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THAI ABSTRACT 

ปวีร์ พงษ์สัจจนุกูล : การดูดซับของแก๊สขนาดเล็กในโครงข่ายอินทรีย์โลหะชนิด MIL-127 
(ADSORPTION OF SMALL GASES IN MIL-127 METAL ORGANIC FRAMEWORKS) อ.
ที่ปรึกษาวิทยานิพนธ์หลัก: รศ. ดร.วุฒิชัย พาราสุข, อ.ที่ปรึกษาวิทยานิพนธ์ร่วม: ดร.ตติยา 
โชคบุญเปี่ยม{, 66 หน้า. 

วัสดุจากสถาบันวิจัยลาวัวซิเยร์ชนิด 127 (MIL-127) จัดเป็นวัสดุโครงข่ายอินทรีย์โลหะ 
(MOF) ชนิดหนึ่ง ซึ่งได้มีการน าวัสดุชนิดนี้มาประยุกต์อย่างหลากหลาย เช่น ใช้กักเก็บและแยกแก๊ส 
ใช้เป็นตัวเร่งปฏิกิริยา และประยุกต์กับระบบทางชีวภาพ โดย MIL-127 ประกอบด้วยไตรเมอร์ของ
เหล็ก  และสาร 3,3’,5,5’-เอโซเบนซีนเตตระคาร์บอกซิเลท แอนไอออนท าหน้าที่เป็นตัวเชื่อม 
(linker) งานวิจัยนี้ใช้เทคนิคการจ าลองแบบกิบบส์อองซอมเบิลมอนติคาร์โล  (Gibbs Ensemble 
Monte Carlo simulation, GEMC) และการจ าลองแบบทางพลวัต เชิ ง โม เลกุล  (Molecular 
Dynamics simulation, MD) เพ่ือศึกษาพฤติกรรมการดูดซับและการแพร่ของโมเลกุลแก๊สขนาดเล็ก
ใน MIL-127  โครงสร้างของ MIL-127 ที่ใช้ในงานวิจัยนี้ได้จากข้อมูลเอกซเรย์ดิฟแฟรกชัน (x-ray 
diffraction) เพ่ือท าการจ าลองต้องมีการเลือกชุดพารามิเตอร์ที่เหมาะสมมาท าการค านวณ โดยชุด
พารามิเตอร์เหล่านั้นได้มาจากการค านวณทางเคมีควอนตัมและงานวิจัยที่เกี่ยวข้อง ผลที่ได้จากการ
จ าลองนี้ได้ถูกน ามาเปรียบเทียบกับผลการทดลองจากห้องปฏิบัติการโดยการเปรียบเทียบไอโซเทอร์ม
การดูดซับ (adsorption isotherm) ของโมเลกุลแก๊สคาร์บอนไดออกไซด์และคาร์บอนมอนอกไซด์ใน
วัสดุชนิดนี้เพ่ือเลือกพารามิเตอร์ที่เหมาะสมส าหรับการค านวณฟังก์ชันการกระจายเชิงรัศมี  (radial 
distribution function, RDF) และฟังก์ชันหนาแน่นความน่าจะเป็น (probability density) เพ่ือ
อธิบายพฤติกรรมของโมเลกุลแก๊สขนาดเล็กในวัสดุ MIL-127 จากการจ าลองแบบพบว่า ต าแหน่งดูด
ซับที่ชอบของแก๊สคาร์บอนไดออกไซด์อยู่ที่บริเวณโลหะอนินทรีย์ ซึ่งตรงกันข้ามกับต าแหน่งดูดซับที่
ชอบของแก๊สคาร์บอนมอนอกไซด์ที่อยู่บริเวณสารอินทรีย์ ในขั้นตอนสุดท้าย ได้เลือกชุดพารามิเตอร์ที่
เหมาะสมส าหรับการค านวณ ส าหรับศึกษาสมบัติทางโครงสร้างและการแพร่ของโมเลกุลแก๊สในวัสดุ
โครงข่ายอินทรีย์โลหะนี้ โดยค่าสัมประสิทธิ์การแพร่ในตัวเองของแก๊สคาร์บอนไดออกไซด์อยู่ในช่วง
ระหว่าง 1-3×10-9 เมตร2/วินาที และค่าสัมประสิทธิ์การแพร่ในตัวเองของแก๊สคาร์บอนมอนอกไซด์
อยู่ในช่วงระหว่าง 4-14×10-9 เมตร2/วินาที  
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ENGLISH ABSTRACT 

# # 5772053123 : MAJOR CHEMISTRY 
KEYWORDS: MATERIAL OF INSTITUT LAVOISIER -127 (MIL-127) / ADSORPTION / 
DIFFUSION / COMPUTATIONAL CALCULATIONS 

PAVEE PONGSAJANUKUL: ADSORPTION OF SMALL GASES IN MIL-127 METAL 
ORGANIC FRAMEWORKS. ADVISOR: ASSOC. PROF. VUDHICHAI PARASUK, Ph.D., 
CO-ADVISOR: TATIYA CHOKBUNPIAM, Ph.D. {, 66 pp. 

Material of Institut Lavoisier -127 (MIL-127) is one of series of porous metal-
organic frameworks (MOFs) that have many potential applications such as gas storage 
and separation, catalysis, and biological applications. MIL-127 is composed of trimers 
of iron(III) and 3,3’,5,5’ - azobenzenetetracarboxylate anions. To gain insight into the 
adsorption behavior and the dynamic behavior of small gases in MIL-127, we carried 
out Gibbs Ensemble Monte Carlo (GEMC) and Molecular Dynamics (MD) simulations. 
Firstly, the structure of MIL-127(Fe) was constructed from XRD result. Force field 
parameters were carefully selected. Different parameter sets from both quantum 
calculations and literatures have been employed. Their results were compared with 
each other and with experiments to find the one that can well reproduce the 
adsorption isotherm of small gases in MIL-127(Fe). Radial distribution functions (RDFs) 
and probability density were done to elucidate behavior of small gases. From 
simulations, the preferential adsorption sites of carbon dioxide is around the metal 
cluster zone of MIL-127(Fe) in contrast to adsorption sites of carbon monoxide which 
prefers to adsorb around organic linker zone. Finally, selected parameters were used 
to investigate the structure and self-diffusion of the guest molecules in the MIL-127(Fe). 
The self-diffusion coefficient of carbon dioxide is in the range of 1-3×10-9 m2/s and 
the self-diffusion coefficient of carbon monoxide is in the range of 4-14×10-9 m2/s. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Research rationale 

 Carbon dioxide (CO2) is a colorless and odorless gas which occurs in the 

atmosphere from natural sources or is emitted from human activities. For instance it 

is created by the combustion of fossil fuels or by industry and it is enhanced by the 

extensive deforestation. This leads to the global environment problems due to the 

increase of the greenhouse gases. [1] Likewise carbon dioxide, carbon monoxide (CO) 

is a poisonous gas that has no smell or taste. It can be found in the air when the 

exhaust from incomplete combustion is occurred, for example, burning fuel in cars or 

small engines. Carbon monoxide have been reported to make you unwell if we 

breathing it in high levels.  

 Many countries have attempted to reduce the toxic gases in the atmosphere. 

In chemical processes, controlling the gas emission by capture or separation, gas 

storage, etc. become a challenging issue. [2] Therefore, porous material becomes the 

promising alternative material, which can be used to eliminate this problems.  

 Metal Organic Frameworks (MOFs) or porous coordination networks are porous 

solid materials derived from metal oxide clusters connected by organic linkers. [3] The 

formation of MOFs originate from self-assembly with well-defined pore size and 

desired chemical functional. MOFs have been developed over a decade due to the 

fact that they have many attractive properties. MOFs provide a large surface areas, 

tunable pore sizes and topologies. Due to an interesting performance of MOFs, they 

were applied for potential applications such as gas storage, gas separation, catalysis 

and biological applications. Material of Institut Lavoisiers (MILs) is one type of MOFs. 

The interesting features and the properties of MILs are similar to other MOFs. Around 
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150 types of MILs were designed as crystalline porous materials. In this work, we 

focused on MIL-127(Fe) which consist of trimers of iron (III) and 3,3’,5,5’-

azobenzenetetracarboxylate anion as organic linkers. MIL-127(Fe) exhibits the square 

octahedral topology. The structure contains two types of pores: the cage (~10 Å) and 

the 1D channel (~6 Å) or only 1D channel was assumed that the windows giving 

accessible through narrow apertures (~4 Å). So it is suitable for using in the applications 

such as storage or separation of the small gases like CO or CO2.  

 A lot of experimental studies have been shown the potential applications of 

MIL-127(Fe). Beside experiments, computational methods are useful to gain insight into 

the adsorption and diffusion behaviors of guest molecules. A lot of studies use Monte 

Carlo simulations to get deeper understanding of adsorption mechanisms (see e.g. [4-

8] ) while molecular dynamic (MD) simulations are used to study diffusivities of gas 

molecules in MOFs (see e.g. [6-10]) However, to our knowledge there is no theoretical 

study of adsorption and diffusion behaviors of small gases in MIL-127 until now.  

