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Introduction 
 

 

1.1 Zeolites and metal-organic frameworks  

1.1.1 Zeolites 
 
Inorganic microporous materials, typically known as zeolites, are an important class of 
materials, which are crystalline silicates or aluminosilicates with 3D microporous framework 
structures. The first zeolite was discovered by a Swedish mineralogist named Axel Fredrik 
Cronstedt in the 18th century who found that the stones rapidly lose water and seemed to boil 
upon heating them. Using the Greek words which mean "stone (lithos) that boils (zein)," he 
called this material zeolite [1]. 

In their common form, zeolites are based on TO4 tetrahedra, where T is an aluminum 
or silicon atom. The Primary Buiding Units (PBU’s) are the TO4 tetrahedra, and they form 
Secondary Building Units (SBU’s), like four rings (4R), five rings (5R), six rings (6R), eight 
rings (8R), double four rings (D4R), double six rings (D6R), double eight rings (D8R), etc., 
that contain up to 16 T atoms. These SBUs assembled together give rise to a large variety of 
different zeolites. Currently, more than 150 zeolite types have been synthesized and 48 
naturally occurring zeolites are known [2].       

In the zeolite frameworks, silicon and aluminum are bound to each other through 
shared O-atoms. The SiO4 units (Si4

+/O4
-) are neutral but the AlO4 units (Al3

+/O4
-) result in a 

net negative charge. The anionic character of the lattice caused by the presence of aluminum is 
compensated by protons and cations, such as Na+, K+, Ca2+, Mg2+, and others. These positive 
ions are rather loosely held and can readily be exchanged for other cations, leading to zeolites 
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exhibiting different adsorption, diffusion, and separation properties [3].  
Owing to their structural and compositional features, zeolites can be used for a variety 

tasks. 
 

a. Highly selective adsorbents 
Zeolites have the potential of providing precise and specific separation of gases, including: (1) 
separation of gas mixtures according to the size and shape of the adsorbates. In this way, they 
adsorb only those molecules that their diameters are less than the pore apertures (using 
molecular sieving principle) or adsorb some adsorbates preferentially according to length, size, 
and configurational entropy [4]. Examples include separation of propane/propene by 
pure-silica small pore 8R zeolites [5-11], and separation of alkanes by MFI [4, 12, 13]; (2) 
selective adsorption of the polar or unsaturated molecules. A practical example is the 
separation of N2 and O2 in the air on zeolite A, by exploiting different polarities of the two 
molecules [14], and the removal of CO2 and SO2 from low-grade natural gas streams [15, 16]. 

 
b. Water purification and softening  
Zeolites are widely used as ion-exchange beds in domestic and commercial water purification 
and softening. In these applications the mechanism is ion exchange to adsorb the calcium and 
magnesium found in tap water. 
 
c. Heating and refrigeration  
Zeolites can be used as solar thermal collectors and for adsorption refrigeration. In these 
applications, their high heat of adsorption and ability to hydrate and dehydrate while 
maintaining structural stability is exploited. This hygroscopic property coupled with an 
inherent exothermic reaction when transitioning from a dehydrated to a hydrated form (heat 
adsorption), making natural zeolites effective in the storage of solar and waste heat energy. 
 
d. Petrochemical industry
The large internal surface, the thermal stability, and the presence of acid sites make zeolites an 
important class of catalytic materials for petrochemical applications, for instance, in fluid 
catalytic cracking and hydro-cracking. Zeolites confine molecules in small spaces, which 
causes changes in their structure and reactivity. The proton form of zeolites (prepared by 
ion-exchange) is powerful solid acids, and can facilitate a host of acid-catalyzed reactions, 
such as isomerisation, alkylation, and cracking.  
 

From the above discussion, we can see that the widespread use of zeolites is mainly 
based on adsorption, diffusion, and catalysis. Although much experimental and theoretical 
research has been performed on investigating these properties, there are still many questions 
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left. For example, most of zeolite applications rely on the fact that the zeolite pores have 
dimensions that are comparable with the size of the molecules that can adsorb. To qualitatively 
and quantitatively explain why certain zeolites specifically adsorb one type of molecules and 
why certain ones are for a given application at the molecular level, reliable molecular models 
(force fields) are required. Many united-atom (UA) force fields [17-22] have been proposed 
for describing the adsorption and diffusion properties of alkanes in nanoporous framework 
structures. However, there are only two UA force fields dealing with the adsorption of alkenes 
in zeolites [23, 24]. In these two force fields tail corrections were used, which make them less 
practical to use in inhomogeneous systems [25, 26]. Most of the accurate alkane models do not 
use these tail corrections for adsorption and diffusion calculations in these types of systems. In 
this work we develop a similar type of force field for alkenes. In addition, it is well known that 
the presence of framework Al (non-framework cations/protons) influences the adsorption and 
the catalytic properties of the zeolites; however, the positions of the Al atoms and associated 
cations/protons distributions in many zeolites are still not clear and in this work we address the 
effects of non-framework ions on the adsorption properties at the molecular level. 

