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1 Introduction:

Metal Organic Frameworks (MOF's) are promising materials for gas separation, gas stor-
age and catalysis. One of the scientific problems at our time is to find a way to store
hydrogen in a tank to use it as fuel for cars and in many industrial applications it is
necessary to divide a gas mixture into its compounds. These are only two example where
the Metal Organic Frameworks are a subject of interest.

The Metal Organic Frameworks have the advantage that there is a huge variety of struc-
tures that can be made from different building blocks, namely metal knots and organic
linkers [13]. But this is in a way also the problem since one will need different material
properties for different applications and it is hard to find the structure with the wanted
properties.

The variety is big enough that it would not be the best approach to simply do measure-
ments for all materials since a few of them are very difficult and expensive to fabricate.
The other way to approach this problem is to try to do research for some promising ma-
terials to understand why their special structure is leading to a certain property. With
this knowledge it might become easier to sort out some of the MOF materials and to
recognise those with special properties before fabricating them.

ZIF-11 as one material of the MOF group has shown good hydrogen adsorption be-
haviour (see page 6) and also a good stability [21]. Therefore this material has been
chosen to be one of the MOF materials of big interest.

This master thesis is investigating the behaviour of hydrogen guest molecules in ZIF-11.
The main tool for the work on this master thesis were molecular dynamics simulations
but also Gibbs Monte Carlo simulations were performed. The molecular dynamics sim-
ulations were carried out with the DL_Poly [12] software package while the Gibbs Monte
Carlo simulations were done with a self written fortran program that was developed from
a program for teaching purposes written by S. Fritzsche.

To carry out those simulations it is necessary to describe all occurring interactions. This
means that one has to describe hydrogen-hydrogen interactions, the interactions of hy-
drogen with the ZIF-11 lattice and for a flexible simulation also the interactions of the
ZIF-11 atoms with each other. All of that will be done classically in this thesis and
therefore a set of parameters will be needed to describe the classical interactions. A
main part of this master thesis is about the parameter research, - tests and - improving
strategies. So far only one publication was found that was providing parameters for
ZIF-11 [29] where the main part of the parameter set was taken directly from the Drei-
ding FF database. The Dreiding parameter set is known to lead to stiff bonds as it was
investigated in the diploma thesis from Loreen Hertag [11] [10]. The foundation of the
parameter set of this thesis are the AMBER [5] parameters. But those parameters were



modified to reproduce the X-ray structure and a measured adsorption isotherm for hy-
drogen guest molecules in ZIF-11 better then the the unchanged AMBER parameters.
Another big part of the master thesis was the investigation of the ZIF-11 structure.
This thesis will give an insight into the different linker types that occur in ZIF-11, the
2 different pores and the window of the connection between them. The investigation of
those topics has been done by self-written computer programs which were using GPUs
for all expensive calculations (namely the "ISO”-,"XYZ_2 DLPOLY”- and the ”Pro-
cessHistDL2” program).

The parameter set and the structure of ZIF-11 which were obtained were used for molec-
ular dynamics simulations to obtain values for the self-diffusion coefficient under different
conditions. The behaviour of the self-diffusion coefficient is one of the main subjects of
the obtained results.

Therefore it can be summarised that a lot of work for this master thesis was going into
developing a force field for ZIF-11 that reproduces existing measurements and afterward
this force field was used to calculate the values of unknown observables especially the
self-diffusion coefficient.



2 Metal Organic Frameworks

2.1 General information:

Metal Organic Frameworks is the name for materials consisting of:

e metallic knots (metal ions like Cu(2+), Ni(2+) or Zn(2+)) and

e organic linkers (organic ligands which are able to connect to the knots e.g. Imida-
zolates).

Since the late 90’s Metal Organic Frameworks (MOFs) have become a topic of interest
for many research groups. This development started with the work of O.M. Yaghi in
1999 where he published the structure of MOF-5 [15].

The MOFs have become a topic of interest for research groups because of the huge va-
riety of different structures that can be realized with different knots and linkers and the
high inner surface areas. So there is the hope that, if we understand enough about the
MOFs, we can create or choose MOF's according to the properties that we need.

MOFs can be built with a lot of different structures because of the variety of different
linkers and knots which could be used as building blocks. And even if we choose the
same knots and linkers they can build different lattices like the structures of ZIF-11 and
ZIF-7 (see Figure 2.1).

There are many applications for porous Materials like MOFs. They can be used e.g. for:
gas separation, gas storage and catalysis. In addition the Metal Organic Frameworks
are promising materials for building hydrogen containers suitable for future hydrogen
cars. In Table ( 2.1) it is shown how much hydrogen can be stored in a volume of 1 m?
of the porous material ZIF-11 and in an empty container with the same volume for one
temperature.

Hydrogen in a free volume Hydrogen in 1m? of
of 1m3, at standard pressure ZIF-11 (MOF) at 77 K
and 77 K, treated as an ideal gas | and standard pressure [21]
Amount Sorbed 158 mol 6800 mol

Table 2.1: Adsorption amount in different porous materials and in a free volume



Figure 2.1: ZIF-11 (left) and ZIF-7 (right) with the same knots and linkers but different
structures

2.2 ZIFs - a subgroup of the Metal Organic Frameworks:

ZIFs (zeolitic imidazolate frameworks) are a subgroup of the Metal Organic Frameworks.
The linkers of ZIFs are imidazoles (see figure 2.2) and the knots are transition metals
like Zn,Co or In. The reason for the term ”zeolitic” is that the structures of Zeolites
and ZIFs are very similar [21]. The metal ions are building a tetrahedral structure
with the 4 connecting nitrogen atoms of the imidazole derivatives. This is equivalent
to the Si(Al)O4 units in the zeolites [22]. In addition the angle between two metal ions
connected by a Linker is close to 145° which is also commonly found in many zeolites
between two silicon atoms connected by oxygen (see figure 2.3) [21].

2.3 ZIF-11

So far there are only a few papers about ZIF-11, mostly of experimental nature ( [3],
[14], [21], [27], [29], [9]). The organic Linker of ZIF-11 is shown in figure 2.5.

The linkers and knots are forming a framework of 1392 atoms per unit cell (see figure
2.6). The structure of ZIF-11 is known from X-ray diffraction measured by the group of
Omar M. Yaghi [21] and was provided by the Cambridge structural data base.

The unit cell has a cubic shape with a length of 28.76 A.

ZIF-11 has two different pores in the structure. The pores of each type are connected
to 8 pores of the other type. One definition of a pore diameter is the diameter of the
biggest sphere that still fits into the framework and that not intersects the van der Waals
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Figure 2.3: The bridging angles (M=metal ion, IM=Imidazol) [21]

surface of the lattice atoms. The van der Waals surface means here the sum of spheres
around the lattice atoms a with the radius r = 21/ 6aa’a. With this method a diameter
of 14.12 A for pore type one and 13.89 A for pore type 2 was obtained. To distinguish
these pores they will get separate names: the Centre Pore (containing the red ball in
figure 2.7) and the Edge Pore (containing the blue ball in figure 2.7).

According to the force field that was developed in this thesis and the X-ray structure
there should only be one type of channels (marked with the red circle in figure 2.6)
between the pores for hydrogen. This can be concluded with an equipotential surface
picture and will be explained in chapter 8. Therefore this thesis contradicts the statement
from the paper of Pavel Kortunov [14] where it is said that the window of ZIF-11 is a
8-ring window since the window that was identified in this thesis is a 6-ring window. The
window diameter of this connection of adjacent cavities is 3.02 A where it was testes
what the smallest circle is that fits into the window and that does not intersect with the
van der Walls surface of the lattice atoms.

The lattice structure will be shown and explained in further detail in section 5.1.



Figure 2.4: The Linker of ZIF-11

Figure 2.5: Scanning electron microscope pictures of ZIF-11 [27]



Figure 2.6: ZIF-11 framework
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Figure 2.7: ZIF-11 pore types (the biggest fitting sphere for the Centre Pore is red; the
biggest fitting sphere for the Edge Pore is blue)
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3 Hydrogen in adsorption experiments

An adsorption experiment with a porous material can be imagined with the simplified
setup that a piece of porous material is placed in a container together with a gas. This
gas will have a pressure and a temperature and it will be adsorbed by the porous material
partially.

This chapter is about the properties of the surrounding gas which is not adsorbed into
the porous material and which will in our case be hydrogen. It is important to know the
difference that this surrounding hydrogen will act like an ideal gas, while the hydrogen
in the porous material should not be described in that way.

The conditions for the surrounding hydrogen in this thesis are ranging form 77 K up to
298 K in a pressure range of up to 10 bar. It has been checked that the assumption to
treat hydrogen as an ideal gas is justified under those conditions.