 In this work, adsorption and diffusion behaviors of CO and CO2 in MIL-127(Fe) 

were investigated using GEMC simulations and MD simulations. This research is 

expected to give insights in the behavior of small gases inside MIL-127(Fe). 

1.2 Material of Institut Lavoisier-127 (MIL-127) 

 Material of Institut Lavoisier -127 (MIL-127) is one of porous metal organic 

frameworks. The structure of MIL-127(Fe) is composed of trimers of iron (III) and 

3,3’,5,5’- azobenzenetetracarboxylate anions. The trimers of iron (III) sharing one 

central 3 oxo anion to form trimeric building blocks. Generally, MIL-127(Fe) 

structure was built in a form of square octahedral topology, sometimes we called soc-

MOF(Fe).  
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Figure 1 (a) Schematic representation the structure of MIL-127(Fe) (b) Trimers of iron 

(III) (c) 3,3’,5,5’-azobenzenetetracarboxylate (Tazb). The atoms of carbon, hydrogen, 

oxygen, nitrogen and trimers of iron (III) are shown by grey, white, red, blue and purple 

polyhedral, respectively. 

  Figure 1 represents the MIL-127 structure which exhibits a 3D microporous 

system with hydrophilic groups (trimers of iron (III)) and hydrophobic groups (organic 

linker). The framework topology of each trimers unit are linked by six carboxyl bonds 

(Fig. 1b). MIL-127(Fe) is a stable framework with large windows/pores and it contains 

two types of pores, i.e. an accessible channel system (~6 Å) and a cage of around 10 

Å diameter accessible through apertures of channels in x- and y- directions and 

apertures (also called windows) between cavities. Due to its large pore size, MIL-127(Fe) 

is expected to be a good candidate for storaging or separating various types of small 

gas molecules. 

1.3 Applications 

 MOF structures provide many interesting characteristics, for instance, large 

surface area, high porosity, high thermal stability and they can easily be modified by 

adjustment of metal cluster or organic linkers. [11, 12] From these various properties 
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of MOFs it follows that they are well suited for potential applications such as gas 

storage, gas separation, catalysis and biological applications. [13-17]  

 1.3.1 Gas storage 

 There are a lot of different approaches that we use to store environmentally 

gas molecules. MOFs offer a variety of chemical compositions and structural 

architectures. Furthermore, MOFs having a large surface area and having pore sizes 

similar or slightly larger to the magnitude of common gas molecules. So, it provide a 

great possibility for gas adsorption or gas storage applications. [18] It is expected that 

MIL-127(Fe) could be used for gas storage or adsorption like MIL-100 and MIL-101. [19] 

 1.3.2 Gas separation 

 Separation processes play significant roles in chemical industry and daily life. A 

several porous materials have been examined as the adsorbents or have been applied 

as membrane filler materials for separations. [11] MOFs provide a one material that 

can be used in separation process. For example, Castillo et al. [20] have reported the 

separation performance of MIL-47 for xylene isomers. 

  1.3.3 Catalysis 

 One important property of MOFs is heterogeneous catalysts. Due to their higher 

surface area and having a large pore size, an active species can be encapsulated into 

the pores of MOFs. MOFs can act as the host for metal nanoparticles by acting as Lewis 

acid or redox center. A variety of MOFs have been reported as a catalysts. [21-23] 

Interestingly, MIL-127(Fe) has been reported for the catalytic activity as solid Lewis 

acids for the isomerization. [24] 

1.4 Literature reviews 

 Since MIL-127(Fe) are reported as a new type of porous material. There are a 

few research that mention about MIL-127(Fe). Almost all publications that investigated 

MIL-127 have been experimental studies.  
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 In 2007, Liu et al. [25] reported structures of MOFs which based on indium 

trimer building blocks. The trimers of octahedral sharing one central 3 oxo anion 

to form trimeric building blocks. This structure consists of two components; indium 

trimer building block and 3,3’,5,5’-azobenzenetetracarboxylic acid. The 3D network 

having square octahedral topology, so we called soc-MOF(In). From the structural 

analysis combined with inelastic neutron scattering (INS) and sorption study, they 

found that the structure of soc-MOF(In) is suitable for high hydrogen storage. The 

model of soc-MOF(In) was used as a template for MIL-127(Fe). 

 In 2012, Dhakshinamoorthy et al. [24] have developed MIL-127(Fe) or soc-

MOF(Fe) as a heterogeneous catalyst for the rearrangement of  -pinene oxide. The 

structure of MIL-127(Fe) has been shown to be analogue to soc-MOF(ln). They reported 

the formula of MIL-127(Fe) or soc-MOF(Fe) as Fe3O(Tazb)4/3X (X = OH,Cl). The catalytic 

properties of MIL-127(Fe) have been tested for this rearrangement reaction in the 

absence of solvent. MIL-127(Fe) is the material containing iron metal sites which acts 

as Lewis acid. In addition, they reported the BET surface area (SBET ~1400 m2g-1) and 

pore dimension to be around 10 Å. 

 In 2013, Cunha et al. [26] studied drug encapsulation and release kinetic of 

caffeine in MIL-127(Fe) to get deeper understanding of the encapsulation of drug by 

MOFs with different topologies and compositions. In addition, they reported the cubic 

structure of soc-MOF(Fe) or MIL-127(Fe) to be consisted of two types of pores: the 

cage (~10 Å) and the 1D channel (~6 Å). For 1D channel, it was assumed that the 

accessibility of the windows will be through narrow apertures of ~4 Å. Due to the 

appropriate pore size, so it is possible for adsorption of small gases molecules in this 

material.  

 In 2014, Eubank et al. [27] have investigated sorption properties the biological 

gas nitric oxide (NO) on porous rigid MIL-127(Fe) experimentally. They reported not 

only the NO sorption properties but also release properties of porous materials: MIL-
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100(Fe, Cr) and MIL-127(Fe). For MIL-127(Fe), they reported that the Lewis acid sites 

are able to adsorb a few of nitric oxide at 298 K. 

 In 2015, Wongsakulphasatch et al. [28] have reported the scalable preparation 

of mixed metal Fe(III)/M(II) (M = Co, Ni, Mg) porous materials with control iron/metal 

stoichiometry. IR spectroscopy including adsorption studies of MIL-127(Fe) were 

reported. The carbon monoxide and carbon dioxide sorption in both MIL-127(Fe) and 

mixed iron (III) metal of MIL-127 are obtained in term of adsorption isotherm at 303 K. 

The adsorption isotherm results from this experimental study were compared with our 

simulations. 

 Recently, Chevreau et al. [29] have reported the new strategies for controlled-

size synthesis, scale up and full characterization of MIL-127(Fe). They showed how to 

synthesize MIL-127(Fe) with low-cost and environmentally friendly condition which 

allows to control crystal size and large-scale production. 

1.5 Scope of this research 

 The Gibbs Ensemble Monte Carlo (GEMC) simulations with rigid lattice were 

performed in order to gain insights into the adsorption behaviors of carbon dioxide and 

carbon monoxide in MIL-127(Fe). Some of force field parameters were taken from 

different literatures including quantum calculations to obtain the adsorption isotherm 

from simulations. The results were compared with the experimental results to find the 

most suitable force field parameters for both MIL-127(Fe) and gases. The Radial 

Distribution Functions (RDFs), the probability density and the site of the lowest 

potential energy were determined to locate the preferential adsorption sites of small 

gases in MIL-127(Fe). Finally, using the most suitable force field parameters, MD 

simulations were carried out to study the structural and dynamical properties of small 

gases in this porous material.  
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CHAPTER II 

THEORY BACKGROUND 

 

2.1 Quantum Mechanics 

 The Quantum mechanics (QM) have been developed over a century to explain 

microscopic phenomena. The principle of quantum mechanics was begun during the 

early twentieth century. The theory is formulated in specially developed mathematical 

formalisms. The limitation of classical mechanic becomes development of the 

quantum mechanics theory. Quantum mechanics extends classical mechanics ideas to 

understand the behaviors of subatomic, atomic, molecular species and electronic 

properties of heavy atoms. [30] 

 2.1.1 Schrödinger equation 

 Schrödinger equation is a partial differential equation that describes how 

the quantum state of a quantum system changes with time. [31] If a particle has wave 

properties according to de Broglie so it could be described by the combination of the 

de Broglie and the classical wave equation. Eq. 1 is the time-independent Schrödinger 

equation for one-dimensional motion. [32] 

   0)(
8

2

2

2

2




VE
h

m

dx

d      Eq. 1 

where  is the amplitude of the particle/wave at a position x  or wave–function, m  

is the mass of the particle, h  is the Planck’s constant, E  is the energy (kinetic + 

potential) of the particle and, V  is the potential energy of the particle. 