  
1.1.2 Metal-organic frameworks  
 
Metal-organic frameworks (MOFs) are a new family of hybrid porous materials that are 
formed by the coordination of metal ions with organic linkers. The first MOFs, reported by 
Robson and others in the early 1990s, typically consisted of single metal ions connected by 
simple tetrahedral or rod-shaped ligands, such as tetracyanophenylmethane or 4, 4-bipyridine 
[27-31], and had little or no practical applicability. The use of more varied organic linkers and 
the replacement of single metal ions with metal clusters have led to the synthesis of 
increasingly complex frameworks with a variety of applications [32-36].  

Similar to zeolite structures, MOFs can be built up from either tetrahedral or octahedral 
building blocks and have 3D microporous channels and ultra-high specific surface areas. By a 
rational combination of different metal ions with different organic linkers, these materials 
feature opportunities for a large range of differences in functionality and structure. To date a 
large number of different MOFs have been synthesized which have shown various promising 
applications in, for example, gas storage, separation, or catalysis, etc. [37-39]  
      Among the various MOFs synthesized, a family with interpenetrated frameworks [40, 
41] has shown potential applications for gas storage and separation. In this type of materials, 
additional small pores and adsorption sites are formed by the interpenetration of frameworks 
(the structure of IRMOF-9 [34] is shown in Figure 1.1 as an example), leading to MOFs with 
multi-pores of different sizes that exhibit different gases/gas mixtures adsorption, diffusion, 
and separation properties [41-47] compared with their non-interpenetrated counterparts [48, 



Chapter 1 
49].     
 

 

 
Figure 1.1: An example of MOFs (IRMOF-9)34 with interpenetrated framework. 
 

Currently, most theoretical [50-59] and experimental [60-62] investigations focus on 
non-interpenetrated MOFs and far less attention has been paid on the interpenetrated structures. 
To the best of our knowledge, neither experimental nor theoretical investigations have been 
performed on gas diffusion characteristics in such MOFs and the studies on the separation of 
gas mixtures in these MOFs are also very limited. In this work we address the question how 
the interpenetration influences the adsorption and diffusion properties of these materials. 

   
Considering the importance of zeolites and MOFs in chemistry, physics, and materials 

science, it would be important to obtain a better understand of these materials at the molecular 
level using molecular simulations. This is the motivation for the works in this thesis. We set 
out to clarify these problems with a combination of different simulation techniques. 
 

1.2 Simulation techniques 

 
Owing to the rapid improvement in computer hardware over the last few years and the 
invention of sophisticated simulation techniques, molecular simulation is playing an 
increasingly important role in studying the properties of materials and the adsorption and 
diffusion behaviors of fluids confined in these materials [63]. It not only provides a 
cost-effective way of determining adsorption isotherms, diffusion coefficients, etc., especially 
under conditions not readily amenable to experiments (for example, at extreme temperatures 
or pressures), but also gives molecular-level details of the microstructure of the confined fluids, 
such as the molecular conformation, adsorption location, and diffusion trajectory enabling us 
to examine the underlying mechanisms that may be inaccessible by experiments.  
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In this section we briefly introduce several popular simulation techniques like Monte 

Carlo (MC) and Molecular Dynamics (MD) simulations in various ensembles (canonical, 
grand-canonical, and the Gibbs ensemble) and their applications. In addition, Dynamically 
Corrected Transition-State Theory is presented as well. 