Figure 3.1 shows an isotherm of free hydrogen gas at 77 K. The agreement of the hydrogen
data obtained from NIST Chemistry WebBook [6], the ideal gas equation and the van
der Waals equation is good enough to accept the ideal gas approximation. In fact the
hydrogen van der Waals parameters are amongst the smallest that a gas can have.
Zero van der Waals parameters would mean a perfect ideal gas and since the hydrogen
parameters are very small [31] it is reasonable that the ideal gas equation approximates
hydrogen behaviour in a wide range compared to other liquids.

If we plot again an adsorption isotherm for 298 K and again for a pressure up to 10
bar we get a very similar picture that also shows a good agreement of hydrogen data,
the ideal gas equation and the van der Waals equation. Therefore we have looked at
the limits of the conditions that this thesis will be dealing with. We assume that in the
regions between those limits the ideal gas approximation also holds. This assumption
will be needed for the fugacity expansion (chapter 7) and the pressure evaluation from
molecular dynamics simulations (section 9.3.1).
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Figure 3.1: Free hydrogen isotherm at 77 K
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4 Theory of molecular dynamics computer
simulations

The dynamical behaviour of particles due to acting forces are classically described by
the Newton Equations. Those differential equations can, in most cases, not be solved
analytically, especially when a lot of molecules with complex interactions are involved.
One approach to this problem is to do the integration of the equations of motion numer-
ically. Therefore one gets approximated trajectories with a behaviour that is realistic
enough to look at the statistical behaviour. From that predictions for the values of some
observables of interest can be gained (see for example [7]).

To carry out such molecular dynamics simulations it takes a set of initial conditions
and the description of the interaction potentials of the atoms with each other. Then a
computer program is used to do the numerical time integration to get trajectories of the
particles. For this master thesis the software package DL_Poly [12] was used.

The last step is then (if the time integration software does not provide it) to use ad-
ditional computer programs to calculate from the obtained trajectories the statistical
behaviour of observables of interest.

4.1 Periodic boundary conditions and the minimum image
convention

For computer simulations one has to find a balance between two things: accuracy and
reasonable computation time. In principle one could try to start a simulation with 1 mol
of particles but the computational time, with the computers we have toady, would very
likely exceed the live time of the scientists who started the simulation. The world record
for a particle number in a computer simulation is 1.1 - 10! (value from June 2011 [28])
and therefore far away from the avogadro constant.

The periodic boundary conditions are dealing with the fact that in many cases we can’t
treat a system with realistic dimensions. This master thesis is about a metal organic
framework and therefore a crystal structure. Here the idea is rather intuitive to do sim-
ulations only for one small fraction of the system that is repeating itself periodically in
space. To apply this method the simulation cell has to be big enough that particles can
not interact via short range potentials with their own images.

The simulation computes the dynamics of one original simulation cell and when a par-
ticle for example leaves the simulation box through the right Y-Z plane, the periodical
image of this particle in the left hand cell will enter the simulation box through the left
Y-Z plane (see red arrows in figure 4.1).
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Of course this periodicity of the system is not realistic and some large scale effects can
not be observed with this assumption. But for some quantities it is reasonable to con-
clude from the behaviour of one small fraction that is repeating itself periodically to the
behaviour of a real macroscopic MOF. In this thesis only one unit cell of ZIF-11 will be
included in the simulation box to have acceptable computation time.

The minimum image convention deals with the fact that in many cases short range
potential values can be set equal to zero for a atom distance greater than or equal to
half of the simulation box length. Therefore the one particle energy of - and the force
acting on particle i are calculated by summing up over the nearest images to particle i.
This means for example that, if particle j is in the original box together with particle i
but they have a distance bigger then half the box length in one spatial direction, than not
j will contribute to the one particle energy of i but j” which is in one of the neighbouring
periodically images of the original simulation box (see green arrows in figure 4.1).

For further explanations and details about this topic see [7] [2].

4.2 Velocity-Verlet integration algorithm

The velocity Verlet integration algorithm is one of the common algorithms for the inte-
gration of the Newton equations of motion.

The starting data for one time are the spatial coordinates and velocities of the particles.
It is then the task to approximately calculate the spatial coordinates and the particle
velocities after a discrete time step h according to the equations:

T = (4.1)

<

U=

5\ sl

(4.2)

The way the velocity-verlet time integration algorithm does the integration for the spatial
coordinates is the aborted Taylor expansion. When we know the first two derivatives of a
function for one time ¢t we can approximate the value for t+ h with a second order Taylor
expansion. The second derivative will be the acting force that can be calculated with
the known interaction potential. Then we get for the next time step the approximation
like:

h?
F(t+h) = () + h-5(0) + 5 F (1),

We only have the first derivative of the velocity, namely the acceleration. Therefore an-

other technique is implemented for the time integration of ¢. The integration algorithm
for the velocity matches the trapezoidal rule:

16
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Therefore the integration in the velocity-verlet algorithm is done with:

Figure 4.1: Periodic boundary condition and minimum image convention




h?
r(t+h) = Z(t h-v+—F(t
Ft+h) = FO)+he T+ F(t)

Gt +h) = U(t)—k%-(ﬁ(t—kh)—i—ﬁ(t)).

4.3 Force Field

The force field describes all interactions of the atoms with each other. For a classical
simulation those interactions are approximated by potential functions which are known
to give good results. It should be noticed that for example the Lennard-Jones potential
can not be complete and strictly derived from fundamental laws.

The interaction potential can be divided into bonded and non bonded potential functions.
The non bonded potential functions are very important for the freely moving guest
particles in a pore. The bonded interactions are only acting on the atoms in the lattice
structure and they are keeping the structures in shape.

From the potential function one gets the forces as: —VU(z,y, z) = F(x,y, 2).

The potential function that were used in this thesis will be described in the following
text.

Lennard-Jones-Potential [30]

The Lennard-Jones potential is a common empirical potential function to describe non
bonded interactions.

12 6
Lennard Jones potential: | U(r; ;) = 4eq [<Gq> - (Uq) ]

TZ ?j

The variables are:

e ¢, the depth of the potential at the minimum U
the atom type index q

("min) = —¢€q in dependence on

e 0, is related to the position of the potential minimum r,;,, by o = 27% . Tmins it
also depends on the atom type index q

Harmonic bond potential [30]

The bond potential conserves the average distance r; ; between lattice atoms. It is a har-
monic potential concerning the distance of the bonded atoms, therefore it can be seen
as a second order Taylor expansion around 7" with %U (7)]r=rm = 0 and a neglected
constant term.

Harmonic bond potential: | U(r; ;) = aum(rij — 1)

The variables are:

18
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® «,, is a force constant similar to the stiffness of an imaginary spring between the

Figure 4.2: Lennard-Jones interaction

atoms in dependence on the bond type index m

e 1" is a parameter to fix the mean distance between the two atoms in dependence

on the bond type index m

Figure 4.3: Harmonic bond interaction

Valence angle potential [30]

The valence angle potential conserves the average angle ®; ;, between 3 lattice atoms.
It is a harmonic potential regarding the angles between two bonds (this can also be seen
as a second order Taylor expansion around the potential minimum).

Valence angle potential:

The variables are:

e [, is a force constant that is defining the flexibility of changes of the angle between
two bonds and that depends on the valence angle type index n

e & is a parameter to fix the mean angle between two bonds which is depending on

U(®ijk) = Bn(®ijp — BF)°

the valence angle type index n

19




Figure 4.4: Lennard-Jones interaction

Dihedral angle potential [30]

The dihedral angle potential conserves the angle 01, j, k,l between to bonds which are
attached to 2 sites of a third bond (as you can see in figure 4.5).

dihidral angle potential: | U (64, j,k,1) = v, - cos(pobi j i1 — 65)

The variables are:

e 7, is a force constant that is defining the torsion flexibility of the j-k bond (figure
4.5) which is depending on the dihedral angle type indice o

e 0§ is a parameter to fix the mean dihedral angle which is depending on the dihedral
angle type index o

® P, is in most cases an integer value and describes for how many dihedral angles the
dihedral potential possess a minimum; this parameter also depends on the dihedral
angle type index o

R —~—@
N

Figure 4.5: Dihedral angle potential

electrostatic potential [30]

The electrostatic potential as a non bonded interaction depends on the atom distance
r;; and is defined as:

20



1 qigy
471'60 Tij '

Ul(rij) =

The variables are:

® ¢;,qj the charges of particle i and j
® o vacuum permittivity

The electrostatic interactions were not included in the molecular dynamics simulations
for this thesis because of the properties of hydrogen. The reasons are explained in further
detail in chapter 5.2.1.

But generally they are a part of classical molecular dynamics simulations and they should
be calculated with a method like the so called Ewald summation ( [7], [2]) due to the
fact that they are long range interactions.

4.4 Molecular dynamical ensembles

There are different statistical ensembles defined by theoretical physics. Two of the most
common ones are:

e the micro canonical ensemble (NVE ensemble)

e the canonical ensemble (NVT ensemble).