 The Schrödinger equation plays the role of Newton’s laws and conservation of 

energy in classical mechanics to describe the behavior of a quantum system in terms 

of wave–function which could be used to elucidate the probability of events or 

outcome. The combination of kinetic and potential operators so called the 

https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Quantum_system
https://en.wikipedia.org/wiki/Wave_function
https://en.wikipedia.org/wiki/Wave_function
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Hamiltonian operator which acts upon the wave–function to generate the evolution 

of the wave–function in time and space. The Schrödinger equation gives the quantized 

energies of the system and the form of the wave–function so that other properties 

may be calculated. However, the Schrödinger equation of atoms or atomic ions with 

more than one electron could not be solved analytically, because of the mathematical 

difficulty posed by the Coulomb interaction between the electrons. Hence, it can be 

solved in exact only for one electron systems like hydrogen atom and hydrogen-like 

ions (He+, Li2+, Be3+ and B4+)  

  The general forms of the Schrödinger equation are time-dependent Schrödinger 

equation and time-independent Schrödinger equation. The time-dependent 

Schrödinger equation is used to find the wave–function which depends on time 

following Eq. 2. While the time-independent Schrödinger equation is used to find the 

wave–function from the stationary states or standing waves following Eq. 3. 

    ),(),(ˆ tx
t

itxH 



     Eq. 2 

      EĤ     Eq. 3 

Ĥ is the Hamiltonian operator,  is the wave–function of the quantum system, E  is 

the energy of state, i  is the imaginary unit,   is the Planck’s constant divided by 2 , 

and the symbol 
t

  indicates a partial derivative with respect to time, x  and t  are the 

position vector and time respectively. 

 2.1.2 Born-Oppenheimer approximation 

 The Born–Oppenheimer (BO) approximation is the assumption that the motion 

of nuclei and electrons can be separated due to the fact that the mass of nucleus is 

around 1,800 times heavier than that of electron. The nuclei move very slowly when 

compared with the movement of electrons. Thus, the nuclear positions are seemingly 

fixed with respect to the electronic motion. The nonrelativistic Hamiltonian for a 

molecule could be shown in Eq. 4 or in more compactly form in Eq. 5. [33] 

https://en.wikipedia.org/wiki/Wave_function
https://en.wikipedia.org/wiki/Wave_function
https://en.wikipedia.org/wiki/Wave_function
https://en.wikipedia.org/wiki/Wave_function
https://en.wikipedia.org/wiki/Wave_function
https://en.wikipedia.org/wiki/Hamiltonian_(quantum_mechanics)
https://en.wikipedia.org/wiki/Operator_(physics)
https://en.wikipedia.org/wiki/Wave_function
https://en.wikipedia.org/wiki/Imaginary_unit
https://en.wikipedia.org/wiki/Planck_constant
https://en.wikipedia.org/wiki/Partial_derivative
https://en.wikipedia.org/wiki/Time
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 )(ˆ)(ˆ),(ˆ)(ˆ)(ˆˆ rVRVRrVRTrTH eeNNeNNe      Eq. 5 

where ji, refer to electrons, BA, refer to nucleus, Z is the nuclear charge, AM  is the 

proportion of mass of nucleus A  to the mass of electron, ABR is the distance between 

nuclei A  and B , Air is the distance between nucleus A  and electron i , ijr is the 

distance between electron i  and j . Ne TT ˆ,ˆ  refer to the kinetic energy terms of 

electrons and nucleus and V̂ refers to the Coulomb terms. 

Substituting Eq. 5 to the Schrödinger equation, one obtains 

  );();()ˆˆˆˆˆ( RrERrVVVTT NNeNeeeN    Eq. 6 

Imposing the Born-Oppenheimer approximation, the solutions for nuclei and electrons 

can be separated, and  

   );()();( RrRRr elnu      Eq. 7 

where elnu  , = nuclear, electronic wave–function. The former depends on only 

nuclear coordinates and the latter depends on electronic coordinates at fixed nuclei 

R. 

 At fixed nuclei configuration, the term 2

2

1
A

A AM
  is expected to be small and 


BA AB

BA

R

ZZ  is a constant. So they can be neglected. So that. Thus, Eq. 6 becomes 

  )()()](ˆ),(ˆ)(ˆ[ rErrVRrVrT eleleleeeNe    Eq. 8 
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Hence, the solution of molecular Schrödinger equation can be obtained by just solving 

the electronic Schrödinger equation. The NNel VE ˆ  is the potential energy and it 

governs all chemical properties.  

 2.1.3 Hartree-Fock method 

 Hartree-Fock (HF) method is a method for approximately solving the electronic 

Schrödinger equation which is similarly to the molecular orbital approximation. [34] 

The approximation avoids electron-electron interactions and considers each electron 

to move in electrostatic field of their neighbors. The wave–function of the system is 

approximated by the single Slater determinant and the solution is obtained by the 

variation principle. The new operator including Coulomb and exchange operator was 

introduced as Fock operator which shows in Eq. 11 and finally, the Hartree-Fock 

equations are shown in Eq. 12. 

   
j

jj xKxJxhxf )()()()( 1111     Eq. 11 

   )()()( 111 xxxf iii       Eq. 12 

where )( 1xJ j
 is Coulomb operator, )( 1xK j

is an exchange operator, i is the energy 

eigenvalue associated with orbital i .  

The HF equation is non-linear. Thus, we can determine the set of orbitals by the self-

consistent field (SCF) approach. [35] 

 2.1.4 Basis sets 

 The Basis set is a set of known mathematical functions. In quantum chemical 

calculations, the linear combination of atomic orbital (LCAO) is normally used to 

construct the molecular orbital (MO). The atomic orbital represents one electron 

wave–function and it can be written in terms of the summation of the basis functions, 

Eq. 13, where 
ic  is the orbital coefficients. The basis functions can be described by 

https://en.wikipedia.org/wiki/Wave_function
https://en.wikipedia.org/wiki/Wave_function
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either Slater-type orbitals (STOs) or Gaussian-type orbitals (GTOs) [36]. Forms of STOs 

and GTOs were given in Eq. 14 and Eq. 15 

    



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ii c
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       Eq. 13  
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,,,,, ),(),,(    Eq. 14 

   
2

.,,,, ),,( rcba

cbacba ezyxNr 
     Eq. 15 

where zyx ,, are Cartesian coordinate, N is a normalizing constant, cba ,, are natural 

number, mln ,,  are angular momentum quantum number, r is the distance of the 

electron from nucleus and  is a constant related to the effective charge of the 

nucleus and  
2re  is a Gaussian functions.  

 The STOs basis function is the analytical stationary Schrödinger equation for 

one electron atom. In order to perform SCF calculations, the four-center two-electron 

integrals must be computed. For STOs, the calculation of the four-center two-electron 

integral takes very long time.  While it is much more faster when computes using GTOs, 

although more integrals are required. Therefore, GTOs are more widely used than STOs. 

 There are several classes of basis set which are classified by type and number 

of functions being include. They are:  

1) Minimal basis set  

 This basis set required only one basis function for each atomic orbital also 

known as a single zeta basis set. The common minimal basis set is STO-nG, where n 

being the number of primitive Gaussian functions. A STO-3G basis set is commonly 

used. 

2) Extended basis set 

 The extended basis set is the basis set with more than one basis function per 

atomic orbital. There are several types of extended basis sets which are: 
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Multiple zeta basis set 

For this basis set, the valence orbital is split into inner and outer function so called 

the split valence basis set. The inner function has larger  exponent which means the 

atomic orbital is more contracted. The outer function has smaller  exponent which 

means the atomic orbital is more diffuse. The most commonly used basis functions 

are 3-21G and 6-31G. 

Polarized basis set  

 In polarized basis set, polarization functions which are functions with higher 

angular momentum are added to the split-valence basis set. The addition of higher 

angular momentum functions will give flexibility or can allow orbitals to become 

polarized. In principal, s-orbital can polarize if mixed with p-orbitals and p-orbitals can 

polarize if mixed with d-orbitals. To polarize a basis function with angular momentum 

(  ), it should be mixed with another basis function with angular momentum ( 1 ). 

Diffuse basis set  

 In diffuse basis set, diffuse functions which are additional functions with very 

small exponents are added to extended basis set. The addition of the diffuse function 

allows diffusive electron behavior. Diffuse basis sets are necessary for correct 

description of anions and weak bonds and they are frequently used for calculations of 

properties such as dipole moments, polarizability, etc. 

2.2 Simulations 

 In quantum mechanical calculations, the properties of static quantum system 

can be obtained. In order to understand the dynamic properties, a common way is 

using the statistical mechanics. A statistical mechanics is theoretical studied of the 

thermodynamic behavior of large system by apply probability theory. Statistical 

mechanics provides a framework for relating the microscopic properties of individual 

atoms and molecules to the macroscopic bulk properties of materials that can be 
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observed in everyday life. Statistical mechanics introduces the statistical ensemble in 

order to define thermodynamic properties of the systems. 

 2.2.1 Ensemble 

 An ensemble was a collection of imaginary replication of the thermodynamic 

systems. [37] All possible systems differ in microscopic states but have an identical 

macroscopic or thermodynamic state. Each thermodynamic system represents a 

possible state that can be occurred in the real system. In general, the pressure (P), 

volume (V), temperature (T) and number of molecules (N) were defined as 

thermodynamic state. The different three general approaches which important in 

statistical thermodynamics consist of  

 1) Microcanonical ensemble or NVE ensemble 

 A microcanonical ensemble is the statistical ensemble which represents the 

possible states in statistical mechanical system with certain total energy. The system 

cannot exchange the energy or particles with environments. The thermodynamic state 

is determined by fixing number of particle in the system (N), volume (V) and total 

energy (E). 