 
1.2.1 Monte Carlo simulations 
 
The Metropolis algorithm 
The Markov Chain Monte Carlo method is an important tool to generate a set of 
configurations that has a well defined distribution. In a Monte Carlo simulation, a Markov 
chain consists of a sequence of configurations and in practice, such a chain is generated by 
performing attempts to generate a new configuration, for example, by displacing a randomly 
selected particle and accepting or rejecting this move according the an appropriate acceptance 
rule. This acceptance rule can be derived from the condition of detailed balance [64]. If PB(o) 
and P

B

BB(n) denote the probability of finding the system in state (o) and (n), respectively, and 

)( no �� and )( on �� denote the conditional probability to perform a trial move 

from and , respectively, then the probability to accept the trial 

move from is related to by the condition of detailed balance:  

no � on � )( noPacc �

no � )( onPacc �

)()()()()()( onPonnPnoPnooP accBaccB ����� ��                 (1.1) 

In case the priori probability to generate a particular Monte Carlo move does not depend on 
the actual configuration, we have:  

)()( onno ��� ��                                              (1.2) 

so the acceptance probability is 

��
�

�
��
	



��

)(
)(,1min)(

oP
nPnoP

B

B
acc                                        (1.3) 

 
If we are simulating the NVT ensemble the probability distribution is given by the 

Boltzmann distribution: 

� � �NN
NVT UP ���� �exp)(                                      (1.4) 

where
TkB

1
�� ,  is the coordinate in phase space, and U� � �N�  is the potential energy of 

configuration . If we substitute this expression in equation (1.3), we see that the N�
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acceptance rule depends on the difference of the energy between the new and the old 
configuration. There are many acceptance rules that obey this condition. The choice of 
Metropolis et al. is: 
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����� )()(exp,1min)( oUnUnoacc ������ �                           (1.5) 

In conventional NVT Monte Carlo simulations the number of particles is constant. To 
compute an adsorption isotherm, which gives us the number of molecules inside the porous 
materials as a function of the pressure of the gas or liquid that is in contact with the porous 
materials, it is convenient to use the grand-canonical ensemble. In the grand-canonical 
ensemble the probability of find a particular configuration is: 

 
� � � � N

N

N
N

VT U �
N

VNNP ss ���
� �

�
� exp

!
exp);( 3                          (1.6) 

where  is the thermal de Broglie wavelength, � �  is the chemical potential, and  are 

the reduced coordinates, i.e., , where  is the coordinate and L is the length of the 
box. The characteristic of a grand-canonical Monte Carlo simulation is that one has to add or 
remove particles from the system. For example, by substituting equation (1.6) in equation (1.3), 
we see that the acceptance rule for the addition of a particle is: 

Ns

L/rs � r

 �� ���
�

�
��
	



���

��
����� )()1(exp

)1(
,1min)1( 3 NUNU

N
VNNacc ��         (1.7) 

where  is the energy of the additional particle that is added at a random 

position in the porous materials.  

)()1( NUNU ��

In a Monte Carlo simulation it is important that a sufficiently large number of moves 
are accepted. In the case of grand-canonical simulation, the insertion of a particle at a random 
position will be rejected if this particle is added on top of one of the atoms of the porous 
material or other adsorbed molecules. For small molecules like methane one can carry out a 
sufficiently large number of random insertions to find the "holes" in the porous material. 
However, for the long chain molecules random insertion becomes very inefficient as the 
probability that one of the atoms in the chains overlaps with the porous materials atoms 
increases enormously with chain length. Special techniques are therefore required to deal with 
these long chain molecules. 
 
Configurational-bias Monte Carlo (CBMC) 
As the fraction of successful insertions into the porous materials is very low for long-chain 
molecules, conventional Monte Carlo simulations become very time-consuming for these 
types of molecules. To increase the number of successfully inserted molecules we apply the 
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CBMC technique. In the CBMC scheme molecules are not inserted at random but grown atom 
by atom. This growing process introduces a bias which can be removed exactly by adjusting 
the acceptance rule [64]. 

To generate a new configuration of a molecule, we use the following steps based on 
the method developed by Rosenbluth and Rosenbluth [65]:  

 
1. For the first atom, a random position in the porous materials is generated, and the energy of 

an atom at this position is calculated. This energy is denoted by U1. 
 
2. For the following atoms, say atom i, a set of k trial positions is generated. We denote these 

positions by . For each of these trial positions the energy is calculated 

with the atoms of the other molecules and with those atoms of the molecule that are already 

grown. This energy is denoted by U

),......,,( 21 kbbbb �

i ( ). jb

 
3. Out of these k trial positions one is selected, say j, with a probability 

)(
)](exp[

)(
iw

dU
dP jji

jji

bb
bb

��
�                                      (1.8) 

in which  

)](exp[1)(
1
�
�

��
k

j
jiU

k
iw b�                                        (1.9) 

Eq. 1.8 ensures that those conformations with the lowest energy have the highest 
probability of being selected. 
 