Molecular dynamics simulations try to give the user the possibility to do statistics for the
wanted ensemble. The easiest case is the NVE ensemble because the Newton equations of
motion conserve the energy and only the numerical errors can lead to an energy change.
But normally the temperature will not be the same for each time step and to realise
an NVT ensemble is more complicated. To deal with this problem thermostats were
developed which are applying forces or directly changing the velocities to maintain an
average temperature close to a requested one. There are many different versions of such
thermostats and a lot of them lead to some unrealistic behaviour in some test cases.
For this master thesis no thermostat was used and the NVE ensemble was chosen instead.
By setting the starting kinetic energy to a fitting value it is possible to maintain the
average temperature and the behaviour of the simulation becomes comparable to an
experiment at a fixed temperature.

For more information about statistical ensembles in simulations see [7].

4.5 The software package DL_POLY [12]

DL_Poly is a software package for the calculation of trajectories of atoms or molecules.
It was developed at Daresbury Laboratory by W. Smith and T.R. Forester and is written
in Fortran. It provides the most common thermostats, time integration algorithms and
interaction potentials and is capable of parallel computing.

DL_Poly needs 3 input files as a starting point for the trajectory computation.

21



CONFIG file

The CONFIG file contains in any case all initial atom positions and therefore a config-
uration of the system. The order of the atoms in that file is crucial since they will be
referenced to in the FIELD file by the continuous number they get in the CONFIG file.
In addition the initial velocities and forces of the atoms can also be included. In the
header one can find variables to set the periodic boundary conditions, the dimensions of
the simulation box and some other variables.

FIELD file

The Field file structures all atoms into molecule groups and contains all interaction
parameters. At the start the number of different molecules is stated and they are defined
by naming all of the molecules atoms and how often they occur. The mass and charge
of the atoms is defined and they can be set into an immobile state or as free particles.
After that all intermolecular potentials are defined with their parameters and by naming
the CONFIG file number of the involved atoms.

The last part of the FIELD file describes all non bonded interactions like the Lennard-
Jones potential.

CONTROL file

The CONTROL defines what procedures DL_Poly should use and some input variables
for those procedures. It gives a huge amount of possible option settings and only a few
will be named here:

e the integration algorithm that should be used for the simulation

e the time step for the integration algorithm

the temperature that a thermostat can use

the statistical ensemble as which the system should be treated
e the number of time steps that should be carried out

e the intervals in which the configuration data should be printed
e the cut off radius

and many more.
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5 Force field development and the lattice
shape determination for ZIF-11

The flexible force field of ZIF-11 is the foundation for the flexible molecular dynam-
ics simulation that will be used to determine diffusions coefficients for hydrogen guest
molecules in ZIF-11 and other observables.

While it was often sufficient to treat zeolites (another type of porous materials) as a
rigid lattice the flexibility of the metal organic framework is in most cases much more
important. It was investigated by many researchers, for example by K. Seehamart et
al. [25] [26] or Loreen Hertég et al. [11] [10] that the flexibility plays an important role
for the properties of ZIF-8. Therefore ZIF-11 was directly approached with a flexible
molecular dynamics simulations.

The force field of a porous material describes all interaction potentials. This includes
the interaction between the guest molecules and the interaction of the guest molecules
with the lattice. If we want to have a flexible framework, like we do for ZIF-11, we also
need the interactions between the lattice atoms.

In this work it was the aim to get a force field that reproduces the average atom positions
of the measured X-ray structure and an experimental adsorption isotherm for hydrogen
in ZIF-11. This were the so far available experimental data for hydrogen behaviour
in ZIF-11. The following chapter will describe how the the force field for ZIF-11 was
developed and how the framework structure was found.

5.1 The lattice shape obtained by X-ray diffraction data

One of the most common ways to determine the structure of a crystal is X-ray diffrac-
tion. The Cambridge Crystallographic Data centre [1] collects and provides structures
determined by X-ray diffraction of varied substances. Those crystal structures deter-
mined by X-Ray diffraction will be called X-ray structures in the following text.

The structure of ZIF-11 was published in [21] and was measured at a temperature of 258
K. It is freely available at the Cambridge Crystallographic Data Center. It would have
been favorable to have the X-ray structure at a temperature of 77 K since the X-ray
structure and an adsorption isotherm at 77 K will be reference measurements to evaluate
and adapt the force field. But since this X-ray structure at 258 K and the adsorption
isotherm at 77K are the only available data so far they were used in this combination
for this thesis. The X-ray structure at 258 K will certainly be deformed in comparison
with the X-ray structure at 77 K.

The structure files are containing the information about the smallest part of the lattice
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that can be used to complete the hole lattice framework with some structure information
(done for example by the mercury program [16]). ZIF-8 as a simple example for that is
shown in figure 5.2(a) and 5.2(b).

@ ®

HA) (H,;

Figure 5.1: Imidazolate Linker of ZIF-11

(a) smallest part of ZIF-8 that can be (b) one unit cell of ZIF-8
used to complete one unit cell

Figure 5.2: X-ray structure of ZIF-8

A special property of the X-ray structure file of ZIF-11 is, that there are multiple posi-
tions for hole or parts of the linkers. In the X-ray structure file it is mentioned that this
is due to fact that some of the carbon atoms were found to be disordered over 2 sites.
This means for the force field development that a reasonable combination of those pos-
sible linker configurations has to be chosen.

In figure 5.3(a) one can see that there are carbon atoms which are very close to each
other. In comparison with figure 5.1 one can notice that those carbon atoms which are
very close to each other are forming 2 possible configurations of the linkers (please note
that there are only halves of the linkers in figure 5.3(a)).

Therefore one gets that next to one metal node there are 4 Linkers where 3 of them
do have 2 possible configurations. The choice of those 3 linker configurations will be
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explained in the following text and each of the linker types will get a separate name to
distinguish them.

(a) smallest part of ZIF-11 that can be used to com-
plete one unit cell

(b) one unit cell of ZIF-11

Figure 5.3: X-ray of ZIF-11

wall linker

Figure 5.4 shows 4 wall linkers as they were chosen out of the 2 possible configurations.
One Unit cell of ZIF-11 fits into a cubic box and the face wall linkers are those nearly
parallel to the wall of the simulation box as it was chosen in this thesis. In figure 5.4
the top and the bottom linker are nearly parallel to the box wall while the left and
right linker are bent towards the viewer. These are the two possible configurations for
those linkers. They can be either straight or bent. This would normally give us a lot of
possibilities how the wall linkers can be chosen (not only the one shown in figure 5.4).

The first possibility would be that all wall linkers would be straight but this leads to the
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Figure 5.4: 4 wall linkers

problem that the hydrogen atoms attached to the 6 membered carbon rings would only
have a distance of 1.1 A. This is too tight for non bonded atoms and would lead to very
strong forces (for example Lennard Jones forces) on the atoms which would destroy the
lattice shape. The second possibility would be to bend all 4 linkers. Then the distance
between their hydrogen atoms would go up to 2.16 A which is still tight for non bonded
atoms but not as critical as before. But this possibility is also ruled out by the fact that
the distance to the hydrogen atoms of the neighbouring simulations box image would go
down to 0.9 A which is also much too close for non bonded atoms.

Therefore the only possible solution is to alternate bent and straight wall linkers to keep
them at a reasonable distance. They have to be chosen with respect to the neighbour
unit cell in a way that a bent wall linker is always next to a straight one. If then one of
the linkers is chosen the others are completely determined.
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corner linker

Figure 5.5: 8 corner linkers

The situation for the corner linkers (figure 5.5) is very similar to the wall linker case.
The Linkers can again be straight or bent. They were named corner linkers because
of their occurrence in the X-ray structure. They were occurring in the corners of the
chosen simulation box.

If all linkers would be straight the hydrogen distance would go down to 1.3 A which is
again too tight. If all linkers would be bent the distance to the linker above would go
down to 1.4 A and therefore this possibility is also rejected.

Therefore the only solution is again to alternate them leading to a reasonable structure
as shown in figure 5.5.

Another hint to the alternating configurations of the corner linkers and the wall linkers
is that this can also explain the two measured configurations via X-ray diffraction. Since
X-ray measures a lot of unit cells at once it would get a mixed picture like figure 5.3(a).
In the publication from Bassem Assfour [3] there were also pictures of those configura-
tions which were obtained with density functional theory and showed those alternating
configurations of the Corner - a) and wall linkers c) (see figure 5.6).

27



Figure 5.6: 8 corner linkers

window linkers

The window linkers are most important for the diffusion of guest molecules from one
pore to another. They are forming the connection between the two different pores and
are therefore essential for the question whether guest molecules will diffuse or not.

The choice of the configuration for those linkers is more difficult than for the wall linkers
and corner linkers. Only the first possibility where all linkers would be straight can be
ruled out because it would lead to a hydrogen distance of 1.88 A.