 2) Canonical ensemble or NVT ensemble 

 A canonical ensemble is the statistical ensemble which represents the possible 

states in statistical mechanical system in thermal equilibrium with heat bath. The 

energy of the system can exchange with the heat bath and the different between each 

states can be found in the total energy. The thermodynamic state is determined by 

fixing number of particle in the system (N), volume (V) and temperature (T). 

 3) Grand canonical ensemble or µVT ensemble 

 A grandcanonical ensemble is the statistical ensemble which represents the 

possible states in statistical mechanical system in thermodynamic equilibrium with 

reservoir (surrondings). The system can exchange both energy and particles with 
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reservoir. The thermodynamic state is determined by chemical potential (µ), volume 

(V) and temperature (T).  

 The ensembles are criteria that we choose to determine the system, before 

performing the simulations, the energy of the system must be evaluated by using 

quantum mechanics. However, the energetic calculation by quantum mechanics are 

not practically in a large system.  The alternative way is using molecular mechanics. 

 2.2.2 Molecular mechanics and Force Field parameters 

 The basic functional form and parameter sets which used to described the 

potential energy of the system in molecular simulations. The total energy can be 

written in Eq. 16 which depend on bonded potential and nonbonded potential. 

    nonbondedbondedtotal EEE      Eq. 16  

 The bonded potential or intramolecular potential can be described by bonds 

stretching, angle bending and dihedral angle torsion as shown in figure 2.  

 

Figure 2 The interatomic interactions in molecular mechanics [38] 

 The potential energy can be found from the summation of bond potentials, 

angle potential and dihedrals potential which shown in Eq. 17.  
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where bK , K , K are the force constant of the bond stretching, angle bending and 

dihedral angle constant. 0r , 0 , 0 are the equilibrium bond distance, equilibrium angle 

and equilibrium dihedral angle. 
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 For nonbonded potential or intermolecular potential, the potential energy is 

based on the Van Der Waals potential and electrostatic or Coulomb potential following 

Eq. 18.  
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where 
ji qq , are the atomic charges of atom i  and j , 0  is the effective dielectric 

constant, 
ijr  is the distance between atom i  and j , 

ij is the potential well depth and 

ij  is the distance between atom i  and j  at the zero potential energy  

 For the Van Der Waals potential, it can be described by the attractive forces 

and repulsive forces in term of Lennard-Jones potential which displayed in figure 3. 

 

Figure 3 The Lennard-Jones potential use to describe interatomic potential of 

molecule. [39] 

 For the electrostatic potential, Interactions between molecules due to their 

permanent dipole moments are described approximately by treating the charged 

portions of the molecule as point charges. Herein, The Coulomb potential is the 

effective pair potential which used to describe the interaction between two point 
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charges. The Coulomb potential for point charges were used to estimate the forces 

between the charged portions of each molecule and the charged parts of neighboring 

molecule. 

 For unlike Lennard-Jones interactions, the Lorentz-Berthelot combining rules 

were applied following Eq. 19 for diatomic parameters. 

   jjiiijjjiiij   ,)(
2

1    Eq. 19 

 2.2.3 Monte Carlo (MC) simulations 

 One approximate approach that is well suited to computers calculation is 

the Monte Carlo method. Monte Carlo is the mathematical methods that use random 

numbers for solving quantitative problems. Monte Carlo simulation performs analysis 

by building models of possible results by a range of probability distribution for any 

factor that has inherent uncertainly. Then the results were calculates over and over, 

each time using a different set of random values from the probability functions. The 

difference of this approach can rely on equilibrium statistical mechanics rather than 

molecular dynamics.  

  2.2.3.1 Gibbs ensemble Monte Carlo (GEMC) simulations 

 The Gibbs ensemble Monte Carlo method have been developed for calculation 

of coexistence phase in a new ensemble. [40] This technique makes two simulation 

boxes which are in thermodynamic contact. The particles can swap between two 

simulation boxes to create chemical potential equilibrium between two phases with 

no physical contact. [41] The useful of Gibb ensemble Monte Carlo are applied to the 

calculation of the liquid-vapor coexistence or solid-vapor coexistence. In this work, 

GEMCs have been applied for the calculation of adsorption isotherm between porous 

solid material and small gas molecules. 

 In principle of the GEMCs following figure 4, consider two simulations cell are 

occurred simultaneously with different phase. The region I is the vapor phase or gas 
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phase and another one is liquid phase or solid phase. The systems have constant 

number of particles (N), volume (V) and temperature (T) in the initial conditions. Three 

types of movement that satisfied for thermodynamics requirement composed of the 

particles displacement within each region, volume changes of two regions and particle 

transfer between two regions. These moves were continued until the system get 

internal equilibrium in equality of pressure and chemical potentials. 

 

Figure 4 Schematic illustration of movement in Gibbs ensemble Monte Carlo (GEMC) 

simulations. [42] 

 2.2.4 Molecular Dynamics (MD) simulations 

 The molecular dynamics simulation provides time dependent behavior of a 

molecular system. It can be used to investigate the structure, dynamics and 

thermodynamic properties of molecules. The principle of MD simulations based on 

Newton’s second law or equations of motion following Eq. 20. 
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where iF  is the force on particle i  , im  is the mass of particle i , ia is the particle’s 

acceleration, r is the position and t  is a time. 

 Integration of the equations of motion will be obtained the trajectory which 

describes the position, velocity and acceleration of particle in a function of time. 

  2.2.4.1 Integration algorithms 

 The equations of motion in MD simulations are deterministic. To solve 

equations of motion, the initial positions of particles, velocities and acceleration are 

determined by the potential energy function. This function will be solved numerically 

for all trajectories in MD system. Many of algorithms can be used to integrate the 

equations of motion such as Verlet algorithm, Leap-frog algorithm, Velocity Verlet 

algorithm and Beeman’s algorithm. The integration algorithms suppose the positions, 

velocities and accelerations by approximation from a Taylor series expansion. The 

important criteria for considering the algorithm that will be applied are: computational 

efficiency and allowing a long time step for integration and conservation of energy and 

momentum.  

 In this study, the Verlet algorithm via DL_POLY software is applied for 

integration of equations of motion. The equations from Verlet algorithm can be written 

as  

   2)()()(2)( ttattrtrttr      Eq. 21 

where r is the position, a is the acceleration (the second derivative with respect to 

time, t .) 

 The Verlet algorithm determined only the positions at time t  and positions at 

time tt   to construct new position at time tt  . The Verlet algorithm do not have 

explicit velocities. The advantages of using Verlet algorithm are the straightforward 

derivation and the simple storage requirements. However, the disadvantage of using 

this algorithm is the tolerable precision. 
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Figure 5 Schematic representation of Molecular dynamics simulation diagram. 

 The performation of MD simulations can be easily described in figure 5. Firstly, 

the initial positions and velocities of the particles are constructed and the simulation 

time steps are set. Then, the positions and velocities of the next stage are predicted 

by solving the equation of motion. Select ensemble conditions are applied in the next 

step. Finally, the positions and velocities are updated. These processes are continued 

until the simulation reaches the final time. The trajectory from MD simulations contains 

a lot of physical and dynamic properties to analyze. 
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 2.2.5 Periodic Boundary Condition 

 Periodic boundary conditions (PBC) have been widely used in computational 

calculation to represent infinite system.   

 

Figure 6 Schematic represent periodic boundary conditions in two dimensions [43] 

 In the simulations, the primary cell is replicated in all direction as image cells 

as shown in figure 6. The primary and image cells have similar in number of particles, 

position of particles, size and shape of simulation boxes. So particles interact not only 

within one simulation box, but also with another image boxes. Surrounding the box 

with replication of itself will avoid the problem from surface effect. The minimum 

image convention is required as a spherical cut-off radius for each atom which interacts 

with the nearest neighbors in the periodic array. The cut-off will reduce the number of 

computations. [44] 

 In general, the cubic box shape is commonly used for the periodic simulation 

because it is easy to visualize. However, there are another shape of simulation box 

such as truncated octahedron, hexagonal prism, rhombic dodecahedron, etc. 
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 2.2.6 Radial Distribution Functions (RDFs) 

 The radial distribution function or pair correlation function, )(rg , commonly 

used to interprete the conditional probability of finding atom at the distance r  away 

from the origin in a spherical shell between r  and drr  , figure 7. 

 

Figure 7 Schematic explanation of the radial distribution functions [45] 

 The RDF can be expressed as  
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where )(rg  is the RDF, r is the distance between atoms i  and j , )( rrNij  is the 

number of atom j  around i  within a shell from r  to r , V is the system volume, 

and 
ji NN , are the number of atoms i  and j , respectively. 
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 2.2.7 Molecular diffusion  

 In order to describe the distribution of molecules through random motion. The 

diffusion of the molecules were used to describe the dynamic behavior [46]  

    ),(),( 2 trcDtrc
t




    Eq. 23 

     cDJ      Eq. 24 

where ),( trc  is a function that describes the distribution of probability of finding 

molecules at position r  at time t , D  is the diffusion coefficient. 