4. After repeating step 2 until the entire chain molecule of length M has been grown, we 
compute the Rosenbluth factor of the new configuration 

�
�

��
M

i

iwUnW
2

1 )()exp()( �                                            (1.10) 

 
We use a similar algorithm to compute the Rosenbluth factor of the old conformation: 

1. A molecule is selected at random and the energy of the first atom is calculated and is 
denoted by U1.

 
2. For the following atoms, the external energy Ui is calculated and a set of k - 1 trial 

orientations is generated. Using this set of orientations and the actual position of atom l, , 1b
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we calculate 

 � 
�
�
�

�
�
 

���� �
�

k

j
jii UU

k
lw

2
1 )(exp)(exp1)( bb �� �                           (1.11) 

3. After repeating step 2 until all M atoms of the chain molecule have been considered, we 
calculate for the entire molecule the Rosenbluth factor of the old conformation  

�
�

��
M

i

ext iwUoW
2

1 )()exp()( �                                          (1.12) 

We can use these algorithms to generate a new conformation and compute the 
Rosenbluth factors of the old and new configurations to perform canonical (NVT), 
grand-canonical (�VT), and Gibbs ensemble simulations. It is important that the bias, which is 
introduced by the selection of the most favorable conformation, is removed by appropriate 
acceptance rules. For example, for an NVT simulation one can use the CBMC scheme to 
remove a randomly selected molecule and regrow it at a random position in the porous 
materials; this move is not accepted or rejected on the basis of the energy difference (compare 
to equation (1.5)), but on the basis of the ratio of the Rosenbuth weights [64]: 

��
�

�
��
	



����

)(
)(,1min)(

oW
nWnoacc                                   (1.13) 

The complete proof that this acceptance rule removes the bias exactly can be found in the 
literature [64]. Similar acceptance rules can be derived for the grand-canonical and Gibbs 
ensembles [64]. 
        
Computation of Henry coefficient and isosteric heat of adsorption  
 
To study the adsorption in a given system, the initial task is always the determination of the 
Henry coefficient and the isosteric heat at zero loading as these variables give us an idea of the 
strength of the affinity between the adsorbate and the adsorbent. They tell us how much the 
adsorbate can adsorb under dilute conditions and how adsorption varies with temperature. 
Experimentally these variables are extracted from the measured adsorption isotherms at 
various temperatures. For calculating the Henry coefficient and the isosteric heat of adsorption 

at infinite dilution  of chain molecules in porous materials, simulations in the limit of zero 

loading are necessary. Regarding the simulations, zero loading means simulations with only 
one molecule present. The Henry coefficient can be calculated from [19] 

0
stQ

!"
!"

� IG
f

H W
W

RT
K

#
1

                                              (1.14) 
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and the isosteric heat of adsorption at infinite dilution  can be calculated from [19] 0
stQ

)(0 !"�!"�!"��$�� ghhgst UUURTURTQ                   (1.15) 

where T is the temperature, R = 8.31451 J/(mol K) is the gas constant, and f# in kg/m3 is the 

density of the framework. The Rosenbluth factor of the single chain molecule in porous 

materials , the Rosenbluth factor of the molecule in the ideal gas , the 

ensemble average of the potential energy of the host-guest system 

!"W !" IGW

!" hgU , the energy of the 

isolated chain molecule in the ideal gas !" gU , and the average host energy  (zero 

for a rigid framework) are computed from two independent simulations of a single chain: a 
NVT-simulation of a chain molecule adsorbed in the framework and a NVT simulation of an 
isolated chain in the ideal gas phase.   

!" hU

In the NVT ensemble, several Monte Carlo moves can be employed during a 
simulation [64, 66]: 
1. Displacement move  
A chain is selected at random and given a random displacement. The maximum displacement 
is taken such that 50% of the moves are accepted. The acceptance rule is   

 ��� )()(exp,1min)( oUnUnoacc ������ � ��                            (1.16) 

 
2. Rotation move 
A chain is selected at random and given a random rotation. The center of the rotation is the 
center of mass. The maximum rotation angle is chosen such that 50% of the moves are 
accepted. The acceptance rule is given by Eq. 1.16. 
 
3. Full regrow move 
A chain is selected at random and is completely regrown at a random position. This move is 
essential for NVT MC simulation as it changes the internal configuration of a molecule, and 
during this move the average Rosenbluth weight can be collected. The acceptance rule for full 
regrow is 

��
�

�
��
	



����

)(
)(,1min)(

oW
nWnoacc                                         (1.17) 

 
4. Partial regrow move  
A chain is selected at random and part of the molecule is regrown. It should be pointed out that 
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which part of the chain is regrown and with which segment the regrown is started are decided 
randomly. The acceptance rule for this move is given by Eq. 1.17.  
 

