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CHAPTER |
INTRODUCTION

1.1 Research rationale

Porous materials have power for applications in several industrial processes
to be employed for energetic resources and environment protection in terms of gas
adsorption, gas separation and catalysis [1-4]. As promising candidates to accomplish
these requirements, porous material such as zeolites have attracted attention for
many decades. New porous materials, called Metal-Organic Frameworks (MOFs), can
be created by connecting organic units and transition metals. Larger pore, lattice
ratios, and functionalities can be obtained that make this material useful for many
industrial applications.

A special group of metal organic frameworks are zeolitic imidazolate
frameworks (ZIFs) with lattices that resemble simple zeolite structures [5, 6]. By
varying the linkers, ligands and metals in the materials various promising applications
seem possible [7]. Starting in 2006 ZIFs have been synthesized by Yaghi’s group (Park
et al,, 2006 [8]; Hayashi et al., 2007 [9]; Wang et al,, 2008 [10]) and have attracted
more attention nowadays [11].

One of the key advantages of porous materials comes from the design and
synthesis flexibility inherent that enables high thermal and chemical stability. Their
high surface area is also of advantage. This becomes the main purpose of this study
focus on the investigation of a new porous material, Zeolitic Imidazolate Framework-
8 (ZIF-8) has extraordinary chemical stability in refluxing organic solvents, also in
water, and aqueous alkaline solution [8, 12]. Several publications of experiments [13-
18] and simulations [19-22] have been reported that guest molecules were
encapsulated in ZIF-8. Conversely, the diffusion mechanisms of guest molecules and
interaction parameters are still ambiguous and not established for ZIF’s.

In this work, several parameter sets for the molecular interactions have been
investigated to find a suitable parameter set for ZIF-8 by comparing results of
molecular dynamics (MD) simulations with constant volume and energy (NVE) and
with constant pressure and temperature (NPT) to the experiments. The suitable
parameter set (force constants and partial charges of the ZIF-8 lattice) was employed

to observe the diffusion mechanisms of guest molecules and the window size of ZIF-



8 with increasing—concentration of guest molecules as studied by computational

calculations such as (MD) simulations and quantum mechanics (QM) techniques.

1.2 Zeolitic Imidazolate Frameworks (ZIFs)

ZIFs are a new class of nanoporous compounds namely, Metal-Organic
Frameworks (MOFs). ZIFs consist of tetrahedrally-coordinated metal ions (e.g. Co, Cu,
Zn, etc.) linked by imidazolate or functionazation imidazolate ligands (e.g. phenyl
benzimidaazolate and 2-methylimidazolate, etc). The angle between the metal-
imidazole-metal atoms is similar to the 145° Si-O-Si angle in zeolites. Hence, ZIFs

have zeolite-like topologies as shown in Figure 1.1.

I O
NN P
M-IM-M Si-O-Si

1 2

Figure 1.1 The bridging angles in ZIFs and zeolites structures: 1 is ZIF. 2 is zeolite

[8].

Due to, ZIFs combine the advantages of both nanoporous materials, MOFs
and zeolites: the variable pore size and chemical properties like other MOFs and the
high chemical stability and the structural diversity of zeolites. Examples of ZIF

topologies are shown in Figure 1.2.



ZIF-11rho

Figure 1.2 The single crystal x-ray structures of ZIFs were shown in left and

center columns. The largest cage in each ZIF was shown in right column [8].

In each structure shown in Figure 1.2, the metal center is exclusively
coordinated by the N atoms of the imidazolate linker. The five-membered
imidazolate linker provides the bridging unit between the metal ions as shown in
Figure 1.1. The organic linkers of ZIFs provide organically connected cages and
channels. Therefore, ZIF structures can widely be modified to yield the desired
shape, size, and surface areas by adjusting linkers and metal ions for example Zn
(ZIF-1 to -4, -6 to -8, and -10 to -11) or Co (ZIF-9 and -12) with imidazolate-type links.
Thus, three-dimensional porous structures with large pore volumes and high inner

surface areas [8] are created.
1.3 Applications

Because of the diversity of ZIF topologies, the number of possible structures
is huge. The concept of their design was proposed by K. S. Park and co-workers in
2006 [8]. ZIFs can be created with large surface areas up to 1,810 mz/g and high
thermal stability up to 500 °C. They show remarkable efficiency for drug delivery, gas

storage, catalysis, and gas separation.



1.3.1 Gas storage

ZIFs synthesized until now have high specific surface area. They offer plenty
of space to interact with surface centers and can freely be designed to obtain various
topologies by exchanging metal ion and organic linker. As a result ZIFs can absorb
large amounts of light gases for industry process [8, 23].

In 2006, Park et al. [8] found that both ZIF-8 and -11 demonstrated reversible
hydrogen sorption. While the hydrogen uptake of ZIF-11 at low pressure was much
higher than that of ZIF-8, owing to the protruding benzene side rings of the PhiM
links around which form favorable hydrogen sorption sites. However, at higher
loading ZIF-8 was similar to ZIF-11 in hydrogen uptake. At about 1 atm it was 145
cm3/g at STP) for ZIF-8 and 154 cm3/g STP for ZIF-11 at 77 K. The reason is that ZIF-8
has higher surface area of 1,947 mz/g and pore volume of 0.633 cm3/g than ZIF-11.

1.3.2 Gas separation

Like other porous materials, similar to zeolites and other MOFs, ZIFs can
potentially be employed in membrane applications like separation. Hence, ZIF
structures are generously designed to provide 3D pore structures with large pore size.
The pore diameter can range from 2.02 to 30.1 A [9]. They can be much larger than
those of zeolites which have pore sizes of 2 to 14 A [24]. Therefore, ZIFs have been
used for gas separation [11, 13, 19, 25, 26].

Papers from Bux et al. [13] and Hertdg et al. [19] investigated the separation
performance for H,/CH; mixture by experiment and diffusion of H, and CH; by
simulation, respectively. Both of these works found that the diffusion of H, molecules
is faster than CH,4. The reason is the small size and mass of H, and its much weaker
interaction with the ZIF-8 lattice. Thus, ZIF-8 is helpful for separating CH, from Hj.

1.3.3 Catalysis

With respect to the principal units ZIFs are similar to the tetrahedral TO,4 of
aluminosilicate zeolites and permit for construction of porous framework zeolite-like
structures. Therefore, ZIFs on supporting material can be used as catalyst such as
oxidation reaction [27] and Knoevenagel reaction [28] and Friedel-Crafts alkylation
[29]. The interesting properties of the ZIF-based material would be interesting to the

chemical industry.



ZIF-8 was also used for the Friedel-Crafts acylation reactions. Nguyen et al.
[29] studied Friedel-Crafts acylation of anisole and benzoyl chloride proceeded in
the presence of ZIF-8 (2-6 mol%) an inert atmosphere not necessary. The selectivity
of reaction was 93%-95% to the p-isomer. The solid catalyst can be easily separated
from the reaction mixture and can be recycled without significant loose of the
catalytic activity.

1.3.4 Drug delivery

Previous works illustrated that the ZIF-8 had exceptional water and aqueous
sodium hydroxide stability. Nevertheless, while ZIF-8 was suspended in acid solution,
it initiated to decompose rapidly. Therefore, it was used to be a pH-responsive for
drug carrier. Sun et al. [30] found capacity of anticancer 5-FU, loading around 660 mg
of 5-FU g_1 of desolvated ZIF-8. The drug released quicker from ZIF-8 in mild acidic
buffer solution (pH 5.0) than at a neutral pH of 7.4. Hence, this pH-sensitivity may be

used for drug delivery to tumors.
1.4 Zeolitic Imidazolate Framework-8 (ZIF-8)

ZIF-8 is a compound with composition Zn(MelM), (MelM = 2-
methylimidazolate). The structure is the SOD (sodalite) zeolite-type structure, with
nanopore topology formed by 4-membered ring, 6-membered ring and ZnN, clusters

as shown in Figure 1.3.
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Figure 1.3 The single crystal X-ray structures of ZIF-8 that consists of Zn cluster
and MelM linker [8].



An important structural feature of the ZIF-8 framework is the existence of
large pores of around 11.6 A that are connected by apertures of 3.4 A (6-membered
ring). The aperture size of the 4-membered ring in ZIF-8 is so small that only the 6-
membered ring is a real channel for moving guest molecules. In addition, the single
crystal X-ray structure of ZIF-8 shows that the apparent surface area is 1,947m2/g and

the pore volume is 0.636 cm3/g (8].
1.5 Literature reviews

ZIF-8 has attracted interest of scientists from many fields for example
experimental and simulation papers. The adsorption and diffusion of guest
molecules within ZIF-8 have been variously reported. The present paper intends to
study the migration of the guest molecules in this ZIF. Furthermore, the influence of
the diffusing guest molecules on the lattice structure of the ZIF-8 is examined.

In 2009, Zhou et al. [31] published a paper about the hydrogen adsorption in
ZIF-8 by Grand canonical Monte Carlo simulations (GCMC). They used the refined
OPLSAA force field to obtain the adsorption isotherm for hydrogen in ZIF-8 at 77 K.
The results are in reasonably good agreement with the experimental data. Hence,
the model and the force field parameters in this work are able to reproduce the
adsorption isotherm of hydrogen in ZIFs. The computer tomography for such
materials advised that the first adsorption site locates at the C=C bond and the
second adsorption site is within the pore channel. However, hydrogen has been
adsorbed in smaller amount at the nitrogen atom that is connected with the metal
center. The reason is that diameter of the hydrogen molecule is 0.23 nm, but the
diameter of the free spherical spaces around the nitrogen atom and the C=C bond
are 0.227 and 0.342 nm, respectively. It seems that the hydrogen molecules are
adsorbed to the C=C bond easily, while hydrogen molecules cannot move easily to
the free space around the nitrogen atom. In contrary, in several MOFs the
preferential adsorption site is the metal center, but not on the organic linker.

In 2009, Moggach et al. [32] studied the ZIF-8 at increasing pressure of 0.18,
0.52, 0.96 and 1.47 GPa. Data and on decreasing pressure at 0.82, 0.39 and 0 GPa.
Increasing the pressure, the electron density increased within the pore from 219 to
636 electron /cell. A high-pressure phase appeared that kept the symmetry of ZIF-8
but a reorientation of the imidazolate linkers was observed, increasing the size of the

6-ring windows and the pore volume. After decreasing the pressure, the structural



change was found to be reversible. Hence, larger molecules could be inserted into
the pores at high pressure more easily.

In 2010, Assfour et al. [33] reported results of MD simulations of ZIF-8 and
ZIF-11 loaded with molecular hydrogen. For ZIF-8 a first adsorption site with an
adsorption energy of 8.6 kJ/mol is located on the top of the imidazolate ring (organic
linker) over the C=C bond. The second adsorption site with adsorption energy about
6.2 kJ/mol is located at the center of the channel of the Zn hexagon (channel site).
Furthermore, the H, adsorption of ZIF materials can be improved by substituting the
metal in the metal cluster by B or Li. It is also suggested to exchange the organic
linker could be replaced by longer organic linkers.

In 2011, Fairen-Jimenez et al. [34] examined the adsorption of N, at 77 K in
two different rigid ZIF-8 structures separately (the first one ambient pressure and the
other one at 1.47 GPa) in order to investigate the step in the isotherm that Moggach
et al. found and to relate it to possible changes in the structure of the ZIF-8 using
GCMC simulations of nitrogen at 77 K. For the ambient pressure structure, the
maximum uptake corresponds to 36.9 molecules per unit cell. This is close to the
first step of the experimental isotherm but, the isotherm for larger pressure is
different. For simulations with the 1.47 GPa structure the maximum uptake
corresponds to 49.4 molecules per unit cell, similar to the experimental data higher
pressure. So, it seems that different structures must be used for different pressures.
The idea of a structural transition of ZIF-8 with increasing N, loading is therefore
plausible.

In 2011, Hertag et al. [19] published the first simulations of H, and CHy in ZIF-
8 by using flexible lattice. They checked AMBER and DREIDING force fields to
reproduce framework flexibility of ZIF-8. For the AMBER parameter set it even turned
out that lattice flexibility was the crucial factor that made diffusion of CH; molecules
possible. The CH, molecules have a kinetic diameter of 3.80 A and the window
diameter of the rigid ZIF-8 lattice is 3.4 A. By use of the flexible lattice in [8] good
agreement with experimental data for this system was found and the selectivity of a
ZIF-8 membrane for the H,/CH4 separation measured in [13] could reproduced very
well.

In 2011, Zheng et al. [35] studied a novel force field for a molecular dynamics
simulation of flexible ZIF-8 and used computed partial charges and parameters
derived from the AMBER. They obtained bond length, angle and box size in NPT
(Isothermal-lisobaric Ensemble) simulations in good agreement with experimental

data. The experimental self-diffusivity for CO, was also well reproduced. The



parameters of [19] does not reproduce the box size in NPT. However, the parameter
set [19] is more successful with respect to diffusion property such as H, and CHg
molecules in NVE (Microcanonical Ensemble simulations) because the window size is
most important which is better reproduced in [19]. The cell size is an input
parameter and constant and therefore, exact by definition in NVE.