This leaves the two possibilities that all window linkers could be bent (see figure 5.7(a))
or that in each window two linkers could be bent and one straight (see figure 5.7(b)).
Molecular dynamical test simulations were done for both cases and with interaction
parameters which were fitted via rigid Monte Carlo simulations to measured adsorption
isotherms separately for both cases. In the case in which one of the window linkers was
bent there was no diffusion between pores for more than 20 ns and the value of the
potential inside the window that is connecting the pores was around 4.7 kJ/mol while at
77 K the kinetic energy for hydrogen treated as a Lennard Jones particle is only around
1 kJ/mol. Therefore the diffusion from one pore to another one is highly improbable.
Due to the fact that one does only know from the so far measured data that hydrogen is
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(a) 3 bent window linker (b) 2 bent and 1 straight window linker

Figure 5.7: X-ray structure of ZIF-8

diffusing but not how fast, it is not possible to make a strict conclusion that one of the
structures can be ruled out. But it is highly probable that one would see no diffusion
for the 2 bent,1 straight window linker structure or that the diffusion coefficient would
be much smaller than the real one.

In this thesis the window linkers will be treated to be all bent, were the height of the
potential in the window is below 0 kJ/mol and diffusion between pores is very probable.

straight linker

It was mentioned that there are 4 different linker types were 3 of them do have 2 possible
shapes. Therefore there is 1 linker type left which will only be called the straight linker.
Figure 5.8 shows where those straight linkers are located.
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Figure 5.8: 4 straight linkers
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The interactions for the classical molecular dynamics simulations for this thesis were

5.2 Force field parameters
described in chapter 4.3 as:



Nbond 1
+ Z g om(ris = ")’
mbond(%])
Nangel 1
+ Z Pl - n)? (5.1)
nangel(lzjzk)
Ntorsion
+ Z Yo [(1 + cos(pobi jks — 0o)] -

Otorsion (iajakal)

Each of the interaction potentials (Lennard-Jones, electrostatics, harmonic bond po-
tentials, valence angel potentials, dihedral potentials) does contain several parameters.
Those parameters have to be determined from measurements and ab initio quantum
mechanical calculations or other resonable methods.

The parameters that were used in this thesis came out of 4 sources:

e Amber force field [5]

e Paper: Force Field for Molecular Dynamics Computations in Flexible ZIF-8 Frame-
work, Bin Zheng, Marco Sant,* Pierfranco Demontis, and Giuseppe B. Suffritti [32]

e Paper: Molecular Dynamics Simulations of Alcohol Dehydrogenase With a Four-
or Five-Coordinate Catalytic Zinc Ion, Ulf Ryde [23]

e fitting done by Gibbs Monte Carlo simulations and the fugacity expansion

Amber Force Field [5]

The AMBER force field is a collection of interaction parameters for organic molecules
which was derived by several fitting techniques and ab initio methods. The parameters
were tested for many different organic molecules and compared with reference data.
The Amber force field parameters will be used in this thesis to describe the interaction
parameters of the organic linkers. Therefore most of the interaction parameters are
taken from Amber.

The AMBER ”parml10.dat” database is organised in a way that real atom types like
carbon are divided into subgroups like CB,CK,CA etc. Those subgroups are defined by
the environmental conditions in which they occur.

One has to choose the atom types according to their environment.

The atom types used in this thesis are:
e CA: carbons in the six membered ring

e CB: carbons that form the junction between the six membered and four membered
ring
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CK: carbon in the 5 membered ring next to nitrogen

NB: nitrogen in the 5 membered ring connected to Zn

HA: hydrogen attached to the CA carbons

e H5: hydrogen attached to the CK carbon

e 7Zn: the zinc atom

AMBER only provides self interaction parameters o, 4,64, for the Lennard-Jones inter-
action of the lattice molecules. The Lorentz-Berthelot mixing rules were applied to get
the interaction parameters for the mixed interactions ogp,€q.p-

Lorentz-Berthelot mixing rules

__ Oa,a + obp
Oab = 9

€a,b = v/€a,a€b,b

Figure 5.9: the atom types of the ZIF-11 linker

Paper: Force Field for Molecular Dynamics Computations in Flexible ZIF-8
Framework, Bin Zheng, Marco Sant,* Pierfranco Demontis, and Giuseppe B.
Suffritti [32]

This paper has described a molecular dynamics force field for the Framework ZIF-8. Due
to the similarities of the linkers of ZIF-8 and ZIF-11 some of the interaction parameters
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that are missing in Amber can be obtained from this paper. Since ZIF-11 and ZIF-8
do have 5-membered rings made of carbon, nitrogen and hydrogen the environment of
the nitrogen and zinc atoms are very similar and the interaction parameters should be
comparable. Therefore the bond potential Zn-N and the angel potentials Zn-NB-CK,
Zn-NB-CB and NB-Zn-NB are taken from this paper. It was shown in this paper that
those parameters had led to a very stable framework.

Paper: Molecular Dynamics Simulations of Alcohol Dehydrogenase With a Four- or
Five-Coordinate Catalytic Zinc lon, Ulf Ryde [23]

The torsion potential parameters for X-Zn-NB-X are the last missing parameters (the
X’s are indicating that the type of those atoms does not matter for the interaction
parameters). The parameters for this interaction are set to zero in the paper of Marco
Sant to guarantee a high flexibility of the linkers. But it was not mentioned in this
paper why this interaction potential should be completely neglected. This thesis will use
a small torsion potential instead and the necessary parameters were obtained from the
paper of Ulf Ryde.

This paper is providing torsion interaction parameters for several neighbour atoms of
the Zn-N bond. Because it did not include the exact neighbours NB-Zn-NB-CK and
NB-Zn-NB-CB the X-Zn-NB-X torsion potential value was obtained by averaging over
the given parameters for the given neighbours. The vx_ 7, np_x value of equation
5.1 is therefore set to 2.038 kJ/mol which still is very low in comparison to all other
used torsion interaction parameters. The px_z,_npB_x parameter was set to 3 and
the 0x_z,_npB_x value was calculated from the structure determined from the X-ray
diffraction analysis.

Atom types n Zn4 C;, (kJ/mol)
HC C ocC Zn 3 0.27
C C oc™ Zn 3 0.27
HC C S Zn 3 0.76
C C S- Zn 3 0.76
HC Ca Na Zn 1 -196.8
C Ca Na Zn 1 73.8
Na Ca Na Zn 1 80.0
HO N Zn 0=C 3 -1.03
HO N Zn OH 3 -0.75
HO N Zn OH2 3¢ -0.19
HO N Zn OH 3 ~5.45
HO N Zn oc~ 3 -4.02
HO N Zn S 3 -=0.79
Ca Na 4n U=C Z 11.8
Ca Na Zn oH 2 11.8

Figure 5.10: Zn-N torsion parameters [23]

33



Fitting done by Gibbs Monte Carlo simulations and the fugacity expansion

The hydrogen molecule was treated as a Lennard Jones particle in this thesis [4]. The
parameters were obtained by fitting the results of rigid Gibbs Monte Carlo simulations to
measured data from [21] with the result shown in figure 5.11. The fugacity expansion was
used for comparison. The Gibbs Monte Carlo Simulation will be explained in chapter 6,
the fugacity expansion in chapter 7. The unit of the amount of adsorbed particles will
be explained in appendix 15.1.
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Figure 5.11: Measured [21] data in comparison to Gibbs Monte Carlo simulation data
for the fitted hydrogen values

5.2.1 The Coulomb interactions

The parameters for the Coulomb interactions are the partial charges of the lattice atoms.
A set of partial charges for ZIF-11 was obtained by a progress report by Oraphan Saeng-
sawang [24] who has calculated them with the ”antechamber” module of Amber.

For the final set of the previously described parameters the partial charges were included.
This simulation has had a larger deviation of the average atom positions from the X-ray
structure than the simulation without partial charges (see table 5.1). The deviation
from the X-ray structure was big enough to open connections of adjacent cavities at
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room temperature which should be closed according to the X-ray structure (see figures
5.12 and 5.13; and chapter 8 for the interpretation of equipotential surface pictures). A
NPT simulation revealed that the inclusion of charges also lead to a shrinking lattice
(see table 5.2).

example mean deviation from the X-ray structure per particle in A
MD simulation 0.238245
including charges
MD simulation 0.06133
excluding charges

Table 5.1: Table of mean deviation of the average atom positions from the X-ray
structure

Figure 5.12: ISO surface picture at 3 kJ/mol  Figure 5.13: ISO surface picture at 3 kJ/mol

calculated from the average calculated from the average
atom positions of a NVE sim- atom positions of a NVE sim-
ulation including charges ulation excluding charges

Therefore the inclusion of Coulomb interaction would have lead to many unwanted effects
conflicting with measured data. For the neutral hydrogen the inclusion of charges would
have only a direct effect on the lattice-lattice interaction and would not directly have an
effect on the lattice-guest interactions. For those reasons the simulations for this master
thesis were neglecting the partial charges and therefore the Coulomb interactions. This
means that the resulting force field, as it is, should only be used for neutral guest
molecules.