The relative probabilities for attempting these moves are 10% displacements, 10% 
rotations, 10% partial regrowths, and 70% regrowths of the entire molecule.  
 
Computation of adsorption isotherm by MC in �VT ensemble 
 
In adsorption studies, one also likes to know at a given temperature the amount adsorbed as a 
function of the pressure. For calculating the adsorption isotherms of chain molecule, it is 
convenient to carry out simulations in the grand-canonical ensemble. In the grand-canonical 
ensemble the number of particles N can fluctuate, whereas the chemical potential � (can be 
converted to pressure P), the temperature T, and the volume V are constant. Because these 
parameters are also constant in the experimental studies, the results obtained from simulations 
can be compared with experimental data directly. In addition to Monte Carlo moves 
mentioned in the above section, there are other moves that are employed during a simulation 
in this ensemble [64, 66]:   
1. Insertion move  
A chain is grown at a random position. The acceptance rule for insertion of the particle is 

��
�

�
��
	



��

����� )(
)1(

)exp(,1min)1( 3 nW
N

VNNacc
B��                           (1.18) 

where  is the chemical potential of a reservoir consisting of ideal chain (a chain that has 

only bonded interactions) molecules.    . 

B�

 
2. Deletion move 

A chain is chosen at random and the Rosenbluth factor of the old conformation  is 

computed. The acceptance rule for deletion of the particle is 

)(oW

��
�

�
��
	


 �
�����

)(
1

)exp(
,1min)1(

3

oWV
NNNacc B��

                          (1.19) 

 
The relative probabilities for attempting these moves are 15% displacements, 15% 

rotations, 15% partial regrowths, and 55% exchanges with the reservoir.  
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Computation of vapor-liquid coexistence curve (VLCC) by MC in Gibbs ensemble 
 
To test the accuracy of the interaction potentials, a good way is to check the VLCCs, as they 
are very sensitive to the choice of interaction potentials. Historically, the prediction of both 
vapor-liquid and liquid-liquid equilibria has relied almost exclusively on approximate 
theoretical models or on empirical equations of state rather than on rigorous models for 
intermolecular interaction at high fluid densities. The advent of the Gibbs-ensemble Monte 
Carlo method proposed by Panagiotopoulos [67, 68] provides us an opportunity to directly 
simulate the vapor-liquid coexistence curve.  

In Panagiotopoulos’s method, the two coexisting phases are simulated simultaneously 
in two separate boxes and hence, it avoids the interface between the two phases. The 
thermodynamic conditions for phase equilibria are equal chemical potential (�), equal pressure 
(P), and equal temperature (T), i.e. chemical, mechanical, and thermal equilibrium. In the 
simulation we fix the difference in chemical potentials between the two coexisting phases, i.e., 

� = �$ I � �II = 0, and the difference in pressure$ P = PI � PII = 0, while the absolute values 
(PI, PII, �I, �II) are still undetermined. More precisely, the temperature, the total number of 
particles in the two boxes, and the total volume of the two boxes are kept fixed. In addition, 
the two systems can exchange particles and volume to ensure equal chemical potential and 
pressure between the two phases. A Gibbs-ensemble Monte Carlo simulation consists of three 
different trial moves [64]: 
1. Particle displacement 
One of the particles in box i = 1, 2 is selected at random and given a random displacement. 
The acceptance rule for this move is identical to the one used in a conventional NVT ensemble 
simulations (Eq. 1.16). 
 
2. Volume exchange 
In addition, we perform trial moves that consist of an attempted change of the old volume V1(o) 
of box 1 to a new volume V1(n) = V1(o) +$ V, while the volume of box 2 changes from V2(o) 
to  
V2(n)= V2(o) � V. $ $ V is a random number uniformly distributed over the interval [�$ Vmax, 

V$ max]. The acceptance rule for volume exchange is 

�
�

�

�

�
�
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2

1

1
21

UU
oV
nV

oV
nVnoacc

NN

��        (1.20) 

where and  are the number of particles in box 1 and box 2 and  (i 

=1, 2) is defined as the energy difference in box i between state n and state o. 