In 2013, Zhang et al. [36] use a self-developed parameter set for hybrid
simulation methods between Monte Carlo and MD simulations that can describe the
structural change in the ZIF-8 lattice induced by the guest molecules, a
phenomenon which is usually named gate opening. This effect was for the first time
reproduced in MD simulations. The results from adsorption isotherms lead to the
assumption that guest molecules induced structural changes of the lattice happening
at higher loadings with N, molecules. The structural transition of ZIF-8 from the low-
loading to high-loading structure was found as well as the reorientation of the
imidazolate linker. Furthermore, the radial distribution functions between N, and the
framework atoms indicate strong attraction between N, and the imidazolate rings.

Numerous experimental methods have been applied to understand the
adsorption and diffusion of guest molecules inside ZIF-8. Experimental data provide a
powerful and straightforward route to get knowledge. Theoretical calculation
methods form another powerful tool to investigate the behavior of guest molecules
in ZIF-8 in microscopic detail and conclusions drawn from simulations yield valuable
guidelines for improvement of new ZIFs.

The main purpose of this research is to study several parameter sets for the
molecular interactions of ZIF-8 and to investigate the adsorption and diffusion of
guest molecules in molecular detail. With the chosen set of parameters not only
diffusion but, also the effect of the diffusing molecules on the window size has been

investigated by MD simulations.

1.6 Scope of this study

This study includes a part dealing with force field parameters for the
molecular interactions of ZIF-8 by comparing results of MD simulations with
experiments. The obtained suitable parameter set was used to investigate the self-
diffusion coefficient and the windows size as functions of the concentration of
ethane and nitrogen guest molecules in the flexible ZIF-8 framework. These guest

molecules can be found gate-opening effect in ZIF-7 and ZIF-8.



Moreover, the rotational energies of organic linkers of ZIF-8 structure located
at the windows for 4- and 6-membered rings were examined by quantum chemical

calculations. That is related to the gate-opening phenomena.



CHAPTER Il
THEORY BACKGROUND

The molecular modeling technique is a powerful and modern tool for solving
scientific problems as numerical experiments can be performed for new materials
without synthesizing them. This has been confirmed by the Nobel Prize in Chemistry
in 2013 to a Molecular Simulation team. Aims of this technique are to reproduce
experiments to elucidate the invisible microscopic details and moreover to explain
experiments. Conversely, simulation can also be used as a useful predictive
instrument [37]. This is the case when dealing with processes and properties of gas
adsorption systems in porous material, in the present case ZIF-8.

In general, molecular modeling proceeds in three stages. First stage a model
is chosen to describe the intra- and inter-molecular interactions in the system by
using several common methods. These are quantum mechanics, molecular
mechanics and fitting to experimental data (different from quantities under
investigation). Which these methods the energy of configurations of the atoms and
molecules in the system can be calculated. This allows to determine how the energy
of the system varies with the positions of the atoms and molecules. Then Molecular
Dynamics or Monte Carlo simulations are carried out. The result of the simulation is a
time series of conformations; called a trajectory. Finally, the calculation must be
analyzed, to calculate properties and to check that the simulations have been

performed properly [38].

2.1 Molecular dynamics simulations

According to [39, 40], Molecular Dynamics (MD) simulations compute the
trajectory of individual molecules in the systems. The basic idea here is motion,
which describes how positions, velocities, and orientations vary with time. In effect,
molecular dynamics constitutes a motion picture that follows molecules as twisting,
turning, colliding with one another, and, perhaps, colliding with their container. In a
classical MD simulation, the trajectory is calculated by integrating Newton’s
equations of motion. The integration must be done numerically using one of some

well known numerical integrators and the potential energy function.
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2.1.1 Classical mechanics

The MD simulation method is supported from Newton’s second law or
another equation of motion with boundary conditions appropriate for the geometry
or symmetry of the system. Knowledge of the force on each atom and of
configurational energy is needed. Integration of the equations of Newton’s second
law then yields a trajectory which yields the development positions, velocities and
accelerations of the atoms with time. Using this trajectory, the average values of
properties can be estimated. The positions and velocities of each atom in the system

can be calculated at any time in the future or the past.

Newton’s equation of motion is given by equation (2.1) when F; is the total

force of atom i, m;is the mass of atom i and a; is the acceleration of atom i.
F=ma (2.1)

Then, the force can be calculated it from the gradient of the potential energy
by equation (2.2). Afterward, combining these two equations yields from (2.1) and
(2.2) are giving in equation (2.3) when U is the potential or configurational energy of
the system. Therefore, Newton’s equations of motion related with the potential

energy for changing the position as a function of time are:

F=-Vu (2.2)
- oU T -
Fi=-—=mi P = MiaQi (23)
or Ot

For a unique solution the knowledge of the initial positions and velocities of the
atoms is necessary. Thus, positions and velocities at any time are determined by the
initial positions and velocities.

The average positions of the lattice atoms can be obtained from
experimental structures such as the X-ray crystal structure determined by NMR
spectroscopy. These can be used as initial position of the lattice atoms while the
initial positions of the guests are chosen randomly.

The initial velocities (Vo) are usually selected randomly from a Maxwell-

Boltzmann or Gaussian distribution at a given temperature, which gives the
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probability density (W) that an atom i has a velocity v, in the x direction at a

temperature (T) shown in equation (2.4).

1/2 s
mi 1 miv «
exp| -—— (2.4)
27TksT 2 ks T

W) =

The velocities are corrected to fulfill.

- N

P = mvio = 0 (2.5)

i=1

The temperature can be estimated from the velocities using equation (2.6)
when N is the number of atoms in the system using the equipartition theorem of

statistical mechanics. kg is Boltzmann constant.

N

ot > 7 (2.6)
) (3nk:) = m '

During the MD simulation the sites and velocities are stored. The trajectory
can be used to evaluate configurational properties (positions, velocities and
accelerations) and dynamic quantities like transport coefficients and time correlation

functions of all N particles from the trajectory [41, 42].

2.1.2 Integration algorithms

For given initial conditions and potential energy functions, a finite difference
approximation is used to calculate numerically the trajectory of all N particles in the
system. Many numerical algorithms are proposed to carry out the integration
processes in molecular dynamics for integrating the equations of motion such as the
Leapfrog, the Verlet, the Toxvaerd and the Gear algorithm. The algorithm should
conserve energy and momentum, it should be computationally efficient. For the
simulations of this work, the Velocity-Verlet algorithm has been chosen which is the

most common one.
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This algorithm determines positions, velocities and accelerations and

combines two Taylor expansions, as follows. The Taylor series for position from time

t forward to t + At is:

dx: (t) 1d°%@®) , , 1dX®
At + ———— A" + ———
dt 2 dt 3 dt

X+ At =X+ At +ot’) @)

The Taylor series from t backward to t— At is:

dx: (t) 1d°%@®) , , 1dX®
At +— 2 At” - — ;
dt 2 dt 3 dt

Xt-A =% - At® +ot’) (2.8)

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

d’x ()

2

X+ A =250 -Xt- A+ At” +o(At") (2.9)

dt

This is Verlet's algorithm for the positions. It has a local truncation error that
varies as (At4) and hence is forth order, even though it contains no third-order
derivatives. Nor does (2.9) for positions involve any function of the velocities. The
acceleration in (2.9) is, of course, obtained from the intermolecular forces. To
estimate velocities, practitioners have contrived various schemes, one being an

estimate for the velocity at the half-step:

N 1 X (t+At) - % (t)
vl t+=At | = (2.10)
2 At

Verlet himself used the first-order central difference estimator.

- X (t+ A -X (- A
Vi(t) & (2.11)
2At

Verlet's algorithm is a two-step method because it estimates X (t + At) from

the current position X (t) and the previous position X: (t - At). Therefore it is not self-
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starting: initial positions (X») and velocities (Vo)are not sufficient to begin a
calculation, and something special must be done for example assumptions about
x(-At) can be made. The Verlet algorithm is simple and has very good stability for
moderately large time steps. In its original form molecular velocities do not appear,
in conflict with the attitude that the phase-space trajectory depends equally on
positions and velocities. Modern formulations [43, 44] of the method often overcome

this asymmetric view.
2.1.3 Force field

The force field and the potential energy function refer to the interaction
between the atoms and depend only on the configuration ie. the positions. The
forces acting on atoms and move them into new position consist of two components
such as intramolecular or bonded and intermolecular or non-bonded potentials. The

potential function involves the sum over these terms.

Urotol = ZUbonded + ZUﬂon - bonded (212)

2.1.3.1 Intramolecular potential

The intramolecular potential or bonded potential (Usondea) is describing
chemical bonds such as bond-stretching, angle-bending, and torsion potentials. The
energy Upongeq IS Calculated as a sum of Upong, Ugngle aNd Usgsion [38, 45].

Ubonded = Ubond + Uangﬁe + Utorsfon (213)

Which corresponds to three types of atom geometry as show in Figure 2.1.
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Figure 2.1 The bonded potential; (a) The bond-stretching potential. (b) The
angle bending potential. (c) The torsional potential (also called dihedral

potential).

The first term bond-stretching potential energy (Upong) in the equation (2.13)
contains the energy function for stretching a bond between two atom types i and j
by using an harmonic potential. The configurational energy of a bond is a function of
the deviation of the bond length from the “equilibrium” value (ry). The force
constant (k,) indicates the strength of the bond. The equilibrium bond lengths and
the force constants are defined for each pair of bonded atoms and both of them

rely on the chemical type of atom components as written as equation (2.14).
Ubond = Zbondskr(ry' - I’o)z (214)

When r; being the absolute value of rj = 7i - 7;.

The second term in (2.13) refers to the angle-bending potential energy (Ugnge)

equation is the energy required for bending an angle formed by three atoms (i—j—k),
where there is a bond between i and j, and between j and k. This is also an harmonic

potential. G, and k, rely on the chemical types of atoms forming the angle. This

leads to the following equation (2.15).
Uangle = Zcmglesk@(@ijk - HO)Z (215)

The final term, the torsion potential energy (Uysion) I the equation (2.13)
describes the part of the energy change associated with rotation in a four-atom
sequence i—j—k—l, where i—j, j—k and k—( are bonded. The rotational motion

related with this term is described by a dihedral angle and a coefficient of symmetry
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m (periodicity), around the central bond j—k. This potential is supposed to be
periodic and is regularly demonstrated by a cosine function as given in equation
(2.16).

Utor/'on = Ztorsions k¢ [ .Z + COS(/T¢W<1 - ¢0)] (216)

The values of force constant (kg can be obtained from experimental data

(such as infrared spectral frequencies) or from quantum mechanical calculations.
2.1.3.2 Intermolecular potential

Intermolecular potentials or non-bonded potentials (Unon - bonded) [37, 46]
involve electrostatic or Coulomb and Van Der Waals potentials. A typical expression

for such a potential is:
Unon - bonded = UVan Der Waals + Uelea‘rosfat/'c (217)

The first term in equation (2.17) is the Van Der Waals interaction between two
atoms (Uvanoervaas) that results from a sum of repulsive and attractive forces as
presented in Figure 2.2, using a simple empirical term that can be easily calculated.
The potential function should to be rapidly calculated because of the large number

of Van Der Waals interactions that must be calculated during one simulation.
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Figure 2.2 Van Der Waals interaction between two atoms including repulsive and

attractive forces.
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The most popular Van Der Waals potential function is the Lennard-Jones

function. The interaction between two atoms is given by this function as:

12 6

O O
UVan Der Waals = Z 48// - - - (218)
i<j T T

When O

j is the value of the minimum depth of the potential energy for the
interaction involving atom 7 and j, Oy (the separation distance for which the energy is
zero) and r; shows the distance between the atom centers.

Normally, both O and O} parameters depend upon both atom types. There

are many ways of combining atomic parameters of pure substances to parameters

for mixtures, some of them quite complicated. In this study, Lorentz—Berthelot

mixing rules are used, which are:

Oi= i(o-,v/- +0) (2.19)
2

and

Ei=EE; (2.20)

Where 0, Ojj , O;and Oj are the LJ diameters for the interaction of i-i atoms and so

on.

The second term in equation (2.17) is the electrostatic interaction (Uktecrostatic )

between a pair of atoms for example attractive potential as see in Figure 2.3.

.

+
i

Figure 2.3 Electrostatic interaction between a pair of atoms.
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The fundamental equation of electrostatics is Coulomb's law as shown in

equation (2.21), which describes the force between two point charges. & is the
effective dielectric function for the medium and r; is the distance between two

atoms having charges g;and g;.

aq
UCouZomb = Z -

i<j 47[80 r/j

1

(2.21)

The derivations of the potential energy function with respect to the atomic

coordinates yield the forces needed in a molecular dynamics simulation.