Since it would be desirable to have a force field for all kinds of guest molecules chapter 10
makes a proposal for compensating the Coulomb and Lennard Jones forces by adjusting
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example stable box length in A
MD simulation 26.56
including charges
MD simulation 28.44
excluding charges
X-ray structure 28.76

Table 5.2: Table of the stable box lengths

the structural interaction parameters. This method was not used because it would have
gone beyond the time limit of a master thesis.

5.3 Improvement of the structural parameters

It was mentioned in Section 5.1 that the linkers of ZIF-11 occur in different shapes.
The AMBER force field provides only one set of parameters and therefore all the linkers
would take the same average shape. Since it is important for the diffusion behaviour
which shape the Window Linkers have (the height of the potential wall in the window
depends strongly on the linker configuration) it was not sufficient to use the amber struc-
tural parameters.

Therefore all the distances-, angles- and torsional angel parameters were not taken from
the AMBER force field. Those parameters were chosen as the real angles and distances
from the X-ray structure. This of course leads to a low deviation of the average lattice
shape from the X-ray structure, see table 5.3.

Test calculations:

example mean deviation from the X-ray strucutre per particle in A
amber parameters 0.2257
own structural parameters 0.0613

Table 5.3: Table of the mean deviation of the average atom positions from the X-ray
structure

5.4 The XYZ_2 DLOLY program

The spatial coordinates of ZIF-11 were obtained as a CIF file from the Cambridge
structural data base. The software mercury was used to obtain an XYZ file from this CIF
file which is the input data for the self written XYZ_2 DLPOLY program (see appendix
15.2).

As the name suggests this program was written to create the DL_Poly input files: FIELD
and CONFIG out of an XYZ file and all necessary interaction data.
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It is relatively easy to create a CONFIG file. One only has to print out the simulations
box dimensions, the spatial coordinates of all atoms and some other variables.

It is a more difficult task to create a FIELD file. The FIELD file contains all lattice
interactions and therefore all information about the lattice structure. Each bond, valance
angle and dihedral angle has to occur in the file with the index of the atoms which are
part of the interaction. Therefore the FIELD file for ZIF-11 has more than 9000 lines.
The idea of the XYZ_2_DLPOLY program was to store the lattice structure by saving it
into C++ objects. The linkers were saved into a linker object and all knots with their
neighbour atoms were saved into a knot object. This offered the possibility to describe
all the interactions for only one linker and one knot and print it out for all linkers and
knot by making a loop over all the objects. Therefore this program is able to create the
FIELD and CONFIG file where all interactions and the initial situation are described.
The XYZ_2 DLPOLY program calculates also the angles and harmonic bond distances
which are used as parameters for the bonded interaction potentials.

5.5 Summary of the interaction parameters

The summary of the interaction parameters has now become a bit more complicated due
to the different linker types described in section 5.1.

To have a complete set of parameters all the rest valence angles, bond lengths and tor-
sion angels should be given with respect to the linkers in which those interactions occur.
Therefore big tables are necessary to describe all interactions which will be given in
appendix 15.3.
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6 Theory of Gibbs Monte Carlo computer
simulations

Gibbs Monte Carlo simulations are a common way to calculate adsorption behaviour
of porous materials. The challenge of this problem is that a simulation that is dealing
with the adsorbed gas and the surrounding gas in one big system would in most cases be
dominated by surface effects since the number of atoms that can be simulated is limited.
One solution for this problem are Gibbs Monte Carlo simulations [20]. The idea is to
simulate two separate subsystems: a bulk simulation box of the adsorbed gas and a
bulk simulation box of the surrounding gas. Therefore the interface is completely out
of consideration. Those two systems should be kept at the same temperature and the
total number of guest molecules is fixed. But the two systems are allowed to exchange
particles with a certain probability.

Such a simulation does two different steps. It moves particles in the volumes like for
separate NVT Monte Carlo simulations for each system and it exchanges particles with
a certain acceptance rate. The acceptance rate for the move and exchange of particles
will be motivated in the next two sections. For further details see [2] [7].

The Gibbs Monte Carlo simulation program was starting from a Fortran code of S.
Fritzsche (supervisor of this thesis) that was designed for teaching purposes. This code
was modified and extended to investigate the adsorption behaviour of hydrogen in ZIF-
11.

The simulation starts with a random configuration and distribution of the particles over
the two subsystems. After a number of simulations steps a Gibbs Monte Carlo simu-
lation will arrive at an equilibrium and will provide average values for the observables
of interest. By varying for example the volume of the surrounding gas it is possible to
change the pressure of this gas. Therefore it is possible to get the amount of adsorbed
molecules in relation to the pressure of the surrounding gas.

It is also important to take care that particles are not placed into low energy regions
which can not be reached by particles. Some low energy regions are separated from the
pores and the kinetic energy at the considered temperature is not sufficient to overcome
the potential walls to get to those regions. It is important to identify those places and
either directly reject the moves there or set the particle energy to such a high value
that the particles will not get there. Figure 6.1 shows an equipotential surface where
the marked region has a very low energy and can not be reached by particles due to a
potential wall. To identify trials in those regions a sphere was placed around this region
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and for each trial it is tested whether the particle would be placed in such a sphere.
This was also done for other low energy regions where particles should not be placed. A
visualisation of the excluded regions is shown in figure 6.2.

Figure 6.1: ISO surface picture at 3 kJ/mol calculated from the average atom positions
of an NVE simulation

6.1 Monte Carlo Steps (like for an NVT-ensemble)

The Monte Carlo Algorithm estimates average values for a statistical observable A [19]:

 Juexp [SBH())A(X)AX
<A T A (XX (61)

where II is the configuration space, X is a point in the configuration space, w
(Z = [yexp[—BH(X)])dX) is the probability density and H(X) is the energy in state X.

The principle of a Monte Carlo simulation is now not to directly compute the integrals
of equation 6.1 but to generate a series of L states X; that occur with the probability
distribution N(X) = %ZH(X)] with Z = [;exp [-AH(X)]dX [2] [7]. In this case the
observable average can be approximated with:

L
1
<A>m S ;A(Xi).
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Figure 6.2: ISO surface picture at 3 kJ/mol calculated from the average atom positions of
an NVE simulation with the geometrical objects (in green) for the excluded
volume tests

The difficulty is to generate a series of states with the wanted probability. A method to
do that is the importance sampling.

Importance sampling

The motivation of the acceptance rate will start from the aim to have a series of states
which has the probability distribution N(X;) where i denotes different states of the
configuration space. The series will be produced by changing an old state X, to a new
state X, and accept the new state with a certain probability. To do the next step the
new state will be interpreted as the old state. If we really produce a series of states
with the wanted probability distribution the state i will occur in average m(X;) times
where m(X;) should be proportional to N(X;). To keep m(X;) proportional to N(X;)
the average number of changes of X; to a random other state X; should be equal to
the average number of changes from a random other state X; to X;. If this condition is
written as an equation it looks like:

D mXm(i = j) = 3 m(Xj)m(j =) & 3 NXn(i = j) = Y N(Xj)n(j — )

J J

where 7(i — j) is the probability that X; will be changed to X;.
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It is convenient to impose the stronger condition (detailed balance) :

N(Xi)m(i = j) = N(X;j)m(j = 9). (6.2)
For further details see for example: D. Frenkel and B. Smit. Understanding Molecular

Simulation [7].

This relation will be used to determine a possibility to fix 7(i — j) in a way that X;
will be distributed according to N (X;).

We directly get from equation 6.2:

N(X;) _ m(j — 1)
N(X;) 7 — )
Where we know that:

N(X;) exp(=BH(X;)) - o)
N(X;) wp(—ﬁjH(Xj)) = eap (ZAIH(X:) — H(X)))) = Zo——. (6.3)

It was mentioned that the new state will be found by changing the old state for example
by displacing a particle. Then the new state will be accepted or rejected. Therefore the
probability of changing from o to n will be the product of the probability a(o — n) of a
trial move to n and the acceptance rate acc(o — n) of that move.

m(o = n)=ao—n)-acc(o — n)

In most cases a(o — n) is chosen to be symmetric:

alo — n) =a(n — o).

Then equation 6.3 will look like:

w(o —n) _ acc(o — n)
m(n—o0) acc(n — o)

— cap (—B[H(X;) — H(X,)]). (6.4)

There are many ways to choose acc(o — n) in a way that 6.4 holds. The one of Metropolis
et al. [18] is:

_ ( exp(=BH(X;) — H(X;)]) if H(X,) > H(X,)
acc(o — n) = < 1 i H(X,) < H(X,)
It is easy to check that this choice of acc(o — n) does fulfil the condition 6.4.
This defines the Metropolis algorithm that is used to move the particles in the two

separate subsystems. The next section will explain the exchange of particles of those
two subsystems.
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6.2 Gibbs Monte Carlo particle exchange

The particle exchange is done by choosing one particle from one of the subsystems and
make a trial to move it to a random position in the other subsystem. For this particle
exchange we will need again an acceptance rate.