1N 2N )()( oUnUU iii ��$
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3. Particle exchange 
The third trial move that is used in a Gibbs ensemble MC simulation is the exchange of 
particles. A new configuration is generated from the old configuration by removing a particle 
from box 1 and inserting this particle in box 2 (50% of the trials) or by removing a particle 
from box 2 and inserting this particle in box 1 (50%). The acceptance rule for the transfer of a 
particle from box 1 to box 2 is 

��
�

�
��
	



$�$�

�
���� )exp()exp(

)1(
,1min)( 21

12

21 UU
VN

VNnoacc ��                (1.21) 

 
In a similar way, it can be derived that the acceptance rule for the transfer of a particle from 
box 2 to box 1 is  

��
�

�
��
	



$�$�
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���� )exp()exp(

)1(
,1min)( 21
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12 UU
VN

VNnoacc ��                (1.22) 

 
Similar to the grand-canonical ensemble, for chain molecules this step has a prohibitively low 
acceptance, since a random insertion of a chain molecule in a box will almost always result in 
an overlap with one of the other chains. To make the exchange of chain molecules between the 
two boxes possible, we use the CBMC technique. Let us assume the system to be in state o 
with N1 particles in box 1 with volume V1 and we try to generate state n by moving a particle 
from box 2 into box 1. We use the algorithms of the CBMC section to grow a chain in box 1 

and to calculate the Rosenbluth factor of the chain ; at the same time we calculate the 

corresponding Rosenbluth factor for the chain that we chose to remove from box 2 . 

We then accept this move with probability [69, 70] 

)(1 nW

)(2 oW
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1.2.2 Molecular Dynamics simulations 

 
The molecular dynamics technique is a scheme for studying the time evolution of a classical 
system of N particles in a volume V, following paths determined by Newton’s laws. In contrast 
to MC simulations, which only yield thermodynamic ensemble averages, MD simulations can 
also provide transport properties of the system. An MD simulation is performed as follows: 
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1. Start with a configuration, i.e., select initial positions and velocities for all particles. 
2. Calculate the forces on all particles.  
3. Integrate Newton’s equations of motion to obtain the new positions and velocities: 

dt
d

m i
ii

v
F %�                         (1.24) 

dt
d i

i
r

v �                            (1.25) 

in which , , , and  are the total force, mass, velocity, and position of particle i, 

respectively.  

iF im iv ir

For integrating the equation of motion in a MD simulation the velocity Verlet 
algorithm is probably the most widely used method: 

)(
2

)()()()( 32 tt
m
tttttt $�$�$��$� &fvrr                               (1.26) 

)(
2

)()()()( 2tt
m

tttttt $�$
$��

��$� &ffvv                              (1.27) 

where , , and  are the position, velocity, and force at time , respectively,)(tr )(tv )(tf t t$  is 

the time step used, and  is the mass of the particle.    m

4. Repeat steps 2 and 3 until we have simulated the system sufficiently long such that 
thermodynamic and transport properties of the system can be computed. 

 
When using simulations to calculate diffusivities, it is possible to compute two 

different types of diffusion coefficients: the self-diffusion coefficient  and the collective 

coefficient .  

SD

CD

 
Self-diffusion coefficient 
The self-diffusion coefficient is a single particle property, which follows from the motion of a 
single tagged particle. In a simulation of a system of N particles, one can label each particle 
and hence obtains N data points for the self-diffusion coefficient. The self-diffusion coefficient 
can be expressed in terms of the autocorrelation function of the velocities of the particles: 

�'
�

(

!"�
N

i
iis dtvtv

N
D

1 0

')0()'(
3
1                                         (1.28) 
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For a three-dimensional system, we can determine the self-diffusion coefficient for 
each dimension separately. For the x-direction, equation (1.28) becomes 
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'
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x
s                                              (1.29) 
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)(tvxwhere  is the x coordinate of the velocity of a tagged molecule at time t. Since the 

tagged particle could be any particle in the system, we can average over all particles in our 
system to increase the accuracy of our calculation. Or alternatively, we can use the mean 
square displacement of a labeled particle. By taking the slope of the mean square displacement 
(msd) at long times, the self-diffusion coefficient can be computed as:  

2)]0()([lim
2
1 xtx

dt
dD

t

x
S ��

(�
                                         (1.30) 

where x(t) is the x coordinate of the tagged molecule at time t. In a similar way we can 
compute the diffusion coefficients in the y and z directions, from which we can compute the 
overall diffusion coefficient D 

3
zyx DDD

D
��

�                                                  (1.31) 

This diffusion coefficient is measured in NMR experiments. 
 