2.1.4 Periodic Boundary Conditions

Molecular dynamics is typically applied to systems containing several
hundred or a few thousand atoms. To avoid surface effects for particles close to the
wall of the simulation box, periodic boundary conditions are used. Imagine a cubic
box containing particles which is replicated in all directions to form a periodic array.
In the two-dimensional example shown in Figure 2.4. Each box is surrounded by eight
neighbors. For three dimensions each box would have 26 nearest neighbors. The
coordinates of the particles in the image boxes can be obtained by adding or
subtracting integral multiples of the box edge length. Should a particle leave the box
then an image particle enters from the opposite side simultaneously, as shown in

Figure. 2.4. Thus the number of particles within the central box remains constant.
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Figure 2.4 Electrostatic interaction between a pair of atoms.
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The cubic cell is the simplest periodic system to visualize and to program.
However, a cell of a different shape might be more appropriate for a given
simulation. This may be particularly important for simulations of systems which
comprise a single molecule or intermolecular complex surrounded by solvent
molecules. In such systems it is usually the behavior of the central solute molecule
that is of most interest and so it is desirable that as little of the computer time as
possible is spent simulating the solvent far from the solute.

For some simulations it is inappropriate to use standard periodic boundary
conditions in all directions. For example, when studying the adsorption of molecules
onto a surface, it is clearly inappropriate to use the usual periodic boundary
conditions in direction to the surface. Rather, the surface is modeled as a true
boundary, for example by explicitly including the atoms in the surface or considering
the surface to be a wall. In case of a hard wall each arriving particle is reflected back
into the simulation cell. The opposite side of the box must be treated in a similar
way [37, 39].

2.1.5 Ensembles

In this part, MD was for the “typical” MD ensemble, which holds particle
number, system volume, and total energy constant (NVE). Additionally in the
common NVE-MD also the total momentum is conserved. There are three important
ensembles in the theory of statistical thermodynamics, and they are classified

according to what is kept constant in each system as following [47].

e Microcanonical ensemble (NVE): The thermodynamic state is determined by a
fixed number of atoms (N), a fixed volume (V), and a fixed energy (E). This
corresponds to an isolated system.

e Canonical Ensemble (NVT): This ensemble describes a system in contact with
a heat bath. Its thermodynamic state is defined by a fixed number of atoms
(N), a fixed volume (V), and a fixed temperature (7). Energy can be exchanged
with the bath that has the wished temperature.

e Isobaric-Isothermal Ensemble (NPT): This ensemble is characterized by the
number of atoms (N), the pressure (P), and the temperature (7). Energy can
be exchanged with the heat bath and volume can be exchanged with the

“pressure” bath.
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2.1.6 Principle of diffusion

Diffusion is the transport process of nature where atoms or molecules migrate
by irregular thermal motion.

Two categories of diffusion can be found such as transport diffusion caused
by a concentration gradient, which generates a particle stream from the region of
high concentration to one of low concentration and self-diffusion, which is a mixing

migration by irregular thermal motion [48, 49].
2.1.6.1 Transport diffusion

The backgrounds of the hypothesis of diffusion were revealed by Fick in the
19th century. The particle flow can be connected to the concentration gradient

according to Fick’s first law [50]. In one dimension it reads:

oc

J=-D| —
Ox

(2.22)

C is the concentration. x is the position, and D; is the transport diffusion coefficient.

The diffusion coefficient is identified as a constant between the rate of flow
and the concentration gradient. While the above equation is the starting point for the
treatment of transport diffusion, it does not explain the driving force of diffusion. The
driving force for transport diffusion is the gradient of the chemical potential u. By
irreversible thermodynamics, the Onsager reciprocal relations (L is the Onsager

coefficient) can be derived yielding equation (2.23).

ol
J=-L el (2.23)
Ox

This equation categorizes the basis for transport diffusion. The work on
porous material diffusion of Barrer and Jost [51] was based on Fick’s equation.
Assuming a concentration-independent diffusion constant, from equation (2.22) Ficks

second law can be derived.
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oc o’c
— =D (2.24)
é’t é’xz

Equation (2.24) provides the change of concentration in time and space. In
the approach of Barrer and Jost, the diffusivity is assumed to be isotropic, as D; is
independent of the direction in which the particles diffuse. In this macroscopic
equation all information about the exact shape and connectivity of the pore

structure is missing. It contains only a global value of the diffusion constant [49].
2.1.6.2 Self-diffusion

This kind of diffusion can be observed by labeling some of the molecules and
following the motion of labeled and unlabeled molecules. Equation (2.22) can be
applied to depict the flow of the labeled particles in equation (2.25). J*,» is flux
density of labeled particle and C is the number density of labeled particle, and D; in

this equation is the self-diffusion constant.

oc *
Ox

J = Dk (2.25)

c=constant

Otherwise, the self-diffusion constant can be referred to a microscopic
property identified by the mean-square displacement, as it was demonstrated by
Einstein in his study on Brownian motion [52]. The mean-square displacement is
described in equation (2.26). N refers to the number of particles in the system and
7’ (t) show the position of molecule j at time (t) that is the average of the squared
distance that a molecule has moved at time (t).

N

<r2 (t)> - <|m) . ?(0)|2> - iZ(Ff(t) ) (2.26)

N j=1

In supposing that the molecules move by a random walk thus it can be
explained that for suitably extended times the mean-square displacement will be

linearly dependent on time [53].
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r (t)‘> - 6Dt (2.27)

<

This equation is the well-known Einstein relation. It can be revealed that the
diffusion constant in equation (2.25) and (2.27) are not different [54]. Another

method to derive the self-diffusivity from microscopic properties of the diffusing

molecules is by conception of the Green-Kubo relations [55]. With this relation, the
self-diffusivity can be obtained from the velocity auto-correlation function, a
property that describes correlations involving velocities at different times as shown in
equation (2.28).

—

D. = 1I<;(0).v(t)> ot (2.28)

Even though, it is complicated to evaluate the velocity auto-correlation
function in the experiment, this equation can be easily applied in theoretical

techniques like MD simulation [49].
2.1.7 Radial distribution function

The radial distribution function (RDF) usually named ¢(r), or pair correlation
function is the probability of finding an atom at a distance of r away from a given
reference atom. Specifically, it is proportional to the probability of finding two atoms
with distance in r £ Ar as shown in Figure 2.5. The mathematical definition of ¢(r) [39]

is given as following in equation (2.29).

ng(r) = Zzg[r—rg] (2.29)

1
N\

Here N is the total number of atoms, n = N/ V is the number density, r; is the

distance between centers of atoms i and j, the angular brackets mean a time average

and Ox) is the delta function.
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Figure 2.5 (a) Graphic of the particles in a simple atomic liquid and (b)
schematic example of a radial distribution function as it could result from a
simulation.

The RDF plays a central role in statistical mechanical theories of dense gases
and fluids and for adsorption at surfaces and in pores. Since molecular dynamics
yields positions of all individual atoms as a functions of time, ¢(r) can be readily
computed from molecular dynamics trajectories as shown in Figure 2.5 (b). At short
distances (less than the atomic diameter) ¢(r) must be zero. Because of the strong
repulsive forces particles cannot approach close to each other. The first peak,
indicates the probability that two particles are found in contact. The radial
distribution function then becomes smaller and has a minimum. The chances of
finding two atoms with this separation are less than finding them in contact. At long
distances, ¢(r) approaches to one indicating that there is no long-rang order. The pair
distribution function is calculated from a simulation by sorting the neighbors around
each atom into distance bins. The number of neighbors in each bin is averaged over
the entire simulation. This calculation can be done during the simulation or by
analyzing the stored trajectory. Equation (2.30) is used to evaluate the radial

distribution function.

()

47Z'r2Ar

g(r, Ar) = % (2.30)

N(r, Ar) is the number of atoms found in the bin of radius r and thickness Ar, a7 Ar

is the volume of a spherical shell with thickness Ar.
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Also, this expression can be physically interpreted as the ratio of a local

density n(r) to the system density n, as written in equation (2.31).

(2.31)

Experimentally radial distribution functions can be obtained from x-ray and
neutron diffraction experiments. The X-ray diffraction pattern can be used to
calculate an distribution function from experiment, which can then be compared
with that obtained from the simulation [37, 45].

2.2 Quantum chemistry

All quantum chemical models are derived from the Schrédinger equation
published in the late 1920’s. It describes molecules as being composed of nuclei and
electrons. The solution of the Schrédinger equation describes the motions of
electrons, which in turn leads directly to molecular structure and energy among
other observables and also provides information about bonding [56]. For instance,
we can calculate molecular energies, molecular structures geometry optimizations
and potential energy surfaces for 4-membered and 6-membered rings of ZIF-8.

Structures of molecules can be described by the time independent

Schrédinger equation.
2.2.1 The Schrédinger equation

The molecular geometry can be found in terms of minimum energy
arrangements of nuclei [57]. Every description of quantum mechanical systems finally
is based on the Schrodinger equation, which only for the unique case of an hydrogen
atom (a single non-relativistic particle) may be solved exactly. The time independent

version of the Schrédinger equation reads.

-2

-h
EY(q) = — V(g + UQ)W(q) (2.32)

2m
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When m is the particle of mass, U is potential energy, V?is Laplacian, £ is the
electronic energy in atomic units, J is a function of the electron coordinates and g

describes the motion of the electron as fully as possible. Wavefunctions (\J) for the

hydrogen atom are described by the atomic orbitals.

The square of the wavefunction times a small volume gives the probability of

finding the electron in this volume. Hence, WY\J* is termed the total electron density
(or more simply the electron density), and corresponds to the electron density
evaluated in an X-ray diffraction experiment. It is easy to simplify the Schrédinger

equation to a multinuclear, multielectron system.
Ay = £ (2.33)

In this system, \J is a many-electron wavefunction and A is the Hamiltonian

operator which in atomic units is given by equation (2.34).

electrons nuclei electron nuclei electron nuclei

1= =YV =S v Y SRS ST EE s
2 7 24 Ma i A Tia i< r Ras

ij A<B

Z is the nuclear charge, M, is the proportion of mass of nucleus A to the mass of an
electron, Ry is the distance between nuclei A and B, r; is the distance between

electrons 7 and j and r;is the distance between electron / and nucleus A.

The many-electron Schrédinger equation cannot be solved exactly even for a
straightforward two-electron system for example helium atom molecule.

Approximations need to be established to afford practical methods [56, 58, 59].
2.2.2 Born-Oppenheimer approximation

One method to solve the Schrédinger equation for molecular systems
approximately is to suppose that the nuclei should not move. Naturally, nuclei
should move, but their movement is not fast compared to the speed of moving
electrons. This is called the Born-Oppenheimer approximation. It leads to the

“electronic” Schrddinger equation.
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Ael
Hy' =gy (2.35)

electrons electrons nuclei electrons
Ael

H :_éZv?_ZZE+ZZi (2.36)
i L i<j T

In equation 2.34 the nuclear kinetic energy is set equal to zero to yield
equation (2.36), and the nuclear-nuclear Coulomb term in equation (2.36) is a
constant that must be added to the electronic energy (Eel), to yield the total energy

(E) for the system.

nuclei

o ZuZs
E=E + E
RAB

A<B

(2.37)

The nuclear mass disappears in the electronic Schrodinger equation. If the
Born-Oppenheimer approximation is valid then the calculation of molecular structure
and relative energetics among other important “chemical observables” becomes
possible with the electronic Schrédinger equation [56, 60].

2.2.3 Hartree-Fock approximation

The electronic Schrédinger equation is still too complicated and to be solved
needs approximations. The easiest understandable is to assume that electrons move
separately of each other. In generally, each of the electrons is described by a
function termed molecular orbital, each of which is resolved by assuming that the
electron is moving inside an average field of all the other electrons. The total
wavefunction is written in the type of a single determinant (Slater determinant). The
set of molecular orbitals leading to the lowest energy are achieved by a procedure
referred to as a self-consistent-field (SCF process). The typical SCF procedure is the
Hartree-Fock process, although SCF methods as well contain density functional

process. All SCF procedures lead to equations (2.38).

f(i)x(xi) :gx(xi) (2.38)

At this point, the Fock operator f(i) can be printed.
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1
fiy=-—V%+v" @) (2.39)
2

X; show spin and coordinates of the electron i, ), explains the spin orbitals and v is
the effective potential of the electron i, which relies on the spin orbitals of the other

electrons.
The useful potential vl depends on the SCF process [56, 61, 62].
2.2.4 LCAO approximation

The Hartree-Fock approximation leads to a set of paired differential Hartree-
Fock equations, each relating the coordinates of a single electron. It is helpful to
initiate a further approximation in order to convert the Hartree-Fock equations into a
set of algebraic equations. It is logical to assume that the one-electron solutions for
many electron molecules will be similar to the solutions for the hydrogen atom.