The way of determining the acceptance rate for particle exchange is very similar to the
determination of the acceptance rate for a trial move. The average for the hole system
with a total number of N particles should be done in the following way:

N
< A>= 7 n1|n2 /nl /nz exp (—f [Hi(x1) + Ha(x2)]) A(x1, x2)dx]"dx5?
ny= Ong N—ny
Where 7 is:
N
7= nl'ng /nl/nz exp (=B [Hi(x1) + Ha(x2)]) dx;* dxy?

ni= OngNn

ni, ng are the particles numbers in subsystem 1 and 2, Hy,H> are the total energies of
subsystem 1 and 2 and V; and V5 are the volumes of the two subsystems.
In the next step we will introduce reduced coordinates s:

N
1 V"V,
<A>=— ) a2 //eXp BHi(x1) + Ha(x2)]) A(s1,s2)ds]" dsy?

|
n1=0,n2=N—n1 - 7’L2
and get the probability for a state with a certain particle distribution between the 2
subsystems as:

_ e exp (=B [Hi(s1) + Ha(s2)]) -

N(Sl,SQ) n1'n2'

Now we look on the probabilities for an old state:

ni V?’L2

N(s7.55) = 20 exp (=B H (s9) + Ha(s3)])

and for a trial new state where one particle from subsystem 1 is placed in subsystem 2:

n1—1y, no+1
VitV

Nt 52) = o = Dime 7 1)1

exp (= [Hi(s1) + Ha(s3)]) -

To get the acceptance rate in the same way as we got it for the particle move we have

to build the ratio N((Ssl Z)) :
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N(st,sh) _ n1Va
N(s9,59) (ng + 1)1,

exp (=S [Hi(s7) — Hi(s?) + Ha(sz) — Ha(s3)]) -

And then we choose the acceptance rate as [7]:

n1Va

acc(o — n) = min (("nz—Fl)Vl

exp (-3 [HA(SE) ~ H(69) + Ha(s§) ~ Hals) 1 ).
This acceptance rate is for a particle exchange from subsystem 1 into subsystem 2. The
acceptance rate for an insertion of a particle from subsystem 2 into subsystem 1 is:

na Vi

acc(o — n) = min ((nl+1)V2

exp (=f [Hi(sy) — Hi(s?) + Ha(sz) — Ha(s3)]) , 1) :
This defines the part of the algorithm that does the particle exchange. An overview over
the hole principle algorithm of the Gibbs Monte Carlo simulation is given in figure 6.3.
This algorithm approaches quickly the equilibrium and it can be seen that the evaluated
chemical potentials of the two systems are in a good agreement after some statistical
evaluation time.
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Figure 6.3: Scheme of the Gibbs MC simulation




7 Theory of the fugacity expansion

The idea of the fugacity expansion is very similar to the starting idea of the derivation
of the virial equation of state. In the virial equation of state the pressure is related to
the density by a series in powers of the density. The n’th coefficient of the series is only
depending on the temperature and the n-particle canonical partition sum. Since more
particles will lead in many cases to a more difficult calculation this is a nice method,
because you only have to put in one more particle if the result is not accurate enough.
The end result of the fugacity expansion will relate the number of adsorbed particles to
the pressure of the surrounding gas by a power series in p. The n’th coefficient will also
depend on the n-particle partition sum of the guest molecules in the rigid lattice.

The following derivation will explain the fugacity expansion in detail.

The treatment of the porous material that is surrounded by a gas

As it was done for the Gibbs simulation the hole system is divided into two separate
subsystems: the surrounding gas and the adsorbed gas (see figure 7.1). Those two
systems are connected by having the same temperature and chemical potential. We will
look at their grand canonical partition sums.
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Figure 7.1: The two subsystems

The surrounding gas/the ideal gas

In this derivation we will assume (see chapter 3) that the surrounding gas is an ideal gas.
This assumption holds for example for hydrogen in a wide temperature range. Hydrogen
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has been used in this thesis but it has to be checked whether the surrounding gas can
be treated as ideal bevore using this method for other gases.

The ideal gas does not consider particle interactions. Therefore the grand canonical
partition sum looks like [19]:

- = 1 _3 %ﬂl
- Z h3nn| /H(P,I‘,Tl) drl.”drn dpldpn € (2 N)

where A = % is the fugacity and II(p,r, N) the configuration space. The kinetic part
of the integral gives:

1 g2 1 2mm\ 2 q(T)"
———dpi...dpn € AEm) = < > = .
/H(p,n) e hennl \
3

where q is defined as [17]: ¢ = (%’”ﬁ) ?)

For the ideal gas the configurational part is:

/ dri..drp, =V"
II(r,n)

and the grand canonical partition sum becomes:

n

= Z (Q/\n"/) = exp(qgAV).
n=0 ’

(1]

It is known from statistical mechanics [19] that the grand canonical potential looks like:

1
Q=—pV =—=1In(=),

and we get:
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That is the result that will be needed on the ideal gas side for the fugacity expansion.
It relates the chemical potential and the temperature to the gas pressure. Now we only
need the number of adsorbed particles also in dependence on the chemical potential
and the temperature (since those qualities should be equal for both systems). Therefore
we have to look at the grand canonical partition sum of the adsorbed molecules.

The adsorbed gas:

For the adsorbed gas the grand canonical partition [19] function looks like:

2
—B| i <I>(ri)+E?<j W (ri,rj)—np

o0 1 L
= Z h?’"'/ drl...drn dpl...dpn (& )
n=0 n: H(p>r7n)

[1]

where ®(r;) describes the interactions of the guest molecules with the rigid lattice.
Therefore the rigid lattice acts as an external potential on the guest molecules.

W (ry, 1) describes 2 particle interactions of the guest molecules with each other.
We can integrate over the momentum space and introduce again the fugacity:

=_ Z l / dry...dry, 6—5[2?:0 (ri)+20 W(ri,rj)] g\,
=l \ Jnen)

This can be seen as a power series in lambda like:

o]
E= g an + A"
n=0

with:

!

ap = 1 (/H( )dr1...drn 67’8[2?:0 O(ri)+200; W(ri’rj)]> q". (7.2)

Therefore we have an expansion in the fugacity where the n’th coefficient can be
calculated from the configurational part of the n-particle partition sum. We will call
the configurational part Z,,.

Zn = / dry...dry e P[Eino RE)+EI Wrir)
II(r,n)

And therefore a,, is:
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We get the average particle number from the statistical relation [19]:

9.

Now we already have the particle number in dependence on the chemical potential and
the temperature and we want to expand it in a power series:

0 > n
N—)\aln (nzoan-)\ )

The approximations in this thesis will only be done up to the 2nd order but the
formula above can also be used to do higher order approximations.
We only take into account the first 3 terms of the sum:

N = A% In(ag + a1\ + ax A2 + O(z)).

It is helpful to realise that ag = 1. If we look at equation 7.2 we can see that ¢ = 1
since ¢ # 0 and & is also defined as 1. The integral still counts all possible
configurations and with no particle there is only one possible state (see [17]). Therefore
we have: ap = 1. And with the second order approximation of the logarithm:

1
In(l+z)~z— 5562 + O(x?)

we get N as:

N = A% In(1 + a1 X + a2A? + O(z%))
1
- A(% ([am +a2)? + O()] = SaA + a2\ + O™ + O<x3)>

= A([ar + 2a2X + O (2%)] = [ar A + aa)® + O(z®)][a1 + 2a2\ + O’ (z%)] + O'(m3)) .
Now we simplify the equation by only taking into account terms with an order lower

than \3.

N =~ a) ) + (2a9 — a})\?
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We put in the definition of a,, and get:

7 2
N ~ Zigh + (2 ;? - Z%q2) A2,

And we arrive at the final equation:

N ~ Zigh\ + (Zy — Z%)(\g)%.

The relation between the surrounding pressure and the number of adsorbed
molecules

Now we do have the two needed relations:

pzﬁ,

N = Zig\+ (Z2 — Z%)()\Q)2.

And because both systems are treated to be at the same chemical potential and
temperature we get:

N =~ Z1pB + (Zo — Z3)(pB)>.

It can be seen that the first order approximation is the ideal gas equation (by
neglecting all external potentials Z; will become the volume). If we consider
interactions we have to calculate the values of Z; and Zs numerically. How this can be
done is explained in chapter 8.

But it should be mentioned that the afford for computing the integrals increases
strongly with the order. The Z3 coefficient would already need a lot of computation
time.