Collective diffusion coefficient  
The collective diffusivity is the collective diffusion behavior of all adsorbate particles, 
including interparticle correlations. This implies that in a simulation of a system of N particles 
one obtains only a single data point for the collective diffusion coefficient, which makes the 
collective diffusion coefficient more difficult to compute compared to the self-diffusion 
coefficient calculations. An accurate calculation of this diffusion coefficient requires much 
longer simulations. 

In the x direction, it can be computed in terms of the autocorrelation function of the 
velocities of the particles: 

    '��
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D                                  (1.32) 

or from the mean square displacement: 
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      Similar expressions can be written for the y and z direction and the overall collective 
diffusion coefficient is given by: 

         
3

z
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DDD

D
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�                                             (1.34) 

From a computational point of view there is no differences between using the mean square 
displacement or the velocity autocorrelation function; they give identical results. 
      In the limit of zero loading, adsorbate-adsorbate interactions becomes negligible and 
velocity correlations between different particles in equation (1.32) have little influence on the 
diffusion coefficient. We can rewrite equation (1.32) as the sum of velocity correlations 
between the same particle and between two different particles: 
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(1.35) 

Therefore, in the limit of very low loading the collective diffusion coefficient and 
self-diffusion coefficient are equal. 
 

1.2.3 Dynamically corrected Transition State Theory 

 
In addition to MD, Transition State Theory (TST) has been used to study diffusion [71]. If we 
assumed that diffusion processes in confinement can be described as hopping events on a 
lattice, where the hopping from state A to another state B is limited by a free energy barrier 

between the two states; suppose that A and B are separated by a lattice distance *; and if every 
particle crossing the barrier coming from A will equilibrate at B then we can assume that 
transition state theory holds and we can compute the hopping rate directly from the free energy 
barrier. However, if some of the particles cross the barrier in the direction to B, but fail to 

equilibrate in B - instead turning around and going back to A – a correction factor + is needed 
to account for these recrossings. This is the so-called dynamical correction. The transmission 

rate  from state A to B is then given by [71]  BAk �

' �
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where  is Boltzmann’s constant, T is the temperature of the system, m is the mass of the Bk
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hopping particle, F(q) is the free energy as a function of q, and q* denotes the (assumed) 
location of the barrier. When the particles perform a random walk on a lattice spanned by the 

porous material pore centers, this transmission rate  in turn can be converted to a 

self-diffusion coefficient D

BAk �

s via: 

   TST
s
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BAs D

dqqF
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m
TkkD %�%

�
�

%%�%�
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� +*
�
�

,
+* 22

)](exp[
*)](exp[

2
            (1.37) 

In the above equation,  is the free energy contribution to the self-diffusion coefficient, 

the part of the diffusion that is governed by free energy barriers: influences of the confinement 

topology on the diffusion of the gas molecules. + is the transmission coefficient that be used 
for correcting for recrossing events, i.e. it corrects for trajectories which start from state A but 
fail to end up in state B [72]. 

TST
sD

By using Transition State Theory for calculating diffusion we need to compute free 
energy profiles, which can be obtained by performing NVT ensemble MC simulations using 
the histogram sampling (HS) method [71]. In the HS method, a histogram is made of the 
particle positions, mapped on the reaction coordinate q. This histogram can be converted into a 

relative free energy profile by using !"�� )(ln)( qPqF� , where  denotes the 

probability to find a molecule at a given position q according to the histogram.  

)(qP

 

1.3 Force fields: Inter- and intramolecular potentials 

 

It is commonly recognized that reliable force fields for the interatomic potentials play a key 
role in molecular simulations [4]. The force field is a set of functions that describe the 
interactions between the atoms in a molecular system. Most commonly used force field 
consists at least of bonded and non-bonded terms: 
 
Utotal = Ubonded + Unon-bonded                                                (1.38) 
with 
Ubonded = Ubond + Ubend + Utorsion + Uintra VDW                                   (1.39) 
Unon-bonded = UVDW + UCoulomb                                              (1.40) 