Molecules consist of atoms. In general, the molecular orbitals are linear

combinations of a basis set well-known by basis functions ((I)).

basis functions

\|f'\ = C/mcy (240)

c, are the unknown molecular orbital coefficients, frequently referred to as the

molecular orbitals. Since the ¢ are usually centered at the nuclear positions, they
are referred to as atomic orbitals. In equation (2.40) is termed the linear combination

of atomic orbitals or LCAO approximation [56].
2.2.5 Density functional theory

The electron correlations can e.¢. be described by density functional theory
(DFT). Density functional models have the electron density in contrast to the many-
electron wavefunction. There are some agreements and some differences between
traditional wavefunction-based approaches and electron-density-based methods.
First, the necessary construction blocks of a many-electron wavefunction are single-

electron orbitals, that are straightly analogous to the orbitals employed in density
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functional methods. Next, both the electron density and the many electron
wavefunction are assembled from an SCF approach which involves identical matrix
elements [56].

The DFT of Kohn and Sham [63] is the sum of the exchange and correlation
energies of a uniform electron gas. In the Kohn-Sham formalism, the ground-state
electronic energy is written as a sum of the kinetic energy, the electronuclear
interaction energy, the Coulomb energy and the exchange/correlation energy. Three
types of exchange/correlation functionals are presently in use: (i) functionals based
on the local spin density approximation, (i) functionals based on the generalized
gradient approximation, and (i) functionals which use the exact Hartree-Fock
exchange [56, 63].

The DFT is an exact theory and the only approximation is due to that
exchange correlation energy is unknown. The basis sets for these Kohn Sham (KS)
orbitals have fewer requirements than those in Hartree-Fock. They are not needed
for calculating exchange and Coulomb interaction which are the most work
consuming part of the Hartree-Fock method. This, and the fact that DFT account for
electron correlation, make DFT very useful for larger systems. However, the crucial
task in DFT is to find an accurate exchange correlation functional. The most popular
exchange-correlation functional is the B3LYP functional. It includes numerous
functionals, with the Hartree-Fock exact exchange energy in a three-parametric
system [64, 65].

2.2.6 Basis set

The set of statistical functions that creates the molecular orbital (MO) in the
linear combination of atomic orbitals (LCAQO) is called a basis set, which is developed
as a linear combination of such functions with coefficients to be determined.
Generally these functions are atomic orbitals, in that they are centered on atoms,
but functions centered in bonds or lone pairs, and pairs of functions centered in the
two lobes of a p orbital, have been employed. Furthermore, basis sets invent from
sets of plane waves down to a cutoff wavelength are regularly applied, principally in

calculations relating systems with periodic boundary conditions [45, 62].


http://en.wikipedia.org/wiki/Linear_combination_of_atomic_orbitals
http://en.wikipedia.org/wiki/Atomic_orbital
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http://en.wikipedia.org/wiki/Periodic_boundary_conditions
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2.2.6.1 Effective core potential

Effective core potential (ECP) basis sets have been employed in this work for
performing valence only computations containing transition-metal atoms with
accuracies approaching all-electron calculations at a portion of the computational
cost such as LANL2DZ. The latter is of double zeta (DZ) quality and the overall
grouping of ECP and valence basis set is thus referred to LANL2DZ basis. The method
utilized here for generation of ECP's follows the basic method expressed by Kahn,
Baybutt, and Truhlcu [66] for the nonrelativistic case and by Kahn, Cowan, and Hayll
for the relativistic case. The sequence of steps is outlined below and each step is

described in greater detail in the following sections [67].

e The "core" orbitals to be replaced and the remaining "valence" orbitals are
described.

e Numerical valence orbitals are get from self-consistent (nonrelativistic or
relativistic) and Hartree-Fock calculations is one order of magnitude larger
than the highest angular momentum quantum number of any core orbital.

e Smooth, nodeless pseudo-orbitals are obtained from the Hartree-Fock
orbitals in a manner so that perform as closely as possible to in the outer,
valence region of the atom.

e Numerical effective core potentials are gained by demanding that is a
solution in the field with the same orbital energy as the orbital.

e The numerical potentials fitting in analytic form with Gaussian functions.

e The numerical pseudo-orbitals are also fit with Gaussian functions to achieve

basis sets for molecular calculations.



CHAPTER IlI
CALCULATION DETAILS

3.1 Molecular dynamics (MD) simulations

It is not easy to find force fields that can describe property the lattice
flexibility of ZIFs. Hertag et al. [19] used the slightly modified AMBER force field. They
were successful to describe the separation of H, and CH4 by a ZIF-8 membrane. This
model could also describe well the ZIF-8 lattice structure, particularly the size and
shape of the windows. These MD simulations were done in the NVE ensemble. In this
ensemble the simulation box size is constant and therefore agrees with X-ray data.

Alternatively, the MD simulations can be carried out in the NPT ensemble
although the pressure inside porous solids is an ambiguous quantity. In this case the
box size can vary and the model of [19] leads to a somewhat smaller average unit
cell size.

Zheng et al. [35] and Zhang et al. [36] proposed other force fields to perform
MD simulations. In their simulations in the NPT ensemble the unit cell size of the
flexible ZIF-8 was reproduced well. But other features of the lattice like window size
and diffusion properties in this system must also be taken into account.

This work has used most of the force field parameters Hertag et al. [19] to
describe flexibility of the lattice. Detailed discussions of these parameters and tables

with the parameter values used in this work are given in appendix A.

3.1.1 General features of the simulations

All MD simulations reported in this paper were done using the DL POLY
program, version 2.20 (see [68]). Ewald summation was applied for the electrostatic
fields that are connected with the particle charges. Interaction parameters are given
in the appendix A.

In this work the parameter sets for flexible ZIF-8 from Hertdg et al. [19], Zheng
et al. [35] and Zhang et al. [36] are compared. The C,Hg molecule has been
described by the transferable potential for phase equilibria (TraPPE, Martin et al.)
[69]. The nonpolar C,Hs molecule is modeled in this paper by two united atoms (CH;
groups) connected by a rigid bond. The parameters for N, have also taken from the
transferable potential for phase equilibria (TraPPE) but from Potoff et al. [70]. This
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force field describes nitrogen by 3 force centers namely the two N atoms and a
fictive charge center placed at the center of mass of the N, molecule to ensure
charge neutrality. N, is a nonpolar molecule. The bond lengths between the 3
centers are fixed. Further details of the parameters used in the simulations are given
in the appendix A.

3.1.2 Force field validation using isothermal-isobaric (NPT) ensemble

The ZIF-8 structure was taken from the XRD data of the Cambridee
Crystallographic Data Center (CCDC) [8]. It contains 4- and 6-membered rings. The
cubic framework of ZIF-8 consists of zinc and 2-methylimidazolate (2-MelM) linkers

with a lattice constant of 16.9910 A as displayed in Figure 3.1.

Figure 3.1 ZIF-8 structure. The 2x2x2 unit cells (left) and the 6-membered pore

aperture with six 2 methyl-imidazolate linkers and six Zn2+ ions (right).

MD simulations of the empty ZIF-8 framework were carried out in the
isothermal-isobaric (NPT) ensemble. The simulation box contained 2x2x2 unit cells
(initial size: 33.982 x 33.982 x 33.982 /&3). The six ZIF-8 parameter set models will now
be considered. They will be named set A to F. Set A is the parameter set of Hertdg et
al. [19]. In parameter sets B and C, the k, of the Zn-N bond of [19] have been
changed. In parameters set B, k, is 80 and in set C it is 160 kcal/mol/,&z. The
parameter set D essentially agrees with that of [19]. But, the charges of set D are
taken from Zheng et al. [35]. Parameter set E is the set of [35]. The last one,
parameter set F is the set of Zhang et al. [36]. The properties of the flexible ZIF-8
lattice will now be analyzed for set A to E considering the empty framework like in

[35]. The temperature was T = 300 K and the pressure was 6.022 atm. Moreover,
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parameter set C and F were investigated both of empty ZIF-8 framework and ZIF-8
framework with N, at different loadings between 0.5 and 30.0 molecules/cage. The
system was examined at the two temperatures, 258 K and 300 K. The pressure was
chosen to be 1 atm or zero to determine the box size of the frameworks,
respectively.

All systems were allowed to equilibrate for 1 ns and then the evaluation part
of the run was carried out for 2 ns. The cutoff for all LJ interactions was set to be 12

o

A.

3.1.3 Dynamic properties of ethane molecules in ZIF-8 framework with different

interactions

The simulations have been done at a concentration of 2.5 molecules/cage for
the parameter sets A to D to check which parameter set is the best one for the
examination of diffusion of C,Hg in ZIF-8. All frameworks are flexible throughout the
simulation. The numbers of unit cells in these simulations were 2x2x2 (that means
an edge length of the box of 33.982 A). Periodic boundary conditions were used. The
temperature was set equal to 300 K and the pressure was 1 atm. The simulations
were now first performed in the isochoric-isothermal ensemble (NVT) to equilibrate
the system for 5 ns. Then, the evaluation run of 50 ns was carried out in the micro-
canonical ensemble (NVE). Equilibration was done for 0.5 ns. The time step was 2 fs.
The cutoff radius of the LJ interactions was chosen to be 14 A

MD simulations the best of the parameter sets have then been done for
different loadings between 0.5 and 15 molecules/cage. The results are compared
with measurements of Bux et al. at 298 K. [71]. Bux et al. reported results from
sorption uptake experiments of pure C;Hg on large ZIF-8 single crystal and GCMC
supported IR microscopy (GCMC-IRM). Moreover, data from MAS PFG NMR
measurements [72] carried out for C,Hg/C,Hy mixtures have been compared also.
Moreover, the numbers of C,Hs molecules in the simulations was increased to check
the influence of the guests on the window diameter of the 6-membered rings and
density plots of the C,Hg location in ZIF-8.

The diameter of the 6-membered window in the ZIF-8 lattice has been
visualized by the yellow sphere in Figure 3.2. The diameter has been defined here
different from the way that is done usually. Usually, the distance between opposite
atoms in the window is considered. But also the shape of the opening should be

taken into account. Therefore, in [19] the window diameter has been derived from
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the diameter of the largest sphere that fits into the window. The technical details for

calculation window diameter are described in appendix A.

Figure 3.2 The 6-membered window of the ZIF-8 framework as estimated from
XRD data [8] plus adding the hydrogen electron clouds which gives a diameter

of 3.4 A. A yellow sphere is visualizing the window size.

The simulation box consists of 2x2x2 unit cells that have 64 pore apertures

over which the average was taken.
3.1.4 Potential energy profile for an ethane molecule passing the window

To understand the self-diffusion of C,Hg in ZIF-8, the energy profile for a C,Hg
molecule passing the ZIF-8 windows was investigated. The only way for a guest
molecule to migrate from cavity to cavity is pass the 6-membered ring. The Figure
3.3 shows a snapshot was extracted from a MD trajectory of C,Hg in ZIF-8. As a model
one isolated 6-membered ring was observed. The potential energy of a C,Hg
molecule passing the window in the orientation illustrated in Figure 3.3 (all atoms are
drawn small for clarity of the picture) was calculated for positions that are separated
by shifts of 1 A. Lattice fragment and C,Hs molecule were kept rigid. The positions
included an interval starting and ending at 7 A distance from the center of the
window as shown in Figure 3.3 (b). This molecular mechanics calculations were done

by an own small FORTRAN program. The results can be found below.
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(b)

Figure 3.3 The arrangement used for the molecular mechanics (a) top view, (b)

side view. The dumbbell represents the C,Hs molecule.

3.1.5 Structure of the flexible ZIF-8 framework and dynamic properties of N,

within ZIF-8 framework with various interactions

A geometric parameter that is very important for diffusion. The window
diameters of the 6-membered rings in ZIF-8 at 258 K (temperature of the X-ray
experiment in [8] and 300 K (room temperature) from MD simulations by using
parameter set C and F are compared with the window diameters of the 6-membered
rings in ZIF-8 from X-ray diffraction data. These simulations of flexible ZIF-8
frameworks were started in the NVT ensemble to equilibrate the system for 5 ns and
then allowed to equilibrate for another 0.5 ns in the NVE, followed by the
production run of 5 ns (NVE). The time step was set to 1 fs. The unit cell size in our
NVE simulation is the same as in the XRD data.

Again, the flexible ZIF-8 frameworks were studied at N, loadings between 0.5
and 30.0 molecules per cage for parameter set C and F. These parameter sets were
used to determine the window diameter of 6-membered rings of ZIF-8 and the self-
diffusivity of N, in ZIF-8. The temperature in the simulation box was set to 300 K. To
shed light on the mechanism of the gate-opening on an atomic level, the window
diameter of the 6-membered rings of ZIF-8 is compared with the self-diffusivity of N,
molecules and density plots of the N, location and the radial distribution functions

in ZIF-8 with the appropriate parameter set.
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3.2 Quantum chemical calculations

The heavily discussed gate-opening is often thought to be a saloon door-like
rotation of the linker in ZIF-7 or ZIF-8. To check this the configurational energies for
different orientations of the linker have been calculated using ab initio calculations
at B3LYP-6-31G(d) level including LANL2DZ. Figure 3.4 and 3.5 show the part of the
ZIF-8 that was considered (highlighted). The calculations were done by the GAUSSIAN
software package [73].

Figure 3.4 Different views of the part of 4-membered ring in the ZIF-8 lattice

that formed the model for the quantum mechanical calculations.