 The term c  can interpreted as concentration corresponding to Fick’s first law 

(Eq. 24). J  is the diffusion flux of the concentration. The mathematical equation can 

be solved by using Green’s function and the position of molecules are measured by 

the mean square displacement (MSD). 

    tDrtr 6)]0()([ 2     Eq. 25 

 The mean square displacement is a measure of average distance travelled by 

molecules. This equation used by Einstein in the study of Brownian motion of particles. 

When the distance of molecules travelled is proportional to time, the self-diffusion 

coefficient ( sD ) is obtained. 
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CHAPTER III 

CALCULATION DETAILS 

 

3.1 Quantum Mechanical calculations 

 Atomic partial charges are one of the parameters that are required for the 

simulations. Several methods can be used to calculate the atomic partial charges, for 

instance, the Mulliken charge [47], the electrostatic potential (ESP) [48], the 

charges from electrostatic potentials using a grid based method (CHELPG) [49] etc. In 

the present work, the ESP method was chosen for estimating the atomic partial 

charges. For the ESP method, the electrostatic potential was fitted on a grid which 

surrounded the molecules. In this work, we separated the structure into two types for 

calculating the ESP charges as shown in Fig. 8. The calculations were performed by the 

Gaussian09 program [50] using the Hartree-Fock (HF) method with 6-31G* basis set. 

Subsequently, the ESP charges from two structures were applied to the force field 

parameters for the simulations. 

 

Figure 8 Two structures used to estimate the electrostatic potential (ESP) charges for 

organic linker (left) and metal cluster (right) in MIL-127(Fe). 
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3.2 Simulations 

 The crystal structure of the MIL-127(Fe) was constructed from X-ray diffraction 

(XRD) data. This is an ideal lattice averaged from experimental data. Consequently, the 

impurities that exist in the real MIL-127(Fe) will not appear. The structure was 

generated to consist of 27 (3×3×3) unit cells and 8 (2×2×2) unit cells for using in the 

GEMC and the MD simulations, respectively. Periodical boundary conditions have been 

applied in both GEMC and MD to model a virtually infinite system. The force field 

parameters of a given atom in the lattice are depended upon the surrounding of this 

atom. Therefore, fictive atom types N_N, C_H, C_O, C_N, C_C, O_O, O_Fe, O_Z, H and 

Fe have been defined in the MOF structure, respectively. Their positions within the 

lattice can be seen in Fig. 9. 

 

Figure 9 The structure of MIL-127(Fe) as constructed from XRD data composing of 

metal cluster and organic linker. The carbon, hydrogen, oxygen, nitrogen and iron 

atoms are shown by grey, white, red, blue and purple colors, respectively. In addition, 

the label of atom types in the MIL-127(Fe) are displayed. 

 3.2.1 Force fields 

 In computational simulations, the force field parameters which describe the 

potential energy of the systems, are based on bonded and nonbonded interactions. 
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Because of large cavities, channels and connecting windows in MIL-127(Fe) rigid models 

appear to be reasonable for both MD and MC of diffusion and adsorption of the small 

gas molecules. For the rigid MOFs structure, only the nonbonded interactions play a 

role that can be described by Lennard-Jones (LJ) and Coulombic potentials following 

the equation 18. 

 Different LJ parameters of carbon, hydrogen, oxygen and nitrogen atoms were 

compared. They were taken from Universal Force Field (UFF) [51], DREIDING [52], and 

the literature from Babarao et al. [53] whereas the parameters of the iron atom were 

always taken from UFF. The parameter data were shown in Table 1. Atomic charges 

from QM calculations were adopted to each atom type in the material.  

 The structure of the carbon dioxide molecule, was modelled as a rigid linear 

molecule. The LJ parameters including the charges of carbon and oxygen atoms were 

taken from Potoff and Siepmann (FF1) [54] and Liu et. al. (FF2) [55] with the bond 

length of 1.16 Å. The parameters are shown in Table 2 and Table 3. Furthermore, the 

five sets of the carbon dioxide charges were prepared following the literature [56-60] 

for adjustment of the force field parameters. 
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Table 1 The Lennard-Jones potential parameters for MIL-127(Fe) 

 UFF [51] DREIDING [52] Literature [53] 

Atom 

types 
  (Å) 

(kcal/mol) 
  (Å) 

(kcal/mol) 
  (Å) 

(kcal/mol) 

N_N 3.660 0.069 3.6621 0.0774 3.261 0.0686 

C_O 3.851 0.105 3.8983 0.0951 3.431 0.1045 

C_H 3.851 0.105 3.8983 0.0951 3.431 0.1045 

C_N 3.851 0.105 3.8983 0.0951 3.431 0.1045 

C_C 3.851 0.105 3.8983 0.0951 3.431 0.1045 

O_Fe 3.500 0.060 3.4046 0.0957 3.118 0.0597 

O_O 3.500 0.060 3.4046 0.0957 3.118 0.0597 

O_Z 3.500 0.060 3.4046 0.0957 3.118 0.0597 

H 2.886 0.044 3.195 0.0152 2.571 0.0437 

Fe 2.912 0.013 - - - - 

 

Table 2 Force field 1 (FF1) of carbon dioxide [54] 

Atom types   (Å)  (kcal/mol) q (e) 

C 2.80 0.05360 +0.70 

O 3.05 0.15680 –0.35 

 

Table 3 Force field 2 (FF2) of carbon dioxide [55] 

Atom types   (Å)  (kcal/mol) q (e) 

C 3.43 0.10459 +0.544 

O 3.12 0.05974 –0.272 
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 For the carbon monoxide molecule, the structure was modelled as a rigid 

molecule. The LJ parameters were taken from Palucha et al (FF1) [61], Stoll et al (FF2) 

[62], Straub and Karplus (FF3) [63], Sirjoosingh et al (FF4) [64] and Gu et al (FF5) [65] 

with bond length 1.128 Å. The data were shown in table 4. However, in free carbon 

monoxide, the negative charge remains at carbon atom whereas the positive charge 

remains at the oxygen atom and the molecule has a small dipole moment of 0.122 D. 

[66] These values were applied for adjustment of the force field parameters.  

Table 4 Force field parameters for carbon monoxide. 

 Atom types   (Å)  (kJ/mol) q (e) Ref. 

FF1 
C 
O 

3.55 
2.95 

0.3089 
0.5120 

+0.0223 
-0.0223 

61 

FF2 
C 
O 

3.7051 
3.7051 

0.3068 
0.3068 

-0.1347 
+0.1347 

62 

FF3 
C 
Xcom 
O 

4.2990 
- 
3.5021 

0.1096 
- 
0.6657 

-0.75 
+1.60 
-0.85 

63 

FF4 
C 
O 

3.43 
3.12 

0.4409 
0.2519 

+0.107 
-0.107 

64 

FF5 
C 
Xcom 
O 

- 
4.2238 
- 

- 
0.8330 
- 

-0.75 
1.60 
-0.85 

65 

 

 3.2.2 Gibbs ensemble Monte Carlo (GEMC) simulations details 

 Monte Carlo simulations [40, 67, 68] have been widely used to study the 

adsorption behavior of guest molecules in MOFs e.g. in [4-8, 69]. In the grand canonical 

Monte Carlo (GCMC) simulation [67, 68], the chemical potential (  ), volume (V) and 

temperature (T) are fixed. The number of particles and the potential energy are 

fluctuating according to the Grand Canonical Ensemble. The disadvantage of the GCMC 
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method is that the pressure or density in a connected free gas phase cannot directly 

be obtained. Therefore, in order to get directly the value of the gas phase density that 

is in equilibrium with a given amount of adsorbed molecules, in this work, we 

performed Gibbs Ensemble Monte Carlo (GEMC) simulations using an in-house software 

called Gibbon which already used in [6, 8]. In these simulations the system consisted 

of two simulation boxes. One box contains bulk gas and another one contains the MOF 

- framework and guest molecules. The temperature of both boxes is equal and it is a 

fixed input quantity. The Metropolis MC moves were used within each of the two 

simulation boxes. Additionally the molecules can be swapped between the two boxes 

in order to ensure equilibrium between them keeping the total number of molecules 

fixed. The chemical potential can be shown to be equal in both boxes for each sort 

by the Widom method, but it is not needed for the algorithm. The desired pressure 

can be chosen by adjustment of the size of the bulk gas box and the total particle 

number.  