Many different force fields exist, such as the universal Force Field (UFF) [73], 
Dreiding and Dreiding II [74], Discover (CVFF) [75], Burchart [76], BKS [76], AMBER 
[77–81], CHARMM [82–86], or OPLS/Amber [87–90] etc.   
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adsorption and diffusion in nanoporous systems. To provide an accurate representation of the 
interactions in these porous materials, many specific force fields [17-24, 57, 58, 91-94] have 
been proposed. For example, Vlugt et al. [17] proposed a united-atom force field for 
adsorption and diffusion of alkanes in zeolites; Dubbeldam et al. [18, 19] refined this force 
field further, able to faithfully reproduce the experimentally determined isotherms of alkanes 
in pure silica MFI-type zeolites and has extended it to pure silica TON-, AFI-, DDR-, and 
MWW-type zeolites successfully; Calero et al. [20-22] extended the force field of Dubbeldam 
et al. to take into account the effects of cations and protons, for alkanes in aluminosilicates. In 
addition to alkane-zeolite systems, several force fields for describing the adsorption and 
diffusion phenomena of alkenes [23, 24], CO2 [91], and N2 [91] in zeolites were proposed as 
well. The force fields describing the interactions of light gases (H2, N2, O2, CO, CO2, CH4, 
C2H4, C2H6) with the atoms in MOFs have been proposed by Zhong and co-workers [57, 58, 
92-94]. It should be pointed out that most of the above force fields are material-dependent.     

 

1.4 Scope of this thesis 

 
This thesis consists of two parts. The first part includes the studies of adsorption behavior of 
alkanes and alkenes in various zeolites and the second part is about the investigations of 
adsorption and diffusion behavior of light gases/gas mixtures in interpenetrated MOFs by 
using the simulation techniques described in the previous sections.  

The first part of this thesis, chapters 2-5, describes the adsorption behavior of alkanes 
and alkenes in various pure silica zeolites and aluminosilicates. In chapter 2, we focused on 
investigating the adsorption behavior of alkanes in pure silica zeolites. A prerequisite for doing 
proper simulations is a high quality force field. Because most force fields are 
zeolite-dependent, it is of great usefulness if we can find a general force field applicable to 
most zeolites. In this chapter we tested the applicability of a united-atom force field for 
alkanes to various pure silica zeolites.  

As most of the accurate alkane models do not use the tail corrections for doing proper 
adsorption and diffusion simulation in this type of systems, it is important to have a similar 
type of model for both alkanes and alkenes. In chapter 3, we developed a new united atom 
force field which accurately describes the adsorption properties of linear alkenes in zeolites. 
The force field developed for alkenes was specifically designed for use in the inhomogeneous 
system and therefore a truncated and shifted potential was used. With the determined force 
field, we performed a comparative study on the adsorption behaviors of alkenes in various 
pure silica zeolites.  

Besides the researches carried out in the pure silica zeolites, we also investigated the 
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effect of the presence of cations/protons on the adsorption behaviors of hydrocarbons in 
aluminosilicates. It is well known that the presence of cations influences the adsorption and 
the catalytic properties of this type of zeolites. The type, density, and location of 
non-framework cations can be tailored by adjusting the Si/Al ratio and synthesis approaches, 
leading to tailored adsorption and catalytic properties. In chapter 4, the adsorption behaviors of 
linear alkanes in Na-MOR zeolites were studied in detail. The reason for selecting this system 
is that Mordenite (MOR), among the various zeolites, is a particularly useful zeolite for 
several catalytic applications, such as dewaxing of heavy petroleum fractions and cracking or 
isomerization of hydrocarbons [95]. In this chapter we validated a suitable force field for 
Na-MOR zeolites and we studied the relationship between sodium cations and the adsorption 
behavior of C4-C7 in this type of zeolites. In chapter 5, the most likely positions of aluminium 
in several zeolites were identified and we studied their different adsorption behaviors in detail. 
The structure of zeolites is composed of silicon and aluminium oxide tetrahedra and 
charge-balancing ions. As the presence of ions influences the adsorption properties of the 
zeolites and the positions and stability of ions in the zeolites are strongly related to their Al 
distributions, it is therefore important to identify the aluminium site locations.  
The second part of this thesis, chapters 6 and 7, describes the adsorption and diffusion 
behavior of light gases/gas mixtures in MOFs. In chapter 6, we performed a combined 
molecular dynamics simulation and dynamically corrected transition state theory (dcTST) 
study to investigate the effect of interpenetration (catenation) on hydrogen diffusion in 
interpenetrated MOFs as well as their relationships. The reason why hydrogen was selected as 
the probe molecule in this work is that MOFs are a family of promising materials for hydrogen 
storage. In chapter 7, we investigated the effect of interpenetration on gas mixture (CH4/H2) 
separation in interpenetrated MOFs. We selected CH4/H2 system as the model mixture to 
separate since this is an important practical system that is involved in the process of 
purification of synthetic gas obtained from steam re-forming of natural gas. Currently, 95% of 
hydrogen used in fuel cells is produced by this method, and components such as methane must 
be removed from the synthetic gas before hydrogen can be used effectively [96]. 
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