In Figure 3.4, the region in between four windows (the 6-membered rings are
right, left, above and below from the highlishted region) is examined. The
investigations (i) Rotation of only one linker (the central one in Figure 3.4, left or
middle picture) and (i) Simultaneous rotation of all linkers of the 4-membered ring
(Figure 3.4) in order to investigate correlations among linkers. The 4 member ring was
chosen because a more pronounced correlation effect was expected than in the 6-
membered ring (window). Rotation of the 4-membered rings in the range of 0°-360°
was computed every 30°. After that, the energies in the range of 0°-30° with an

interval of 5° have been calculated.
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Figure 3.5 Different views of the model part of 6-membered ring used in the

guantum mechanical evaluations.

In Figure 3.5 the region between six windows is displayed (the 4-membered
rings are right, left, above and below from the highlighted region). Due to the number
of atoms in the system is too large. Therefore, only one linker has been rotated in
the interval 0°-360° by steps of 30°.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Molecular dynamics (MD) simulations for C,Hg

In this part, the MD simulations are done to study force fields of Hertag et al.
[19] and Zheng et al. [35] in the NPT ensemble to investigate the unit cell size of
flexible ZIF-8 of these parameter sets and in the NVE ensemble in order to compare
the lattice geometry and mobility of guest molecule. Moreover, the present section

contains the examination of the migration of C,Hs molecules and their influence on
the ZIF-8 lattice.

4.1.1 Framework properties for different force fields

The force fields for the flexible ZIF-8 by Hertdg et al. [19] and Zheng et al.
[35] were studied. The bond elastic energies (Upong) @s a function of the bond length

of the Zn-N bond for the two systems, as calculated by equation 1 in appendix A
can be seen in Figure 4.1.

90
80
707 —— From [19]
60+ =—4— From [35]
50-
401
30-
201
10-:

Upond (kcal/mol)

1.0 1.5 2.0 2.5 3.0

Figure 4.1 Potential (Ubond) for the vibration of the Zn-N bond (harmonic

oscillator) calculated from the force field parameters used from refs [19] and
[35].
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The parameter sets for the ZIF-8 from references [19] and [35] will now be
compared. The differences in the k; for the Zn-N interaction (Table A.1) and the
partial charges (Table A.6 of the appendix) between both parameter sets are crucial.
They cause the different box sizes in the simulations. The bond potentials (Upong) Of
Zn-N bond for two systems are shown in Figure 4.1. The Upgng from ref [19] is
drastically weaker than that of ref [35]. Hence, the parameters from ref [19] lead to a
more flexible lattice. Even though, the force field from ref [35] can remain the box
size of the ZIF-8 system in NPT simulations compared to the experimental XRD
structure better than that of ref [19], other size parameters like the window shape
should be checked taking into account that in [19] the H,/CH, selectivity in ZIF-8 can
be modeled very well in agreement with the experiment.

The empty ZIF-8 lattice has been checked in the NPT ensemble, in order to
investigate the behavior of the lattice geometry during the simulations. The box size
and the Zn-N bond lengths have been compared with the experimental data. The

results for systems (A-E) are shown in Table 4.1

Table 4. 1 The edge lengths of the MD boxes and the Zn-N bond lengths of ZIF-
8 found in the MD simulations with NPT ensemble with the different parameter
sets, respectively and differences from the XRD derived structure (box size:
33.982 A and Zn-N bond: 1.987 A). Note that the box lengths in x, y, and z
directions are equal. The deviations from experimental XRD values are written

in parenthesis.

k. for Zn-N . o
Systems 0o Box size (A) Zn-N (A)
(kcal/mol/A")
Parameter set A 40 29.790 (4.192) 1.662 (0.325)
Parameter set B 80 30.680 (3.302) 1.794 (0.193)
Parameter set C 160 31.370 (2.612) 1.912 (0.075)
Parameter set D 40 33.305 (0.677) 1.970 (0.017)
Parameter set E 157 33.165 (0.817) 1.985 (0.002)




39

In Table 4.1, the deviations of the box lengths from the XRD data are 0.677 -
4.192 A. They are mostly significant for the Zn-N bond length, where they are 0.002-
0.325 A as shown in the parenthesis. This work considered the box sizes of the
system A-C and D-E, which use also different partial charges. The box size is
determined by the k, constant of Zn-N bond, and by the partial charges. Using the
partial charges from ref [35] very good agreement of the box size with that of the X-
ray structure can be achieved. The results point to the importance of the k, constant

and the charge model for the structure.
4.1.2 C,H¢ diffusivity in ZIF-8 framework

The self-diffusion of C,Hg has been examined in the NVE ensemble because
e.g. in the NVT ensemble well known artifacts can appear. In most thermalization
procedures the temperature is maintained by scaling of the velocities of the atoms.
This can create nonequilibrium situations including different temperatures for
different degrees of freedom of the molecules.

Nevertheless, the system can be thermalized in an initial NVT run if it is then
relaxed to equilibrium before the evaluations start. During the evaluation part in the
NVE ensemble the temperature was only slightly fluctuating within about one per
cent around 300 K. No thermalization was therefore needed.

The mean square displacements (MSDs) of C,Hs molecules in the ZIF-8 lattice
at 300 K and loading of 0.5, 2.5, 5, 7.5, 10, 12.5 and 15 molecules/cage, were
calculated over 20 ns. The self-diffusion coefficient (D,) of the C,Hs molecules was
calculated using the Einstein formula from the MSDs. The MSDs of the C,Hg
molecules in the flexible ZIF-8 lattice at loading of 2.5 molecules/cage for systems A-
E can be seen in Figure 4.2 (left). The D, values fitted from the MSDs for system A, B,
and C were found to be 6.02x10 ', 5.99 x10 " and 5.85x10" m/s, correspondingly.
The order of magnitude of the results agrees with experimental transport diffusivity
(D7) at 298 K [71], which were obtained from the C,Hs in ZIF-8 single crystal by IRM
detection [72].
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Figure 4.2 (Left) The mean square displacements (MSDs) of C,Hs molecules in
ZIF-8 at loading of 2.5 molecules/cage and the obtained self-diffusion
coefficients (Ds) for system A (a), system B (b), system C (c), and systems D and
E (d). (Right) The distributions of the window diameters from the simulations of

2.5 molecules/cage for all parameter sets.

The mobility of guest molecules is determined essentially by their ability to
pass the windows. Hence this work also studied the diameter of the 6-membered
ring windows through which molecules must pass to proceed from one cavity to the
next one. The window diameters achieved from the maximum of the diameter
distributions for systems A, B, C, D, and E are 3.375, 3.375, 3.345, 3.225 and 3.195 A,
respectively as shown in Figure 4.2 (right). Using the interaction parameters from D
and E sets the window sizes are smaller than the experimental ones obtained from
XRD data. The window size essentially determines the diffusion performance of C,Hg
molecules.

It becomes apparent that the D, of C,Hg molecules in systems D and E are
negligibly small. That means that C,Hs molecules would not diffuse in ZIF-8 in
contradiction to experiments. This is due to the smaller windows for these
parameter sets. This results from the conformation of the ZIF-8 linkers which are
different from the XRD structure. By the parameter sets D and E, the linker-turning
leads to narrow windows. The superimposition of the 6-membered ring from
snapshots of MD runs by systems A and D at loadings of 2.5 molecules/cage and that

from XRD are visualized in Figure 4.3.
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Figure 4.3 Superimpositions of the 6-membered ring from XRD (black) and that
from the simulations of ZIF-8 lattice with C,H, molecules (red) for the

parameter sets A (left) and D (right).

4.1.3 Influence of the concentration of C,Hg on the self-diffusion coefficient

and the windows size

As outlined in section 4.1.2 only the parameter sets A, B, and C yield realistic
Ds values. To compare D, for different force constants of the Zn-N bond on, the
parameter sets A and C were selected. The loading dependence of D, of C,Hy in ZIF-

8 is shown in Figure 4.4.
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Figure 4.4 Ds for C,Hg in a ZIF-8 for the parameter sets A and C as function of

loading (see appendix B in Table B.1) compared with experimental results. Ds

values from IRM are calculated from DT values as expressed in [71].
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The D values from MD are approximately not different for the parameter sets
A and C. However, the D, are larger than those obtained from sorption
uptake/desorption experiments with IR detection [71, 72]. This is quite frequently the
case in such comparisons of MD and experiment. This disagreement can be caused
by reduced diffusion in real crystals because of lattice defects, grain boundaries, pore
blocking etc. Instead the crystal of the MD simulation is perfect. This is true for all
kinds of classical molecular simulations if the parameters are not fitted to
experiments. In [74] for the adsorption of e.g. CH; and CO, in ZIF-68 and ZIF-69 the
hypothesis of partial pore blocking was checked. Blocking some pores randomly one
choice of blocking gave very good agreement of simulations with experiment using
unfitted generalized force field parameters. It is clear that pore blocking would
decrease the diffusivity.

Possible reasons for the low loading-dependence of the self-diffusivity found
in our results and also experiments (Figure 4.4) will be discussed in the next section.

Figure 4.5, shows that the window diameter became smaller with increasing

loading from 0.5 to 16 C,Hy/cage.
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Figure 4.5 (a) Windows diameter distributions as function of loadings with C,Hg
achieved from the sets A and C (the results for the parameter sets A and C are
nearly the same). (b) Average window diameters gained from snapshots from
trajectories from parameter set C.

Surprisingly, the reduction of the window sizes with increasing loading does
not affect the D, much as shown in Figure 4.5. To understand this discovery, the

potential threshold in the window will be discussed in the next section.
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4.1.4 The potential threshold in the window

The local Helmholtz free energy [75], (that is the potential of the average
force on a given probe molecule at a given position [76]) would be very helpful to
understand the results of section 4.1.3. With its help even Transition State Theory
could be used to calculate transition probabilities for the passage of the window
[77]. By umbrella sampling this would be possible with reasonable effort for a rigid
lattice along the so called MEP (minimum energy path), the most probable path for
passing molecules. Unfortunately, in the vibrating lattice there is no permanent MEP.
Instead it will depend on time making its estimation difficult. This evaluation is time
consuming to be done in the present work.

The mentioned probe particle shifting will now be applied to study the
particle migration in detail. For randomly chosen situations (snapshots) from MD
trajectories the potential energy of a fictive C,Hg test molecule is calculated for a
sequence of positions along the central line throughout the window. The test
molecule will be always be directed parallel to this line. The positions of lattice
atoms and (real) guest molecules are fixed. Every atom and molecule exerts forces
on the test molecule. This should give a realistic picture of the potential landscape
for the fictive test molecule. Note, that in reality, only orientations of the C,Hg
molecules close to the mentioned one will allow passage of the window. The
special choice of the snapshot will, of course, influence the results.

For comparison the energy values are shown in the pictures as differences to
the minimum energy along the on the path. The energy unit is kcal/mol. The energy
barriers were found to be notably different between systems A and D whereas sets A
and C are very similar to each other. The energy barrier for system A is only 5.98
kcal/mol while for system D it is up to 17.81 kcal/mol. The comparison of the
thresholds may explain why the C,Hs molecules can only diffuse in systems A or C,
but not in system D because its barrier is much higher. For the difference between
sets A and C note that each of these two evaluations have been done using an
arbitrarily chosen single snapshot from the corresponding trajectory thus fluctuations

must be taken into account. The variation is within the range of such fluctuations.
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Figure 4.6 The energy barriers for C,Hs molecule obtained as described in the
text for parameter sets A, C and D (see in Figure 4.2 right). The loading was 2.5
guest molecules/cage at 300 K. Note, the inlets shall only demonstrate the

geometry of the arrangement and do not represent the real atom sizes.

Because the window size is better reproduced with parameter sets A and C
than with set B or D and the diffusion of the C,H¢ is possible with parameter sets A
and C like it is in the experiment these parameter sets have been chosen. The
deviation of the cell size in NPT simulations for the parameter sets A and C from XRD
data are not important because we have done the simulations in the NPT ensemble.
Thus the unit cell size is constant and in exact agreement with XRD data.

Parameter set C which shows the lowest decrease of the box size in NPT was
finally used for the examination of the window size as a function of the C,Hg loading
in Figure 4.5(b). Modification of the bond parameter like in set C is also used in [20]
and [35] where also a stronger bond parameter than that from generalized force
fields has been introduced empirically in order to maintain the unit cell size closer to
the value from XRD data.
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Figure 4.7 The potential energy profile for C,Hs probe molecule passing the ZIF-
8 window for the parameter set C at a loading of 15 molecules/cage at 300 K.

The states are selected randomly from one trajectory in which no other C,Hq is
within the window region.

Though the window diameter for 12.5 and 15 molecules/cage is of the order
of only 3.1 A while it was 3.35 A for lower concentrations D, is nearly the same.
Figure 4.7 shows a possible explanation why the C,Hg molecules quite often pass the
smaller windows at high loadings. The potential energy profiles for a C,Hg molecule
at the loading of 15 molecules/cage has been evaluated for some snapshots in
which there is no other C,Hg in the window region. It can be seen that outside of the
window there are enormous potential gradients (forces) toward the window. The
other C,Hg molecules around the window press the test molecule into the window.
This discovery fits well to the fact that snapshots with no C,Hs molecule in the
window are very rare.