 In our simulations, the cubic box of the MIL-127(Fe) was fixed at the box length 

65.96 Å for GEMC simulations and 43.97 Å for MD simulations. The temperature is fixed 

at 303 K corresponding to the temperature of the adsorption isotherm from the 

experiment [28]. In Gibbon, the Coulombic interactions are not calculated by Ewald 

summation or a similar computer time expensive method. Instead, we use the fact 

that the sum of Coulombic interactions of the 3 atoms of one complete (in sum 

neutral) carbon dioxide with the partial charge of a given lattice atom is small for large 

distances and can be cut off or switched down to zero. The algorithm is described in 

more detail in [8]. In [70] the method of handling Coulombic charges by collecting 

charge groups is applied more generally on charge groups in big molecules.  The cutoff 

distance in our GEMC was set as 25 Å for the Coulombic interactions and the LJ 

interactions. During the simulation, for a given volume of the bulk gas box, the 

equilibrium between adsorbed molecules and the density in the gas box is obtained. 

Doing this for different gas phase densities and calculating for each the pressure by the 
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Peng-Robinson equation of state [71] adsorption isotherms are obtained. The first 105 

steps of the simulation run serve for the relaxation. After an equilibration period of 

typically 2x107 steps, the system in equilibrium was evaluated during another 2x107 

steps. By using different force field parameters of the MIL-127(Fe), carbon dioxide and 

carbon monoxide. Adsorption isotherm of carbon dioxide and carbon monoxide in MIL-

127(Fe) from GEMC simulations were compared with the experimental data to find the 

most suitable force field parameters for carbon dioxide and carbon monoxide in MIL-

127(Fe). These parameters have then been used to investigate the self-diffusion and 

the structural properties of the system. 

 3.2.3 Molecular Dynamics (MD) simulations details 

 The Molecular Dynamics (MD) simulations [67] were performed using the 

DL_POLY software [72] to calculate structural and dynamic properties based on 

Newton’s equation of motion. The force field parameters were validated by GEMC 

simulations, which show good agreement with the experimental results for adsorption 

for the finally chosen parameter set. The Lorentz-Berthelot mixing rules were applied 

for the LJ cross parameters. The cutoff distance for the LJ interactions was set to be 

18 Å. In this work, we loaded guest molecules in MIL-127(Fe) and simulated in the 

canonical ensemble (NVT) with Nose-Hoover thermostat for 5 ns to control the 

temperature at 303 K corresponding to the temperature of the adsorption. The 

Coulombic fields have been calculated by the Ewald sum because DL_POLY does not 

provide a charge group algorithm. 

 In order to learn about the influence of the thermostat on the diffusivity we 

carried out evaluation runs in both, NVT and in micro-canonical (NVE) ensembles for 

more than 25 ns to investigate the diffusion of guest molecule in MIL-127(Fe). For the 

NVE the system was first relaxed and equilibrated for another 0.5 ns before the 

evaluation started. This comparison NVT/NVE is interesting because on one hand it is 

known that thermostats can create artefacts (see e.g. [73-75]) and they can influence 
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diffusion results. On the other hand, because of the relatively small number of moving 

particles in rigid lattice simulation, the question arises if the velocity distribution is 

really a Boltzmann distribution in NVE. This question was investigated for a similar 

system by Fritzsche et al. in [76]. In this work it was shown that even for relatively 

small particle numbers per cage in a rigid zeolite the velocity distribution agreed quite 

well with a Boltzmann distribution because of the mutual thermalization of the guest 

molecules. The diffusion coefficients from both ensembles NVT and NVE in the present 

work are discussed in the results section. The time step in all MD runs was 2 fs. In NVE 

the average temperature T, was obtained by averaging the fluctuating kinetic energy 

and applying the equipartition theorem. T fluctuated with an average value of less 

than 1 per cent from the wished 303 K. The self-diffusion coefficient was obtained 

from the trajectory via the mean square displacement (MSD) [67]. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Quantum Mechanical calculations 

 The HF/6-31g* method and ESP approach were used to estimate atomic partial 

charges of MIL-127(Fe) that we required in the simulations.  

Table 5 The adjusted ESP charge of each atom types in MIL-127(Fe). 

 Set1 Set2 Set3 Set4 

Atom types q (e) q (e) q (e) q (e) 

N_N –0.171 –0.211 –0.240 –0.260 

C_O 0.909 0.750 0.920 0.970 

C_H –0.091 –0.091 –0.120 –0.080 

C_N 0.470 0.260 0.400 0.610 

C_C 0.082 –0.110 0.090 0.210 

O_Fe –1.131 –1.212 –1.200 –1.050 

O_O –0.788 –0.390 –0.780 –0.800 

O_Z –0.868 –1.012 –0.900 –0.920 

H 0.000 0.000 0.000 0.000 

Fe 2.389 1.920 2.600 2.000 

Total charge 0 0 0 0 
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 The models of the structure for calculation are shown in Fig. 8. Two structures 

can be used to estimate the charges for metal cluster and organic linker. Some values 

of the ESP charges have been chosen and made it floating. To avoid artefacts in the 

Coulombic potential, the charges were adjusted so that the total charge in MIL-127(Fe) 

is zero. In this work, we examined four sets of charges as shown in Table 5. 

4.2 Carbon dioxide in MIL-127 

 4.2.1 Adsorption isotherms 

 Gibbs Ensemble Monte Carlo (GEMC) simulations have been employed to find 

the adsorption isotherms of carbon dioxide in MIL-127(Fe) for different parameter sets 

in order to find parameters that yield agreement with the experiment. Firstly, the 

Universal Force Field (UFF) parameters were applied for the Lennard-Jones potential 

terms for the lattice atoms of MIL-127(Fe) and the charge set 1 from QM was used for 

the Coulombic potential term. For carbon dioxide, force field parameters adopted 

from Potoff and Siepmann (FF1) and Liu et. al. (FF2) were used. FF1 and FF2 differ in 

the  value, the value of carbon is smaller than that of oxygen in FF1 and vice versa 

in FF2, see Table 2 and Table 3. The adsorption isotherm of carbon dioxide in MIL-

127(Fe) obtained from the simulations with FF1 and FF2 force field and charge set 1 

in comparison with the experiment is given in Fig. 10a. The corresponding adsorption 

isotherm results for charge set 2 to set 4 are worse. 

Table 6 Force Field parameters for MIL-127 and CO2 
MIL-127(Fe) CO2 

LJ potential Coulombic potential Force Field 

UFF Charge set 1 FF1 
DREIDING Charge set 2 FF2 

Literature [53] Charge set 3  
Charge set 4  
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Figure 10 Adsorption isotherms of carbon dioxide in MIL-127(Fe) compared with 

experimental results using UFF for MIL-127(Fe) and FF1 and FF2 for carbon dioxide (a) 

and using LJ parameters from Babarao et. al. [53] for MIL-127(Fe) and FF2 for carbon 

dioxide (b) 

 The isotherm obtained by using FF1 seems to be highly overestimated as 

compared to the experimental results. Although the isotherm obtained by using FF2 

shows better agreement, there remains a large deviation. Thus, the FF2 force field is 

still suitable for this system. To find the suitable force field for the simulation of carbon 

dioxide in MIL-127(Fe) we further adjusted atomic charges of carbon dioxide and MIL-

127(Fe). The currently applied charge set 1 for the lattice worked reasonably and was 

maintained. After trying many adjustments, we finally found the best agreement by 

employing LJ parameters used by Babarao et. al. [53] for MIL-127(Fe). The result is 

displayed in Fig. 10b. The adsorption isotherm obtained from the simulation using 

these parameters shows the best fit with the experimental result. With this force field, 

the radial distribution function (RDF) was analysed. This force field was also employed 

for the MD simulations. 

 4.2.2 Radial Distribution Functions (RDF) 

 The Radial Distribution Functions (RDF) obtained from GEMC simulations of 

carbon dioxide in MIL-127(Fe) were analysed to locate the preferential adsorption sites 

of carbon dioxide.  
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Among the many atom types in MIL-127, only atom types which produce dominant 

peaks are discussed here. Fig. 11 shows RDF’s between the carbon dioxide and 3 atom 

types in MIL-127(Fe), O_Z, O_Fe, and C_N, at three pressures: 0.14, 1.04, and 1.71 bar. 

Atomic positions of these three atoms were also depicted in Fig. 9. 

 RDF’s for O_Fe, O_Z, and C_N were represented by open circle, open triangle, 

and filled square symbols in the plots, respectively. The highest peak for O_Fe appears 

at around 7 Å for all pressures and carbon dioxide atom types, which is the largest 

distance in comparison to other atoms. This means that carbon dioxide has the 

weakest affinity to O_Fe. For C_N, RDFs of carbon and oxygen of carbon dioxide show 

two major peaks around 4 and 6 Å. However, the probability of finding oxygen of 

carbon dioxide at these two positions is similar while it is more preferable to find 

carbon of carbon dioxide at 4 Å position except at low pressure. RDFs of carbon and 

oxygen of carbon dioxide and O_Z appear at the shortest distance, around 3 Å, and 

there is only one single major peak. The conclusion is that carbon dioxide prefers to 

adsorb at O_Z position in agreement with Babarao et. al. [53] who observed the metal 

clusters as the preferential adsorption site for IRMOF1. We also observed that only for 

this position the peak height becomes lower as the pressure increases. This suggests 

that at higher pressure carbon dioxide can reside at other adsorbed sites. From 

distances between oxygen and carbon peaks of carbon dioxide and MIL-127(Fe), it can 

be deduced that carbon of carbon dioxide is preferentially located close to the oxygen 

atom while oxygen of carbon dioxide is preferentially located close to the oxygen 

atom of the framework.  
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Figure 11 RDF’s between carbon of carbon dioxide and 3 atom types in MIL-127(Fe) 

(a, b, c) and RDF between oxygen of carbon dioxide and 3 atom types in MIL-127(Fe) 

(d, e, f) at 0.14, 1.04, and 1.71 bar. All graphs were obtained from GEMC simulations. 