It is important to exclude some regions of the simulation box from the fugacity
expansion in the same way as for the Gibbs Monte Carlo simulation. Again all regions
were exclude from the calculations which had very low energies but are not accessible
for the guest particles since they are separated from the pores by high potential walls.
The obtained fugacity expansion result for ZIF-11 will be shown in section 9.3.
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8 GPU-Software for the calculation of the
equipotential surface and the fugacity
expansion coefficients

For those two tasks (calculation of the equipotential surface and the fugacity expansion
coefficients) the porous material ZIF-11 was considered to be rigid. Due to the
interactions with the lattice atoms a guest atom in the structure has different potential
energies depending on it is position. If the surface is drawn where a guest molecule
would have one special interaction energy with all lattice atoms we will get an
equipotential surface for this certain energy (see figure 8.1).

This picture is helpful to determine whether a set of interaction parameters could in
principle lead to a diffusion between the pores. The equipotential surface picture can
be used to see the hight of the potential walls between the pores. When this value is
compared to the average kinetic energy, due to the temperature, its possible to
conclude how likely a travelling from one pore to another is.

Figure 8.1: Equipotential surface for 0 kJ/mol for hydrogen in ZIF-11
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Using Example:

A guest molecule at 77 K has an average one particle kinetic energy of 0.96 kJ/mol.
In figure 8.2 we see an equipotential surface picture for hydrogen in ZIF-11 at 3
kJ/mol. With an average kinetic energy of 0.96 kJ/mol some particles will in some
cases also have a higher kinetic energy and will be able to enter regions with a higher
potential energy. But the surface with a potential energy that is 3 times the kinetic
energy is a boundary that the particle can only cross with a low probability. In figure
8.2 we see the centre pore and the edge pore parts with the equipotential surface as
their boundary. We compare figure 8.3 and 8.2 to draw some conclusions.

Figure 8.2: equipotential surface at 3

Figure 8.3: Equipotential surface at
kJ / mol kJ /mol

There is a window (a connected equipotential surface marked by a red ellipse) between
the edge and the centre pore even at 3 kJ/mol. By varying the energy value one finds
that the potential wall between the edge and the centre pore is lower that 0 kJ/mol.
This means that hydrogen has the ability to travel from the centre to the edge pores
for all temperatures.

In contrast, the connection between the edge pores (marked by a green ellipse in figure
8.2) is closed at 0 kJ/mol and only slightly open for hydrogen at 12 kJ/mol. With such
a big difference between the mean kinetic energy of a particle and the height of the
potential wall the particle should not be able to travel from one edge pore to another
because it is very unlikely to have the necessary kinetic energy at 77 K.

In addition, the connection between the Centre Pores is not even open for 12 kJ/mol
(orange circle in figure 8.2 and 8.3). Therefore the only type of connections of adjacent
cavities that is open for hydrogen is the one in the red circles in figure 8.2 and 8.3
which is connecting the Centre Pore and the Edge Pore. This explains the statement

o1

12



that there was no 8-ring window (like in [14]) found in this thesis since the red circles
are corresponding to a 6-ring window.

The implementation:

The calculation of an equipotential surface is mathematically rather easy. The
simulation box is divided into a certain amount of grid cells with a resolution that can
be defined by some input files of the program. To minimise the afford for creating an
equipotential surface this program works again with the CONFIG and FIELD file
formats of DL_Poly.

The program reads in the configuration data and the guest-lattice interaction
parameters and starts to compute for each grid cell the interaction energy that a
particle would have at the centre of the grid cell. This calculation is done by the
graphic card because it is able to do parallel calculations for each grid cell.

Therefore the graphic card is able to compute the equipotential surface for ZIF-11 in a
resolution of 200x200x200 in approximately 20 sec while the CPU calculations for a
resolution of 100x100x100 already needs at least 5 minutes. The reason for the time
difference is that the used graphic card has 480 cores to do parallel computations for
the grid cells. The implementation of the program on the graphic card and the
therefore fast computation makes this program a very often used tool in the
development of this master thesis.

The interaction energies are printed out as a cube file that can be used to draw
equipotential surface pictures. But the obtained interaction energies for the grid cells
can also be used to do the numerical integration for the fugacity expansion. For
example for Z7:

A :/ dry e P(®0r1) Z exp[—f(P;)]|AzAyAz.
1%

grid cells i

The computation for the second coefficient takes a lot more computational afford and
parts of it were therefore executed on the graphic card. For each grid point j the
summation is done for the hole grid:

I = Z e—ﬁ(@(ri)+<1>(rj)+W(ri,rj))Ax2Ay2AZ2’

grid cells i

those integral parts where again computed parallel. The summation of all those
integral parts gives the approximation of Zs:

Zy = / / ey dry ¢ POEDIIED WO o S L
vJV grid cells j
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Remark:

The equipotential surface gives also a big advantage in visualisation and therefore the
understanding of the dynamic behaviour. If we watch the movement of guest molecules
together with all the lattice molecules we do not have a good overview in which pore a
guest particle is. But if we draw the trajectories together with the equipotential
surface we see the boundaries of the guest molecule movement and we can distinguish
in which pore a guest particle is located (see figure 8.4).

10 A

Figure 8.4: Equipotential surface for 0 kJ/mol for hydrogen in ZIF-11 together with
hydrogen particles
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O Simulation results

9.1 Hydrogen-adsorption isotherm for ZIF-11 from
Gibbs-Monte-Carlo

The hydrogen adsorption isotherm that was computed by Gibbs-Monte-Carlo
simulations can only partly be seen as a real simulation result. The hydrogen
interaction parameters were chosen in a way that the adsorption isotherm for the rigid
lattice fits to experimental data. The parameter fit has only been done for 2 points of
the adsorption isotherm. The plot (figure 9.1) states that the rest of the data fitted
pretty well and that the experimental adsorption curve is reproducible with the X-ray
structure and the obtained classical parameter set.

In principle it would also be possible to do parameter fitting for the lattice
Lennard-Jones parameters but with those degrees of freedom the fitting becomes more
complicated and will need much more computational afford. Since the lattice
parameters of AMBER were developed by fitting them to experimental results and
doing quantum mechanical calculations they were considered to work in a good
agreement and that the hydrogen parameters (which are not a part of AMBER) were a
good guess for the variation for a parameter fit.

The experimental data were taken from a paper from Park [21] and are therefore
defining the environmental conditions where the chosen interaction parameters should
work at best. The measurement was done at 77 K and in a pressure range from 0 bar
<p <1 bar.

9.2 Second order fugacity expansion

The fugacity expansion method was explained in chapter 7. The setup is again the
same as before: a pile of ZIF-11 material that is surrounded by a gas at conditions
where the gas can be treated as an ideal gas. Then the fugacity expansion method
determines the coefficients of the functional relation between the ideal gas pressure and
the number of guest molecules in the porous material. For calculating those coefficients
we just have to know the interaction parameters between the guest- and the lattice
molecules since the lattice molecules are treated to be rigid. Therefore we get a way to
check the force field parameters of the guest-lattice interactions.

The first order fugacity expansion gives a straight line that should be a tangent in the
zero pressure region. Figure 9.2 shows this straight line. The coefficient (slope) was
calculated from the parameter set of this thesis.

It seems in the plot that the calculated slope is a good approximation to the starting
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Figure 9.1: Messured [21] and simulated adsorption isotherm for hydrogen in ZIF-11 for
the units of adsorption see appendix 15.1

slope of the experimental data. To compare the calculated starting slope with the
experimental data a fit has been made that is represented by the green line in figure
9.2. With the fitted function it was possible to calculate an estimation for the "real”
starting slope of the experimental data. A comparison in table 9.1 shows that the
calculated slope is a bit smaller than the one from the fitted function.

This can be explained by comparing the Gibbs Monte Carlo simulation results with the
first order fugacity expansion. It can be seen that the slope for the Gibbs Monte Carlo
simulation should be also slightly smaller than the one of the experimental data since
the low pressure values are smaller than the experimental data. Therefore also for the
Gibbs Monte Carlo simulation a fit was done with the result shown in table 9.1. The
Gibbs Monte Carlo simulation and the fugacity expansion were in complete agreement
as they should be since both are computational results from the same parameter set.
This means that it is shown here that the fitted parameters gave a good approximation
for the hole adsorption isotherm as we have seen in the previous section, but the
starting slope was smaller than it should be in comparison with the experimental data,
for both the Gibbs Monte Carlo simulation and the fugacity expansion.

The second order fugacity expansion is a parabola that is shown in figure 9.3 for the
example of hydrogen in ZIF-11. The first fact to notice is that the plot only shows a
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Figure 9.2: Measured [21] and calculated adsorption isotherm for hydrogen in ZIF-11
with the first order fugacity expansion and rigid Gibbs Monte Carlo simula-
tion data

very low pressure region to see this parabola. And it is not easy to compare the second
derivatives at zero pressure of those two curves. Therefore the calculated value of the
second coefficient and the one from the experimental data are given again in table 9.1.
Those two values are not in a very good agreement since the value from the
experimental data is more than twice the calculated one. This questions the method of
the fugacity expansion and therefore it will be explained for what the fugacity
expansion method can be used.

