5.0 0.3 

 2 5.0–10.0 1.5 

d 1 3.0–5.0 0.2 

 2 5.0–10.0 1.5 

e 1 2.0–6.0 2.0 

  2 6.0–10.0 8.0 
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Figure A26 Radial distribution function between 4 propane molecules (4PE) and             

4 propene molecules (4PE) in terms of g(r) (left axis) and n(r) (right axis) in the 

systems of 8 molecules. 

 

Table A24 Data extraction from Figure A26. 

Type Peak Distance The number of H atom 

a 1 3.0–7.0 3.0 

 2 7.0–10.0 1.0 

b 1 3.0–10.0 4.0 

c 1 3.0–7.0 2.5 

  2 7.0–10.0 3.0 
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Figure A27 Radial distribution function of 4 propane molecules (4PE), 4 propene 

molecules (4PE) and ZIF–8 unit–cell in terms of g(r) (left axis) and n(r) (right axis) in 

the systems of 8 molecules. 

 

Table A25 Data extraction from Figure A27. 

Type Peak Distance The number of H atom 

a 1 3.0–5.0 1.0 

 2 5.0–10.0 7.0 

b 1 3.0–5.0 0.5 

 2 5.0–10.0 3.5 

c 1 3.0–5.0 0.5 

 2 5.0–10.0 3.5 

d 1 3.0–5.0 0.5 

 2 5.0–10.0 3.5 

e 1 2.0–5.0 2.0 

  2 5.0–10.0 21.0 
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Figure A28 Radial distribution function between 8 propane molecules (8PE) and 8 

propene molecules (8PE) in terms of g(r) (left axis) and n(r) (right axis) in the systems 

of 16 molecules. 

 

Table A26 Data extraction from Figure A28. 

Type Peak Distance The number of H atom 

a 1 3.0–6.0 2.0 

 2 6.0–10.0 4.0 

b 1 3.0–6.0 2.0 

 2 6.0–10.0 4.0 

c 1 3.0–6.0 2.0 

  2 6.0–10.0 4.0 
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Figure A29 Radial distribution function of 8 propane molecules (8PE), 8 propene 

molecules (8PE) and ZIF–8 unit–cell in terms of g(r) (left axis) and n(r) (right axis) in 

the systems of 16 molecules. 

 

Table A27 Data extraction from Figure A29. 

Type Peak Distance The number of H atom 

a 1 3.0–6.0 2.0 

 2 6.0–10.0 12.0 

b 1 3.0–6.0 1.0 

 2 6.0–10.0 6.0 

c 1 3.0–6.0 1.0 

 2 6.0–10.0 6.0 

d 1 3.0–5.5 1.0 

 2 5.5–10.0 6.0 

e 1 1.8–5.0 2.0 

  2 5.0-10.0 38.0 
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