The explanation for the almost constant self-diffusion coefficient D; is that
the influence of the other C;Hg molecules on the test molecule compensates the
smaller window size at high loading. D; is even slightly increasing with loadings for

the examined densities. For very high loadings it must tend to zero, of course.

4.2 Molecular dynamics (MD) simulations for N,

In this part the interplay of structural properties and self- diffusion of N,
molecules will be examined by using the parameter set C as suggested in C,Hg

(section 4.1). This parameter set is able to explain the structural change in the ZIF-8
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lattice induced by the N, adsorption (as found in experiments and other simulations
[34, 36] and compare the predictions for the guest dynamics with the values
obtained using the parameter set F suggested in Zhang [36]. NPT simulations have
been done for the comparison of different parameter sets on the ZIF-8 lattice
structure whereas the investigations of the structural and diffusion properties have

been carried out in the NVE ensemble.

4.2.1 Force field validation for the flexible ZIF-8 framework at 258 K and 300K
by NPT ensemble

The unit cell size is frequently used to validate the force field in NPT.
Although, as mentioned there are more important criteria as explained in section 4.1,
in this section MD simulations of the empty ZIF-8 framework have been carried out
under the NPT ensemble, pressure zero, in order to investigate the box lengths of
the framework during the simulations using parameter sets C and F. The simulation
boxes from MD calculations at 258 K and 300 K were compared with the
experimental data of Park et al. (258 K) [8] as shown in Figure 4.8.
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Figure 4.8 The box size distributions of ZIF-8 framework at 258 K and 300 K
achieved from the MD simulations under the NPT ensemble (a) Parameter set C

and (b) Parameter set F.
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In Figure 4.8, the dimensions of the simulation box of ZIF-8 calculated for
parameter set C and F are dissimilar from the XRD data (33.982 A). For parameter set
C, the simulation boxes at 258 K and 300 K were found to be 31.345 and 31.370 A,
correspondingly. For parameter set F, the simulation boxes at 258 K and 300 K were
found to amount 34.465 and 34.460 A, correspondingly. The slight difference of the
maximum position for set F in Figure 4.8 (b) of 0.005 A in the two different MD runs
respectively, is 1.45x10° of the box size and is below the limit of adjustment.
Therefore, the temperature dependence of the box size is too small to be
calculated in this way. Parameter set F could reproduce the size of the ZIF-8 unit
cell given in XRD data [8] with decent accuracy. Clearly, parameter set C leads to a
too smaller unit cell size in comparison to the XRD data (33.982 — 31.345 = 2.637 A).

However, the simulation box size in NPT is not the only condition for
choosing a parameter set for the simulation of diffusion. Principally, it is unimportant
if the simulations are done in the NVE ensemble and not in NPT. The more
important size of the windows connecting adjacent cavities and limiting diffusion will

be discussed in the following section.

4.2.2 Force field validation for the flexible ZIF-8 framework with N, loading at
300K by NPT ensemble

The flexible ZIF-8 framework with N, loading (between 0.5 and 30.0 N,/cage)
at 300 K with 0 atm for low loading (0.5 to 18.44 N, molecules per cage) and 1 atm
for high loading (24.69 to 30.0 N, molecules/cage) were also examined in the NPT
ensemble using parameter sets C and F. The changes in the box dimensions of the

parameter sets C and F are compared in Figure 4.9.
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Figure 4.9 The box length distributions of ZIF-8 within N, loading at 300 K
acquired from the MD simulations under the NPT ensemble with (a) Parameter

set C and (b) Parameter set F.

For both parameter sets, the initial box sizes were set to 33.982 A, in
agreement with the XRD data. Afterward, it relaxed during the equilibration runs to
the numbers given in Figure 4.9. For the parameter set C, the box length has been
especially increased to 31.369, 31.365, 31.395, 32.115, 32.795, 32.850 and 33.455 A
with increasing N, loading at 0.5, 2.5, 7.5, 18.44, 24.69, 25.0 and 30.0 N,/cage,
respectively. While parameter set F, the box size somewhat increases to 34.599,
34.465, 34.485, 34.685, 34.980, 35.00 and 35.145 A with increasing N, loading of 0.5,
2.5, 7.5,18.44, 24.69, 25.0 and 30.0 N,/cage, correspondingly.

Thus parameter set C predicts a sudden increase in the cell parameters once
a loading of 18.4 molecules per cavity is crossed. This is the accurate loading where
the gate-opening effect has been found in experiments [34]. This result provides a
first indication, that also set C is able of capturing the gate opening effect in MD
simulations. In section 4.2.1, it was found that parameter set C returns cell size
parameters which are somewhat too small in NPT. But, as discussed, all further

investigations were done in the NVE ensemble.

4.2.3 Flexible ZIF-8 framework and N, dynamics investigated in the NVE

ensemble

The cell size in NVE simulations is an input parameter and constant and exact
by definition. This denotes that in NVE small fluctuations of the total simulation cell
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box size are suppressed. Nonetheless, since the simulation box contains 8 unit cells,
the cell size of each individual unit cell can still fluctuate. When it comes to the
dynamics of diffusing guest molecules, geometry and the size of the windows
connecting adjacent cavities is by far more essential than small deviations in the
total size of the MD box. This bottleneck must be passed by the diffusing particles.
Thus, the bottleneck permits some guest particles to pass whereas others cannot.
The reproduction of this important feature is discussed in this section.

Therefore, this section is focused on the window size to validate the force
fields for analysis of ZIF-8 framework and N, dynamic properties in the NVE
ensemble. The box size is fixed at the experimentally measured assessments. The
window diameters of the ZIF-8 framework for parameter sets C and F at 258 K and

300 K are shown in Figure 4.10.
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Figure 4.10 Distributions of ZIF-8 window diameters at 258 K and 300 K for

parameter sets C and F.

The window diameters obtained from the maxima of the distributions for
parameter sets C and F are 3.375 and 3.675 A, respectively. The FWHM (full width at
half maximum) of all curves is larger than 0.6 A, demonstrating the obvious flexibility
of the windows, which allow the passage of molecules with a size notably above the
XRD window size (3.4 A). Fascinatingly, for both sets the window diameter did not
change with temperature. For parameter set C, the window diameter of the 6-
membered rings is in outstanding agreement with the experimental XRD data (3.4 A),
while parameter set F overestimates the window size by approximately 0.3 A. As a

result, parameter set C appears to be more appropriate than parameter set F to
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reproduce dynamic properties of guest molecules, as in pore systems with larger
cavities framework by narrow windows of similar size as the diffusion molecules
generally the window size dictates the molecular mobility.

XRD experiments evidenced a relocation of the linker molecules happening
at higher N, loadings [34]. Both parameter sets C and F predict a change in the box
size at the proposed loading in NPT simulations, this section also expect to discover
a sudden increase in the window size if the “gate-loading” loading is exceeded and
this happens also in NVE simulations. Actually, such changes are observed for both

parameter sets at 300 K (see Figure 4.11a) in NVE simulations.
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Figure 4.11 (a) Window diameters and (b) self-diffusivity Ds (see in appendix B
in Table B.2) for N, molecules within ZIF-8 framework for the parameter sets C

and F.

Both parameter sets show a slight decrease in the window size as the loading
is increased from zero to 18.44 molecules/cage, followed by and substantial increase
afterwards by 0.36 A for set C and 0.58 A for set F, correspondingly. Whereas in set C
this increase proceeds gradually as the loading rises from 18.44 to 24.7
molecules/cage, set F shows a steep increase only when the loading crosses 24.7
molecules/cage. With representing a transition point for a structural change near to a
concentration of 18.44 N, molecules/cage, set C matches closely the gate-opening
loading found in experiments by Fairen-Jiminez et al. [34]. The structural change
resembles exactly the change of the ZIF-8 framework from the close to the open

form as discussed in next section as same as observed by Fairen-Jiminez [34] and
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Zhang et al. in [36] at 77 K. In comparison to Figure 4.10, the distributions of the

window size for set C in dependence of the loading is displayed in Figure 4.12

B 05Nzicage (O 2.5Malcage O 5.0 Malcage

) B 200 MNpicage () 22.5Mplcage S 24,69 Naicage
W TSMNzieage < 10.0 Npcage [ 12.5 Nalcage

1.2 O 15.0Mpcage 0 18.44 Nalcage ™ 17.8 Nalcage % 250 Mpicage < 27.5MWplcage 5 30.0 Naicage
1@ 3225 3375 ;E {® 3.225 —»3.585 |15
1.0+ P, i 1.0 LT
£ 0.8- sor e TEREER 208 Y X B
= T "' 1{-5-:'-. = 1 I- lf -I %
T 0.6 v T 0.6 dog LR
=] dnim oy =] .o . -
E 1 s q&'?"'_l [=] 1 " ‘i_ . .E;
a 0.4 peos & @ 0.44 . °& . e
1 aom “‘ﬁj"-_p 1 . & . e
0.2{ & E"? 0.2 o oF
| &= 1 Ry ;
0.0 bt — 0.04 . —_—
2.5 3.0 3.5 4.0 4.5 2.5 3.0 35 4.0 4.5
Window diameter (A) Window diameter (A)

Figure 4.12 Distributions of ZIF-8 window diameters for different N, loadings at
300 K for parameter set C. (a) N, loading from 0.5-18.44 molecules/cage (b) N,
loading from 20.0-30.0 molecules/cage.

Figure 4.12 shows the decreasing window diameters for loadings from 0.5 to
18.44 N, molecule/cage, where the window diameters dropped from 3.375 to 3.225
A. After that, the loading increases from 18.44 to 30.0 N, molecules/cage, the
window diameter increases from 3.225 to 3.585 A. Fascinatingly, the curves are
shifted as a whole without a change in the FWHM. For this reason, the fluctuations in
the window size occur independently of the rotation of the linkers. Most
interestingly, the sudden change in the window size is not accompanied by an
enhancement of the self-diffusivity (see Figure 4.11b). The D, values from both
parameter sets somewhat increase until a loading of 18.44 N, molecules/cage and
amount between 10° to 10 m/s. After that, the diffusivity begins to decrease and
then go downs sharply by 2 to 3 orders of magnitude in the high coverage region
between 25 and 30 N, molecules/cage. The reason for this strong decrease is
basically that at very high loadings the mutual hindrance of the N, molecules
becomes the dominating factor and powerfully decreases the mobility. The
magnitude of the diffusivity is in agreement with experiments and simulations of
other small molecules. For CH, and CO, self-diffusivities in the range of 1—?5><1Of10
m’/s were evaluated [77]. Studies based on molecular simulations with a flexible

lattice show numbers in the range of 10 to 10° m’s , depending on the selected
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set of parameters [19, 20, 77-79]. The mobility of H, or D, is mostly shown in the
order of 1O>9 to 10_7 mz/s [19, 78, 80]. As common characteristics one discovers a
weak dependence of the self-diffusivity on loading. Values for N, drop in between
the intervals reported for H,/D, and CH4/CO,, as supposed based on the kinetic
diameter of these molecules. Furthermore, the trend of the loading-dependence for
low-intermediate pore fillings agrees well with the results for other molecules. The
counter-intuitive finding that the increase of the window size does not result in a
corresponding speed-up in the molecular mobility will be examined in more detail in
the next section.

Figure 4.11b also illustrates that the self-diffusion coefficients D, from MD are
almost equal for the parameter sets C and F despite of the notably different window
diameters. N, is a small molecule and the correct window size is more significant for

the diffusion of larger molecules.
4.2.4 More detailed examination of the gate-opening effect

The structural transition monitored using parameter set C is illustrated in
Figure 4.13. In (a) and (b) a projection of a whole cavity including the surrounding
lattice atoms on a plane is demonstrated for the high density and the low density
configuration, respectively. The two kinds of windows are shown by different colors.
The re-orientation of the imidazolate linkers in the ZIF-8 framework from closed
(Figure 4.13) to open form (Figure 4.13) is exactly the structural transform which has
been found in the high-pressure experiment of Moggach et al. [32] and in the work of
Fairen-Jiminez et al. [34] and Zhang et al. [36] for N, adsorption. The re-orientation of
the linkers is easily recognized as both structures are superimposed (see close-up

views of the 4- and 6-membered ring windows in Figure 4.13 c and d).
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Figure 4.13 The transform of the orientation of the imidazolate linkers in the
ZIF-8 framework for (a) low density (0.5 N,/cage) and (b) high density (15.0
N,/cage) N, loadings. Superimpositions of the low loading (black) and high
loading (red) structures are shown for (c) the 4-membered ring and (d) the 6-

membered ring.