 Since also MD simulations were performed, RDFs obtained from MD and GEMC 

simulations are compared. As shown in Fig 12 and Fig. 13, a similar pattern was 

observed for the RDFs obtained from both simulations.  
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Figure 12 RDF between carbon of carbon dioxide and MIL-127(Fe) (a-f) RDF between 

oxygen of carbon dioxide and MIL-127(Fe) (g-l) at concentration 5, 10, 15, 20, 25 and 

30 molecules/unit cell, respectively. All graphs obtained from MD simulations. 



 

 

41 

 

Figure 13 A comparison of RDF between GEMC and MD simulations. The figure on the 

left side show RDF between carbon of carbon dioxide and 3 atom types in MIL-127(Fe) 

whereas the figure on the right side show RDF between oxygen of carbon dioxide and 

3 atom types in MIL-127(Fe). GEMC data and MD data were obtained at the 

concentration around 5 molecule/unit cell. 

 4.2.3 Probability density 

 Additionally, the probability densities were used to illustrate the adsorption 

site and the results support the RDF data. Fig. 14 shows the probability density of 

carbon dioxide inside MIL-127(Fe) in form of clouds of purple dots obtained from GEMC 

simulations. They are produced by superposition of snapshots of the projection of all 

positions of the centers of mass of the carbon dioxide molecules onto the xy – plane. 

Snapshots of simulations were collected every 100000 steps at all pressures. 

 

Figure 14 Probability density of carbon dioxide in MIL-127(Fe) obtained from GEMC 

simulations at pressure (a) 0.14 bar (b) 1.04 bar and (c) 1.71 bar, respectively.  
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 Fig. 14a-c indicates the increase of the density of carbon dioxide as pressure 

increases in correspondence with the adsorption isotherm. Furthermore, the density 

plot shows that carbon dioxide molecules spread around the channel of framework. 

None of carbon dioxide molecules stay inside metal cluster but preferred to adsorb 

around the metal cluster at all pressures. These results are confirmed by the RDFs 

which tell us the preferential adsorption site of MIL-127(Fe). At higher pressure, there 

are many carbon dioxide molecules inside the framework.  Thus, carbon dioxide 

molecules can spread all over the framework but most intensely around the metal 

clusters. Moreover, we can see the close packing of carbon dioxide molecules which 

means carbon dioxide molecules can diffuse at high concentration less than at lower 

concentration because of mutual hindrance. This is in agreement with the diffusion 

coefficient discussed in section 4.2.5. 

 4.2.4 Site of the lowest potential energy 

 As an additional information Fig. 15 shows snapshots of a carbon dioxide 

molecule at the site and with the orientation of the lowest potential energy found for 

a carbon dioxide molecule throughout the whole GEMC simulations at the pressure: 

0.14, 1.04 and 1.71 bar, respectively. The energies of the carbon dioxide that belong 

to lowest potential energy are -34.197, -34.211 and -34.257 kJ/mol, respectively. Fig. 

15 shows that the carbon dioxide molecule has lowest potential energy near the O_Z 

position in MIL-127(Fe). This fits well to the RDF results in Fig. 11a which show that the 

peak of the RDF between carbon of carbon dioxide and O_Z is at about 3.0 Å whereas 

Fig. 11d shows that the peak between oxygen of carbon dioxide and O_Z is at about 

3.3 Å. Accordingly, the distance of the carbon atom is closer to the O_Z position than 

the oxygen atoms. At the other pressures, the results remain the same. The carbon 

dioxide molecules thus preferred to locate near the O_Z position in MIL-127(Fe) with 

the distance of about 3.0 Å. It can be concluded that the sites of the lowest potential 

energy are in agreement with RDF results according to which the preferential 

adsorption site is near the O_Z positions of the metal cluster. Moreover, it can be seen 
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that carbon dioxide molecules are located in the center of the channel and the 

preferred orientation of carbon dioxide molecules is parallel to the channel of the 

framework.  

 

Figure 15 The position and orientation of a virtual molecule at the site and orientation 

of the lowest potential energy from GEMC simulations in top views (left) and side views 

(right) at pressure (a) 0.14 bar (top) (b) 1.04 bar (middle) and (c) 1.71 bar (bottom), are 

shown, respectively. The other molecules are not shown. 

 4.2.5 Self-Diffusion coefficient from Molecular Dynamics (MD) simulations 

 The particle positions were stored every 500 steps from the last 5,000,000 steps 

and the mean square displacement (MSD) was analysed at concentrations 1, 5, 10, 15, 

20, 25 and 30 molecules/unit cell. The self-diffusion coefficients (Ds) were calculated 

from the slope of the MSD plot using Einstein’s equation of Brownian motions. Figure 
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16 shows the self-diffusion coefficient of carbon dioxide at different concentrations in 

both the NVE and the NVT ensemble. The highest value of Ds is 3.3×10-9 m2/s at the 

concentration of 10 molecules/unit cell and Ds becomes lower when the 

concentration is increased. At the concentration 30 molecules/unit cell, the Ds value 

is dropped down to 1.3×10-9 m2/s. This observation is similar to Yang et al. [77] and 

Chokbunpiam et al. [78], which reported the decreasing diffusivity of guest molecules 

with the increase of the loading at high density. This is the well-known consequence 

of the mutual hindrance of the guest molecules at high density. 

 The Ds values from NVT and NVE agree well for intermediate and high 

concentrations of guest molecules. This indicates that no artefact from thermalization 

appears. At low densities the Ds values are different. This can be understood because 

in the rigid lattice the thermalization by the vibrating lattice is missing. Thus, for low 

density the thermalization by the lattice has to be modelled by the thermostat while 

for higher concentrations the mutual thermalization of the guest molecules is 

sufficient. 

 

Figure 16 The self-diffusion coefficients of carbon dioxide molecules in MIL-127(Fe) at 

the different concentrations. 
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4.3 Carbon monoxide in MIL-127 

 4.3.1 Adsorption isotherms 

 The adsorption isotherms of carbon dioxide in MIL-127(Fe) show the best 

agreement for force field parameters that adopts LJ parameters by Babarao et. al. [53] 

for MIL-127(Fe) with the charge set 1 from QM. In this section, we continue using this 

parameters for MIL-12(Fe). For carbon monoxide molecules, force field parameters 

were taken from from Palucha et. al. (FF1) [61], Stoll et. al. (FF2) [62], Straub and 

Karplus (FF3) [63], Sirjoosingh et. al. (FF4) [64] and Gu et. al. (FF5) [65]. The adsorption 

isotherm between carbon monoxide and MIL-127(Fe) with different force field 

parameters were shown in Fig. 17a.  

 

Figure 17 Adsorption isotherm of carbon monoxide in MIL-127(Fe) compared with 

experimental results using FF1, FF2, FF3, FF4 and FF5 for carbon monoxide and using 

LJ parameters from Babarao et al. [53] for MIL-127(Fe) (a) and the adsorption isotherm 

using FF1 for carbon monoxide with applied charges (b). 

 The isotherm obtained by using FF1 of carbon monoxide (open circle symbol) 

seems to be better than FF2, FF3, FF4, FF5 when compared with the experimental 

results. [28] However, some suspicion occurred in the charge detail of FF1. In FF1, the 

charge of carbon atom is +0.0223e whereas the charge of oxygen atom is -0.0223e. 

This conflict with the experiments of free carbon monoxide [66] in which the negative 

charge should be located at carbon atom and the positive charge should be at oxygen 
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atom. Therefore, we placed the charge of -0.225e on carbon atom and of +0.225e on 

oxygen atom, still using LJ potential in FF1. The adsorption isotherm with this set of 

charges on carbon monoxide and LJ potential in FF1 is shown in Fig. 17b. The 

adsorption isotherm obtained from the simulation using these parameters shows the 

best fit with the experimental result. Using this force field, the radial distribution 

function (RDF) was analysed and showed in the next part. 

 4.3.2 Radial Distribution Functions (RDFs) 

 In order to observe the preferential adsorption sites of carbon monoxide in 

MIL-127(Fe). RDFs were performed to analyze the closest distance between two atoms. 

Fig. 18 shows RDF’s between the carbon monoxide and 5 atom types in MIL-127(Fe), 

N_N, C_O, C_N, O_Fe and O_Z, at three pressures: 0.08, 0.49, and 1.07 bar. 