To shed some light on the physics behind the loading dependence of the N,
diffusivity this section considers in the following the probability density plots for the
location of the N, molecules at different loadings as obtained from MD simulations
using parameter set C at 300 K in the NVE ensemble (see Figure 4.14). The results are
compared with the density plots for C;He, as derived from the MD runs presented in

the above section.
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Figure 4.14 Comparison of the probability density plots for N, and C,Hg
molecules at different loadings in ZIF-8. In each column the left hand picture
shows a larger area whereas right hand picture shows the projection of a single

cavity centered in the picture. Dark regions signify high probability density.

The plots illustrate the sites of the center of masses of the guest molecules
at every 100 steps from the last 50000 steps of the production run in order to
picture the probability density to find a particle at a given site. To support the
interpretation of the density plots and why D, decreased at high loading the radial
distribution functions (RDFs) were determined in addition (see in Figure 4.15 and
4.16). The density plots at N, loadings between 2.5 and 18.4 molecules/cage (Figure
4.15 a-d) illustrate a high density of N, molecules in the funnel shaped entry region
to the 6-ring windows and many N, molecules passing the windows. The entrance
region was also identified for CHy and CO, as preferred adsorption site [14] and also
C,Hg seems to prefer this region (Figure 4.14 g¢-h). As already stressed in [32] and [81]
and proved in this RDF calculations (see in Figure 4.15), the structural transition at
18.4 N, molecules/cavity is accompanied by a packing rearrangement of the guest
molecules. At the present, also sites near the 4-ring windows (see Figure 4.14) are
populated which is only possible when the linkers are distorted. The linear shape of
the N, molecules together with the rearrangement then allows to contain more
molecules in the cavities. The drastic change in the probability density plot at
loadings above 18.4 molecules/cage (Figure 4.14 e and f) is a direct result of this
more efficient packing. At high density, the next neighbors form a cage for each N,.

The picture shows similar to density plots of the phase transition in hard sphere or LJ
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liquids. At high loadings, the RDFs reveal also a particularly strong interaction of the

N, molecules with the atoms at the CC and CT positions (Figure 4.15). Observably,

the force constants describing the dihedral (stretching and bending) of the linker are

of fundamental importance to capture the structural change in molecular

simulations. In [36] it was concluded that their treatment of the dihedral of the

imidazolate linker is-comparable to the description of the dihedral (X-CT-CT-X) in
the AMBER force field, in which CT are sp3 hybridized carbon atoms. Hence, in both

of these simulations similar parameters are used for this dihedral elasticity which

may explain partially why the gate opening effect is likewise expressed by both

parameter sets.
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Figure 4.15 RDFs for a N, molecule around the CC, CR, CT and Zn atoms in ZIF-8
framework at (a) 2.5 N,, (b) 7.5 N, (c) 12.5 N,, (d) 18.44 N,, (e) 24.69 N, and (f)

30.0 N,/cage.
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To confirm as mentioned above Figure 4.15 demonstrates the ¢(r) for N,
around the CC, CT and Zn atoms in ZIF-8 framework. At a loading 2.5, 7.5, 12.5 18.44,
24.69 and 30.0 N,/cage, N, molecules were adsorbed close to CC and CT of the
organic linker around a distance of 4.0 to 3.7 A to the linker, whereas N, molecules
were located far from Zn clusters at distances of about 6.1 to 5.8 A. These results
show that the preferential adsorption site of the N, molecule in ZIF-8 is the organic
linker, similar to results presented in previous works [31, 82]. Thus, ¢(r) of the N,
molecules still remains large nearest to the CC and CT. With increasing number of N,
molecules/cage, sharp peaks are seen for N, around CC, CT and Zn. Thus, N,
molecules have been found to have strong interaction with CC and CT at these
positions. Additionally, it probably has implications for the decrease of the self-
diffusivity observed for high loadings (Figure 4.11 b) and also contributes to the
aggregation of N, (Figure. 4.16). To obtain further insights, this work studied also

interactions between N-N atoms of N, molecules in ZIF-8 framework.
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Figure 4.16 RDF between N-N atoms for a N, molecule at different loadings in

ZIF-8 framework.

At low to intermediate loadings (2.5 to 18.44 N,/cage) the first peak showed
up around 4.0 A while at high loading (24.69 to 30.0 N,/cage) the first peak is already
found around 3.0 A and a second peak around 6.4 A. The intense first peak with a
visible shoulder was found only at high N, loadings. This indicates that a much closer
packing of the N, molecules is observed at high loadings, as discussed in the

probability density plots section.
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A population of the sites near the 4-ring windows is also examined for high
C,Hg loadings, conversely without a swing-effect of the linkers. As revealed by the
work of [34, 36, 83], the occurrence of guest-induced structural transitions in ZIF-8 is
the effect of a complex interplay of different factors, with guest size, shape, packing
and interaction with the linker molecules and related changes in the energy
landscape of the host structure. Hence, most likely, it is not only a consequence of
the somewhat larger size of C,Hs compared to N,, that a gate-opening transition is
not observed for C,Hg. Nevertheless, the situation might change in other ZIF
structures. In [84] by quantum density functional simulations of C,Hy in ZIF-7, a
quantum mechanical effect for the gate-opening was suggested. This emphasizes to
the conclusion that within the highly flexible ZIF lattices a complex interplay of the
host-guest system results in gate-opening effects. In case of N, in ZIF-8, classical
simulations are sufficiently accurate to capture its dynamic occurrence.

A structural transform caused by C,Hs uptake was found in classical
simulation for another MOF structure, viz. MOF Zn(tbip) [85, 86]. At higher loadings an
increase of the diameter of the bottlenecks in the channels occurred that results in a
rapid increase of the self-diffusion coefficient. Fascinatingly, this opening of the
bottleneck could only be observed for C,Hg, not for CH4, whereas for ZIF-8 the
classical gate-opening appears for N,, but not for C,Hy [19, 87]. For N, in ZIF-8, the
increase of the window size is not connected with an increase in the diffusivity
(Figure 4.11 b). Actually, the reorientation and closer packing of the N, molecules at
higher loadings has also implications for their mobility. Besides the size of the narrow
window also the probability to jump throughout the window and the opportunity to
find a free site behind contribute to the diffusivity. Induced by the structural
transition and the rearrangement, the chance to find N, in the window region is
notably increased. Moreover, the closer packing makes it more difficult for the N,
molecules to exchange their places. Both contributions overbalance the speed-up in
the diffusivity which would be expected exclusively based on the window size and
result in decline of the self-diffusivity above 18.4 molecules/ cage (Figure 4.11 b). In
conclusion, at 30 N, molecules/cage the N, molecules can swing only in isolated

regions (Figure 4.14 f), resulting in the sharp reduction of the mobility.
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4.3 Quantum chemical calculations

In this part quantum chemical calculations were used to study the
information about rotational energy of the linker such a 4- and 6-membered ring in
ZIF-8. The total atoms in 4- and 6-membered ring are 140 and 210 atoms,
respectively. The energy values for linker orientations in 4- and 6-membered ring can

be seen in Figure 4.17.
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Figure 4.17 The relative energy (kcal/mol) obtained from the quantum chemical
calculations for the ZIF-8 linkers turning in the 4-membered ring in the ranges
0°-360 ° (a) and 0 ° -30 ° (b), and 6-membered ring in the ranges 0 ° -360 ° (c).

In Figure 4.17 (a) the range of 0-360 degree is tested at every 30 degree and
(b) which focus on the energies in the range of 0-30 degree with an interval of 5
degree in 4-membered ring. The energy thresholds for such a process turn out to be
such high that rotations on large angles or transitions to another minimum in Figure

4.17 (a) are extremely unlikely. Figure 4.17 (b) can see that the energy necessary to
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rotate 4 linkers in the 4-membered ring is approximately 4 times that of the rotation
of one linker. Thus, even in the comparably small 4-membered ring the mutual
interaction between linkers is negligible. Figure 4.17 (b) also demonstrates that
rotation of the linker by about 13 degrees as found in [84] in density functional
calculations for ZIF-7 with guest molecules would also be no problem for the ZIF-8
with our parameter set C. The more detailed quantum chemical investigation of the
window region (6-membered ring) including the surrounding parts of the lattice was
shown in Figure 4.17 (c), with energy thresholds in the range of 0-360 degree. The
energy thresholds for rotation of one linker in 6-membered ring were found

asymmetric as in 4-membered ring that can be explained in Figure 4.18.

Figure 4.18 (a) Structures of 4-membered ring and (b) 6-membered ring.

Figure 4.18 shows the rotation of one linker in 4- and 6-membered ring at 90°
which this position the energy thresholds were found around 200 and 110 kcal/mol
for 4- and 6-membered, respectively. Because the methyl group of the rotating linker
has steric effect with another methyl groups in 4- and 6-membered (outside window)
as shown in the red square. When the rotational of one linker was at 270° in both
systems then the methyl group of linker returned inside of the window so that
energy thresholds were obtained about 200 and 50 kcal/mol for 4- and 6-membered
ring, respectively. Since, the steric effect from methyl groups was found for 4-

membered ring but not for 6-membered ring.
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Note that in this examination the remaining parts of the lattice were kept rigid
and unchanged. Thus, these results mean that large rotation angles are impossible
in this simplified model. Swinging of the linker by more than 30 degrees whereas the
remaining parts of the lattice keep unmodified seems to be unlikely from these
results. If gate opening to larger rotational angles happens in that case, at least
during a period of transition, collective changes in the lattice must be expected.
However, this is far from being understood in this calculation because the total ZIF-8

lattice is too large and too complicated for quantum chemical calculations.
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CHAPTER V
CONCLUSIONS

The flexible lattice is really sensitive with respect to the force constants and
partial charges of the lattice atoms. The alternative of parameters from Zheng et al.
[35] and Zhang et al. [36] maintain the total size of the simulation box well in NPT
simulations. However, these two parameter sets yield deformations of the window
size which disagree with the XRD obtained lattice structure. Furthermore, the
parameter set [35] does not allow the diffusion of C,Hs in disagreement with
experiments. This work uses the parameter set from Hertdg et al. [19] slightly
modified. A stronger force constant in terms of the Zn-N bond as suggested in [35]
improved preservation of the box size in NPT simulations. Then, it has been adjusted
to parameter set C as expressed in this work and used to study C,Hg and N, in
flexible ZIF-8 lattice.

The simulation results of C,Hg demonstrate the fascinating effect that with
increasing loading of C,Hg molecules the self-diffusion coefficient is almost
unchanged. This is owing to two reasons of dissimilar nature that nearly balance each
other. The first reason is of entropic nature: the window diameter becomes smaller
with increasing loading, making it more complicated for C,Hs molecules to discover
the window. Although, simultaneously at higher loadings the C,Hg molecules outside
the window generate forces that push the probe molecule into the window if the
window is not already occupied.

This work also is also focused on studying the impact of structural changes on
the dynamics of N, molecules in the ZIF-8 by MD simulations. A so called gate-
opening effect was mentioned in several articles. There is strong experimental
support for the change of the structure of ZIF-8 from closed to open windows. The
results of this work for N, demonstrate that the parameter set as suggested in [19] for
C,Hg molecules (parameter set C) can reproduce the guest-induced transform of the
ZIF-8 lattice structure by MD simulations performed in the NVE ensemble. The
structural change in this simulation is also matching with the structural transition
expressed previously in the article by Fairen-Jiminez et al. [34]. Another parameter
set developed newly by Zhang et al. [36] is able to keep the unit cell dimensions, N,
adsorption and mechanical properties in NPT simulations except the correct window
diameter. However, the parameter set recommended in [36], for parameter set C is
found to yield the diameter of the windows connecting neighboring cavities nearly

completely equivalent to results of the X-ray experiments. As the window diameter
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is of fundamental importance for the diffusion of molecules with diameters close to
the window size, this work supposes that parameter set C may present a more
realistic prediction of guest diffusion like C,Hg molecules in ZIF-8. In agreement with
the experiments, these simulations point to gate-opening at a high concentration of
18.4 N, molecules/cage. At this critical N, loading, the methylimidazolate linkers have
to distort to allow the adsorption of additional N, molecules. Most interestingly, the
evidential increase in the window size by 0.36 A does not result in a speed-up of the
molecular mobility. The accelerating effect of the larger window size appears to be
overcompensated by relationship of different factors initiated by the relocation of
the N, molecules above the “gate-loading”. These results include stronger
interactions between the N, molecules and the enhanced probability to discover N,
molecules in the window region. This leads to an increased mutual hindrance which
overbalances the expected mobility increase based on the larger window size, and
results in the observed decline of the self-diffusivity. The situation might be different
for a hypothetic molecule, which induces similar structural changes but, has a size
closer to the limiting dimensions of the windows connecting the cavities.