 

Figure 18 RDF’s between carbon of carbon monoxide and 5 atom types in MIL-127(Fe) 

(a, b, c) and RDF between oxygen of carbon monoxide and 5 atom types in MIL-127(Fe) 

(d, e, f) at 0.08, 0.49, and 1.07 bar. All graphs were obtained from GEMC simulations. 
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 RDF’s for N_N, C_O, C_N, O_Fe and O_Z were represented by open square, 

filled circle, filled triangle, open triangle, and open circle symbols in the plots, 

respectively. The highest peak appear at C_N and N_N position of MIL-127(Fe) around 

4 Å and 5 Å for all pressures. The O_Fe position appears around 7 Å for all pressures 

which show the largest distance in comparison with other atoms. This means that 

carbon monoxide has the weakest affinity to O_Fe similar to carbon dioxide whereas 

C_O and O_Z show weak interactions at all pressures. At low pressure, the peaks were 

fluctuated due to a few carbon monoxide molecules inside the framework. In Fig. 18, 

It seems to be both carbon and oxygen atom of carbon monoxide prefer to adsorb 

near the organic linker part, which is in contrast to carbon dioxide molecules.  

 4.3.3 Probability density 

 Fig. 19 shows the probability density of carbon monoxide inside MIL-127(Fe) 

in form of clouds of purple dots obtained from GEMC simulations. 

 

Figure 19 Probability density of carbon monoxide in MIL-127(Fe) obtained from GEMC 

simulations at pressure (a) 0.08 bar (b) 0.49 bar and (c) 1.07 bar, respectively.  

 Fig. 19a-c indicates the increase of the density of carbon monoxide as pressure 

increases in correspondence with the adsorption isotherm. In order to forecast the 

preferential adsorption site, it can be seen that CO molecules are condensed near the 

organic linker zone of MIL-127(Fe) more than metal cluster zone of MIL-127(Fe) at low 

pressures. This differs from the preferential adsorption site of CO2, which are around 
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metal cluster zone of MIL-127(Fe). In addition, the probability density plot is in 

agreement to the RDFs which suggests the position near C_N of organic linker zone of 

MIL-127(Fe) to be the preferential adsorption site with the distance from CO around 4 

Å. 

 4.3.4 Site of the lowest potential energy 

 Fig. 20 shows snapshots of a carbon monoxide molecule at the site 

corresponding to the lowest potential of the GEMC simulations at the pressure: 0.08, 

0.49 and 1.07 bar, respectively. The energies of the carbon monoxide that belong to 

lowest potential energy are -17.936, -18.391 and -18.242 kJ/mol, respectively. 

 

Figure 20 The position and orientation of a virtual molecule at the site and orientation 
of the lowest potential energy from GEMC simulations at pressure (a) 0.08 bar (b) 0.49 
bar and (c) 1.07 bar, respectively. The other molecules are not shown. 
  

 From Fig. 20, the position of carbon monoxide molecule that has the lowest 

potential energy is near the H and C_N position of the organic linker in MIL-127(Fe) 

with the distance around 3 Å and 4 Å, respectively. This observation is similar to the 

RDFs and probability density plots. This site of CO is different from the site of lowest 

potential energy of CO2 in MIL-127(Fe).  
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 4.3.5 Self-Diffusion coefficient from Molecular Dynamics (MD) simulations 

 The mean square displacement (MSD) was analysed at concentrations 1, 5, 10, 

15, 20, 25, 30 and 35 molecules/unit cell. The self-diffusion coefficients (Ds) were 

calculated from the slope of the MSD plot using Einstein’s equation of Brownian 

motions. Figure 21 shows the self-diffusion coefficient of carbon monoxide at different 

concentrations in the NVT ensemble. The highest value of Ds is 13.7×10-9 m2/s at the 

concentration of 7 molecules/unit cell and Ds becomes lower when the concentration 

is increased. At the concentration 35 molecules/unit cell, the Ds value is dropped down 

to 4.2×10-9 m2/s. The Ds value of CO in MIL-127 is higher than that of CO2 at the same 

concentration. This result is in line with the theory of diffusion. Because the mass of 

CO is lower than CO2, so the movement of CO is faster. 

 

Figure 21 The self-diffusion coefficients of carbon monoxide molecules in MIL-127(Fe) 
at the different concentrations. 
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 Our study shows that CO2 can better adsorbed by MIL-127(Fe) than CO in MIL-

127(Fe) material. From adsorption isotherm, it could be seen that the number of 

adsorbed CO2 is higher than CO at the same pressure. Hence, MIL-127(Fe) can be used 

for CO/CO2 separation. From GEMC simulations, the preferential adsorption site of CO 

is near organic linker zone of MIL-127(Fe) whereas for CO2, it is near metal cluster zone 

of MIL-127(Fe). From MD simulations results, CO can diffuse faster than CO2 in MIL-

127(Fe) material owing to the self-diffusion coefficient values of CO is higher than CO2 

at the same concentrations. Thus, MIL-127(Fe) adsorbs both CO2 and CO in the 

different sites and the small gases can pass through MIL-127(Fe) framework with the 

different velocities. Therefore, we expected that MIL-127(Fe) material can possibly 

using as separation of CO2/CO.  
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CHAPTER V 

CONCLUSIONS 

 

 Adsorption and diffusion of small gases in MIL-127(Fe) were investigated using 

molecular simulations. A set of interaction parameters has been proposed for carbon 

dioxide and carbon monoxide in MIL-127(Fe) that well reproduces experimental 

adsorption data. Using rigid lattice, the adsorption isotherms between CO, CO2 and 

MIL-127(Fe) were compared with the experimental results to find the most suitable 

force field parameters for both MIL-127(Fe) and small gases. From the Radial 

Distribution Functions (RDF), the shortest distance between carbon dioxide and MIL-

127(Fe) was found at O_Z position of MIL-127(Fe) with the distance around 3 Å. In 

contrast to the RDF between MIL-127(Fe) and carbon monoxide, the shortest distance 

was found at the C_N position of MIL-127(Fe) with the distance around 4 Å. It can be 

summarized that the preferential adsorption sites of CO2 is expected to be around the 

metal cluster zone of MIL-127(Fe) whereas the preferential adsorption sites of CO is 

expected to stay around the organic linker zone of MIL-127(Fe). In order to observe 

the dynamic behavior of small gases, the self–diffusivity of CO2 was determined and it 

was found to be in the order of 2-3x10-9 m2/s except at very high concentrations 

whereas the self–diffusivity of CO was found to be in the order of 4-14x10-9 m2/s. For 

low concentrations the diffusivity increases slightly with increasing concentration while 

at higher concentrations it decreases as a consequence of mutual hindrance of the 

guest molecules. The comparison of simulations in the NVT and the NVE ensembles 

suggests that for simulations with rigid lattice at low densities a thermostat is needed, 

while at higher loadings the mutual thermalization of the guest molecules can well 

replace the thermostat. 
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Figure 22 Adsorption isotherm between MIL-127(Fe) and carbon dioxide compared 

with experiment. (a) After adjusted the charge of CO2, (b) after adjusted the charge of 

MIL-127(Fe). 

 

Figure 23 RDF of carbon dioxide in MIL-127(Fe) at concentration 5, 10, 15, 20, 25 and 

30 molecules/unit cell, respectively. All graphs obtained from MD simulations. 
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Table 7 The calculated electrostatic potential (ESP) charges to estimate the atomic 

partial charge in each atom types. 

Number atom ESP charges Number Atom ESP charges 

1 O -0.797668 27 H 0.000000 

2 O -0.796235 28 H 0.000000 

3 O -0.796066 29 C 0.372897 

4 O -0.794023 30 C 0.342238 

5 O -0.893554 31 N -0.187457 

6 O -0.888890 32 N -0.225521 

7 O -0.891117 33 O  -1.012465 

8 O -0.888588 34 O  -1.183421 

9 C 0.827257 35 O  -0.853708 

10 C 0.823432 36 Fe 2.013106 

11 C -0.118999 37 O  -0.916850 

12 C -0.113947 38 O  -1.388126 

13 H 0.000000 39 Fe 1.923616 

14 H 0.000000 40 O  -0.562301 

15 C -0.234674 41 O  -0.902857 

16 C -0.201023 42 O  -1.176557 

17 H 0.000000 43 O  -1.212168 

18 H 0.000000 44 H  0.000000 

19 C 0.064239 45 H  0.000000 

20 C 0.050533 46 H  0.000000 

21 C 0.855356 47 H  0.000000 

22 C 0.845535 48 H  0.000000 

23 C -0.030172 49 H  0.000000 

24 C -0.020639 50 H  0.000000 

25 C -0.149526 51 O  -0.728268 

26 C -0.153389 52 H  0.000000 
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Figure 24 Two structures used to estimate the electrostatic potential (ESP) charges 

for organic linker (left) and metal cluster (right) in MIL-127(Fe). 

 

Figure 25 The mean square displacement of carbon dioxide in MIL-127(Fe) obtained 

from NVT ensemble. 
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Figure 26 The mean square displacement of carbon dioxide in MIL-127(Fe) obtained 

from NVE ensemble. 
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Figure 27 The mean square displacement of carbon monoxide in MIL-127(Fe) obtained 

from NVT ensemble. 
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