Quantum chemical calculations demonstrate that the energy for rotation of
the linker in 4-membered ring for more than 13 degrees that means rotations on
large angles is different from rotation of one linker. Moreover, the torsional linker
motion in 4- and 6-membered ring demonstrated at least that the sometimes
proposed picture of a swinging linker seems to be too simple under conditions of
unchanged remaining parts of the lattice. From the literature and our results, it is
confirmed that the gate opening is a phenomenon in the presence of guest
molecules in which the lattice atoms other than linker atoms also move. The gate
opening effect could not be found in our classical MD simulations for C,Hg in ZIF-8

but it is explained in ZIF-7 system [84] that this relates to quantum effects.
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APPENDIX A
Interaction parameters for the flexible models of ZIF-8 framework, C,H¢, N, and

the procedure of evaluating the window diameter.
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Figure A.1 Atom types in the rotating linker of ZIF-8.
1. Bond force constant

The parameters for bond, bending angle and torsion angle employed in this
work, if not clearly mentioned, are the similar with Hertdg et al. [19]. Examining
lattice size effects among the interactions for example bond, bending angle, dihedral
torsion angle and electrostatic interaction deserve particular attention. Thus, bond
lengths r (A) and force constants k, (kcal/mol/A’) from Hertag et al. [19], Zheng et al
[35] and Zhang et al. [36] have to be evaluated. The bond potential is modeled by a

harmonic oscillation potential.

1
Ubond: Z —kr(l'y—l’o)z (1)
2

By Usona, i, and ry refer to potential energy, distance and equilibrium value of
the distance, respectively. Note that in [35] the division by 2 in formula (35) is absent
and then the k, are smaller approximately by the factor of 1/2 (see Table A.1). Table

A.1 presents the constants for bonds between dissimilar kinds of lattice atoms.
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Table A.1 Overview over the bond lengths (A) and force constants (kcal/mol/A%) of
ZIF-8 from Hertag et al. [19], Zheng et al [35] and Zhang et al. [36] are applied in this

work. For the classification of atom types i and j notice in Figure A.1.

Atom type From [19] From [35] From [36]

i J K, ro K, ro K, ro
CC CC 1036 1.371 | 540.249 | 1.350 | 1036 1.346
CC N 820 1.385 | 440.210 | 1.370 | 820 1.371
CC HH 734 1.080 | 367.000 | 1.080 | 734 0.929
cT HT 680 1.090 | 340.000 | 1.090 | 680 0.959
CR N 996 1.335 | 488.000 | 1.335 | 976 1.339
ZN N 40 2.050 | 78500 | 2.011 | 172 1.987
CR CcT 634 1.504 | 346.543 | 1.490 | 634 1.492

Mainly, the bond lengths (ry) and force constants (k,) from [19], [35] and [36]
for the dissimilar kinds of bonds are only slightly different (taking into account the
factor 0.5 as mentioned in [19] and [36] ). Only the Zn-N bond, is significantly
different. Whereas this force constant k, has a value of 40 kcal/mol//&2 in [19] its
value in [35] is 78.5 kcal/mol/A” and under consideration of the factor of 2 in
equation 1. Itis 157 kcal/mol/A”. For Zn-N bond in [36] also have larger values of this
force constant k, than [19] its value in is 172 kcal/mol/A” when using the same
equation 1 with [19]. (Table A.1). The parameters from [19] and [35] will be
compared in this work.

2. Bending force constant

The bending angle, that is a three body effect between given atoms j, j and k

is up to second order of the deviation of the angle (%k from its equilibrium value o,

explained by this equation.
1
Uang{e(@g’k) = Z —ké(eyk - 90)2 (2)
2

The bending angle (6@,) and bending angle force constants (kg) from [19], [35]

and [36], are significantly dissimilar taking into account the factor of 2 as explicated
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before. While the force constants kg for CC-N-Zn, CR-N-Zn and N-Zn-N have the
value of 20 kcal/mol/deg2 in [19], ereatly larger values of this force constant kg are
reported in [35] and amount 32.477, 48.68 and 35.24 kcaL/mol/degZ, correspondingly.
In consideration of the absenting factor 2, these kg data amount according to
equation 2 with 64.954, 97.36 and 70.48 kcaL/mol/degz. For CC-N-Zn and CR-N-Zn in
[36] also have larger values of this force constant kg with 70 and 100 kcal/mol/deg2
than [19] when using the same equation 2 (Table A.2).

Table A.2 Overview over the equilibrium bending angle 90 (deg) and force constants
ke (kcal/mol/degZ) of ZIF-8, taken from from Hertdg et al. [19], Zheng et al. [35] and
Zhang et al. [36] applied in this work. For the classification of the atom types i/, j, and

k, notice in Figure A.1.

Atom type From [19] From [35] From [36]

j j K kg 6, ke o, ke o,

CC CC N 140 120 73.75 | 108.65 140 108.67
CC CC HH 100 120 49.451 | 125.67 100 125.67
CR CcT HT 100 109.5 | 48.088 | 109.32 100 109.44
HT CcT HT 70 109.5 35 109.5 70 109.50
CC N ZN 20 126 32477 | 126.40 70 128.0
CR N ZN 20 126 48.68 | 128.32 100 127.50
CC N CR 140 120 71.254 | 105.27 140 105.24
N ZN N 20 109.5 35.24 | 126.40 21 109.47
N CR N 140 120 75.484 | 112.16 140 112.17
N CR cT 140 120 66.051 | 123.89 140 123.89
N CC HH 140 120 49.954 | 125.68 100 125.66
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3. Torsion force constant

The torsional also called dihedral interaction that is a 4 body effect of 4

atoms ik, ( is modeled by this equation.

Urersion( ¢W) = Z kg[1 + cos (n¢m - ¢o)] (3)

By Utorsion, /<¢ and ¢0 representing the potential energy, force constant,

torsional angle and equilibrium value of the torsional angle, respectively.

Table A.3 Overview over the equilibrium torsional angles ¢0 (deg) and torsion force
constants kg (kcal/mol) of ZIF-8, that were taken from Hertdg et al. [19] and Zheng
et al. [35] are applied in this work. For the classification of the atom types j, j, k and (,

notice in Figure A.1.

Atom type From [19] From [35]
i K ( kg ¢0 n kg ¢0 n
X | N | CC| X 6 180 2 2.324 | 180 2
X | CC|CC| X | 215 | 180 2 5.150 | 180 2
X | CR| N X 10 180 2 5.00 | 180 2

For the torsional interaction from Zhang et al. [36] is spited into two parts

such as proper and improper as shown in equation 4 and 5, respectively.

Uproper(¢y'kl) = Z kproper[]. + COS (n¢9'kl - ¢0)] (4)

Uimproper(¢/‘jkl) = Z kimproper[l + COS (n¢ﬁkl - ¢O)] (5)
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Table A.4 Overview over the equilibrium torsional angles ¢0 (deg) and torsion force

constants Kyoper (kcal/mol) of ZIF-8, which were taken from Zhang et al. [36]). For the

classification of the atom types i, j, k and (, notice in Figure A.1.

Atom type From [36]

i j K [ Koroper &, n
CcC N CR N 4.8 180 2
CC N CR cT 4.15 180 2
CR N CC S 438 180 2
CR N CcC HH 4.8 180 2

CcC CcC N 180 2
CcC CE HH 180 2
HH CcC CcC HH 180 2
Zn CR N 0.1 180 2
Zn CR cT 0.1 180 2
Zn CC CcC 0.1 180 2
Zn CR 0.174 0 3
Zn CcC 0.174 0 3

Table A.5 Overview over the equilibrium torsional angles ¢0 (deg) and torsion force

constants Kinproper (kcal/mol) of ZIF-8, which were taken from Zhang et al. [36]). For

the classification of the atom types j, j, k and (, notice in Figure A.1.

Atom type From [36]
i Ji K ( Kimproper ¢0 n
cT N CR N 1.10 180
CC HH CC cT 1.10 180




76

4. Atomic partial charge for ZIF-8 framework

Table A.6 Framework charges from Hertag et al. [19], Zheng et al. [35] and Zhang et
al. [36]. The number of atoms is the number contained in the MD simulation box (8

unit cells). For the classification of the atom types notice Figure A.1.

Atom | Num. of atoms | Charge from [19] | Charge from [35] | Charge from [36]
CcC 384 -0.104 -0.1924 -0.1910
CR 192 +0.822 +0.4339 +0.4184
cT 192 -0.585 -0.6024 -0.5726
HH 384 +0.079 +0.1585 +0.1536
HT 576 +0.105 +0.1572 +0.1481
N 384 -0.751 -0.3008 -0.2800
ZN 96 +2.00 +0.7362 +0.6894

The total charge of the lattice from [19] and [36] are zero in order to avoid
stability problems throughout the simulations and problems with the Ewald
summation. Small adjustments in the parameters below the accuracy of their
evaluation from quantum mechanics are sufficient to obtain vanishing total charge.
The total lattice charge of [35] is +0.3456. Taking into account that this is the sum of
the charges of 2208 lattice atoms in ZIF-8 this non disappearing total charge is very

small however, important for procedural reasons.




5. Lennard-Jones potential parameters for ZIF-8 framework
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Table A.7 Lennard-Jones (LJ) potential parameters for ZIF-8 framework from Hertdg

et al. [19], Zheng et al. [35] and Zhang et al. [36].

Atom From [19] From [35] From [36]
L J L J L J
CC 0.0860 3.400 0.0860 3.400 0.0567 3.431
CR 0.0860 3.400 0.0860 3.400 0.0567 3.431
cT 0.1094 3.400 0.1094 3.400 0.0567 3.431
HH 0.0150 2.511 0.0150 2.511 0.0238 2.571
HT 0.0157 2.650 0.0157 2.650 0.0238 2.571
N 0.1700 3.250 0.1700 3.250 0.0373 3.261
ZN 0.0125 1.960 0.0125 1.960 0.0670 2.462

6. Lennard-Jones potential parameters for C;Hg and N,

Table A.8 Lennard-Jones (LJ) potential parameters and atomic charges for C,Hs and
N, from Martin et al. [69] and Potoff et al., respectively [70]).

Sorbate Atom olh) &/K,IK] gle)
CoHs C 3.73 148.0 0.0
N 3.31 36.0 -0.482
\: center 0.0 0.0 +0.964

7. The procedure of evaluating the window diameter

In this work the aperture diameter is described by calculating the diameter of

the largest sphere that is capable to pass the window. In the following, a featured

description of the method advised in [88] will be given. As the hydrogen atoms

around the window usually do not appearance a circle a special method is required

to find this largest sphere. A circle is exclusively described by three points

nevertheless there are six hydrogen atoms per pore aperture in ZIF-8 that can limit

the size of a sphere that can pass the window.
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In the advised method one takes two arbitrary neighboring hydrogen atoms,
which are understood to be two positions of a circle (called P1 and P2 in the
following). All remaining four atoms are consecutively tried as third position P3 which
is needed to describe an absolute circle. The smallest one of these circles
communicates to the cross section of the largest sphere that can pass devoid of

overlap to one of the hydrogen around the window.

P A _>gp,

V

Py

Figure A.2 The triangle used to describe the window diameter.

Figure A.2 explains the three positions and the triangle that they define as well as

the circumcircle. For its radius, the following in this equation holds [89].

a

r =
2sinC

To find the angle, the law of cosine a =b" +c” - 2bc cosQ is employed.

al 6 +c’-a° v
f=—| ————— (7
2 2bc

This method is repeated for all possible neighboring positions P1 and P2, and
at the end the choice of P1 and P2 that allows the largest sphere to pass is applied,

to identify the window diameter.



APPENDIX B

The self-diffusion coefficients for C,Hs and N, in ZIF-8 framework.
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Table B.1 Self-diffusion coefficients of C,Hs gases obtained by molecular dynamics

simulations with experimental values of the self-diffusion coefficients calculated

from transport diffusion IRM data.

Experimental Data MD simulation by MSD
Fitting
Molecule IRM, MAS PFG NMR, Parameter Parameter
Per cage sing comp. Mixture Set A Set C
0.05369 | 1.06702x10 "
0.17744 | 1.33155x10
0.38899 | 1.01545x10 "
0.5 5535x10 | 6.48x10
0.84353 1.0632x10
143091 | 9.41767x10 "~
228204 | 1.01259x10
2.5 6.035x10" | 5.85x10
321973 | 8.27443x10
393031 | 6.89941x10 1.4x10
4.55 6.53929 x10
5.0 6.088 x10 | 6.23x10
5.15 7.28583x10
5.6 8.92634x10
5.975 1.1328x10 "
6.325 1.55368x10
6.65 1.70438x10
7.5 6247 x10 | 647 x10"
8.0 2.0x10"
10.0 6676 x10 | 6.77x10
12,5 6377 %10 | 652x10
15.0 6598 x10 | 6.8x10
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Table B.2 Self-diffusion coefficients from Parameter set C and F of N, gases in ZIF-8

obtained by molecular dynamics simulations.

MD simulation by MSD
Fitting
Molecule Parameter Parameter
Per cage Set C Set F
0.5 4.28x10 ™" 4.68x10 "
25 457x10"° | 3.06x10 "
5.0 44810 | 7.21x10
7.5 4.97 x10°
10.0 437 x10
125 5.08 x10
15.0 7.14 %10
175 1.031 x10”
18.44 1.22 10" 1.44 10~
20.0 1.46 x10”
225 8.07 x10
24.69 353x10 | 8.13x10
25.0 298x10"° | 7.52x10"°
275 6.41 x10
30.0 620 x10° | 3.65x10
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