We have seen from the comparison of the experimental results and the calculated
values that the fugacity expansion should not be used for a real prediction of
adsorption isotherms. This statement is supported by figure 9.4 where we see the best
second order fugacity expansion that we can do since the parameters of this parabola
were directly determined by the first and second derivative of the experimental data fit
at zero pressure. It is just a second order Taylor expansion and this expansion works
for the curve shape of the ZIF-11 adsorption isotherm only for very low pressure region.
The only way to increase the pressure range where this method works would be to

o6



calculate more coefficients, maybe up to the 4. or 5. order. But unfortunately even the
3. coefficient will need a huge amount of computation time that is unreasonable with
the computers of our days.

But the method can be used to get a first evaluation of a parameter set. And in this
way it was used for a previous fit to get good starting points for the Gibbs Monte
Carlo simulations since the fugacity expansion is much faster than the calculation of 2
values of the Gibbs Monte Carlo data.

In addition to that a second order Taylor expansion has been also done for the
hydrogen adsorption in ZIF-8 where it has worked a lot better. Therefore the
applicability of this method depends much upon the porous material.

20 T T T

Ad'sorptiorll and Désorptio'n ZIF-11 exp 4
fit to the experimental data for ZIF-11
second order fugacity expansion with parameters from exp. data -

Amount Sorbed in cm3/g STP
o o

(6, ]
T
1

0 1 1 1 1 1 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Pressure in bar

Figure 9.3: Measured [21] and calculated adsorption isotherm for hydrogen in ZIF-11
with the second order fugacity expansion

9.3 Results from molecular dynamics simulations

One of the main tools of this thesis were molecular dynamics simulations. In theses
simulations interaction potentials for the particles and a starting configuration were
used to numerically calculate the following trajectories of the particles. For this thesis
a lot of different simulation runs were done which had produced large HISTORY files
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Figure 9.4: Measured [21] and calculated adsorption isotherm for hydrogen in ZIF-11
with the second order fugacity expansion with parameters from experimental

data
first coefficient in A | second coefficient in A2
from experimental 1.985-107 3.658 .10
data fit
from fugacity 1.245-107 1.411 -10™
expansion
from Gibbs-MC 1.248 107 1.490 -10™
data fit

Table 9.1: Table of the first and second coefficient of the fugacity expansion

containing the atom positions at different time steps. Those files were used to do
statistical evaluations of observables of interest, especially the diffusion coefficient and

the chemical potential.

The ensemble of these simulations is in all cases the NVE ensemble where the kinetic
energy was chosen to correspond to a certain average value of the temperature.
Therefore it is possible to talk about simulations at a certain temperature.
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9.3.1 Adsorption isotherm for hydrogen in ZIF-11 at 77K

It is not an easy task to get an adsorption isotherm from molecular dynamics
simulations. The problem is that the molecular dynamics simulation (MD simulation)
only simulates a box of bulk material of ZIF-11 and that we have to find the pressure
of the surrounding gas from this simulation. But it was mentioned several times in this
thesis that the surrounding gas and the adsorbed guest molecules have to have the
same chemical potential in equilibrium. Therefore the task is to get the chemical
potential from the molecular dynamics simulation and to calculate the pressure of the
surrounding ideal gas from this chemical potential and the constant temperature. If
this is done for some molecular dynamics simulations with different particle numbers
we get an adsorption isotherm.

The chemical potential of the MD simulation was evaluated with the Widom test
particle method like [7]:

uw=—kT In (A?’(]:T/—f—l)> — kT In [/ dsni1 < exp(—BAU) >N

with:

kpy= Bolzmann constant,

T= temperature,

V= volume of the simulation box,

s = reduced coordinates (s = 37),

8= elr.

N= particle number,

A= thermal de Broglie wave length,

< > = canonical ensemble average.

The calculation of the chemical potential is done by the self written

”ProcessHistDL2” (see appendix 15.2) program. The volume of the simulation box is
divided into grid cells and the < >y average is done for each one of them over a
complete simulation run. This averaging is carried out on GPU cores and therefore the
evaluation of a 40 ns simulation run is done in less then 10 minutes at a grid resolution
of 150x150x150. With the so obtained values for the function < exp(—SAU) >y the
integration is done and the chemical potential is calculated.

Afterwards it is easy to obtain the surrounding pressure with the chemical potential
relation for an ideal gas (see 7.1):

P=g
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MD simulations were carried out for several different numbers of particles in the
simulation box at a temperature of 77 K with the result shown in figure 9.5.

It is noticeable that for higher pressures the number of adsorbed particles was for the
flexible MD simulation higher than for the rigid Gibbs Monte Carlo simulation. To see
whether this could be a numerical effect, since the deviations are relatively small, some
rigid MD simulations were done and the resulting points were in good agreement with
the experimental data and the rigid Gibbs Monte Carlo simulation.

The conclusion is therefore that the flexible lattice was containing a slightly larger
amount of molecules at the same pressure.
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Figure 9.5: Adsorption isotherm for hydrogen in ZIF-11 at 77K from: experimental
data [21], MD flexible simulation, MD rigid simulation, Gibbs Monte Carlo
simulation; for the units of adsorption see appendix 15.1

This of course questions the method of fitting the hydrogen Lennard Jones parameters
to the measured adsorption isotherm with rigid Gibbs Monte Carlo simulations. The
parameters could be slightly improved either by flexible Gibbs Monte Carlo simulations
or fitting via flexible MD simulations which would take a lot more time. But it is still
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the opinion of the author that it is a good first approach to use the rigid parameters
and afterwards to do the fitting with flexible simulations only if a high accuracy of the
data is needed.

9.3.2 Self-Diffusion Coefficients

The self-diffusion coeflicient is a value that shows how far a particle will be displaced in
average after a certain time when there is no concentration gradient. The self-diffusion
coefficient can only be measured in molecular dynamics simulations since Monte Carlo
simulation are not simulating the time dependent behaviour of the hydrogen guest
molecules.

To get values for the self-diffusion coefficient was one of the main aims of this master
thesis. The obtained parameter set was now used to gain values for the self-diffusion
coefficients where there is nearly no literature value for comparison.

The self-diffusion coefficient was evaluated out of the moments of the probability
distribution of finding a particle at a certain distance of a starting point after a certain
time. The diffusion equation for a constant diffusion coefficient D looks like [17]:

Ip(r, t)

=—-DA
at p(r7t)

(where p(r, ) is the density). In the case of self-diffusion (D = D = self-diffusion
coefficient) the density p becomes the probability density w and a solution looks like:

] (x = ro)’
w(r,t) = (4xDt)73/% . exp [—4,%0] .

The second moments of this distribution can be found as:

< |r —ro|? >=6Dt.

Therefore the statistical value of < |r — rg|> > can be used to determine the value of D
for example with:

_18<\r—r0\2>

D
6 ot

By using this relation the self-diffusion coefficient of hydrogen in ZIF-11 was calculated.
Two different dependencies of the self-diffusion coefficient were investigated: the
temperature dependency and the dependency on the loading of ZIF-11 with different
amounts of guest molecules.

So far there is no measured value for the self-diffusion of hydrogen in ZIF-11. The only
value that was found in the literature is a simulation from Aaron W. Thornton [29] at
a pressure of 10 bar and 298 K. This value was:
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2
D=72x10""
S
A simulation of 5 particles per unit cell at a temperature of 298 K has given a
self-diffusion coefficient of:

2
m
D =8.65x1077—,
S
those conditions correspond to a pressure of 14 bar. Therefore it can be seen that the
coefficients are in the same order of magnitude.

The temperature dependence

In many cases the temperature dependency of the self-diffusion coefficient can be
described with the so called Arrhenius equation [8]:

D(T) = Dy - exp (—5;) : (9.1)
FE 4 describes an activation energy that in many cases can be related to a threshold
within the system while Dy is a pre exponential factor and the self diffusion coefficient
would be equal to Dg in the limiting case of infinite temperature.

A logarithmic plot of the self-diffusion coefficients in dependence on % is found in
figure 9.6. The Arrhenius equation would give a straight line and the simulated values
are in a good agreement with a straight line. The values for £4 and Dy from equation
9.1 were found as:

Do= (3.59+0.44) x103%5

_ kJ
E4= (3.724+£0.16) ol
The errors were calculated from the error of the linear fit.
The simulations were carried out with 5 particle per unit cell. The obtained values are
given in table 9.2 In the regarded temperature region and at this loading it is therefore
sufficient to use the Arrhenius equation.

The loading dependence

For different loading of the ZIF-11 material simulations were carried out and a
self-diffusion coeflicient was obtained. The result can be seen in figure 9.7.

The self-diffusion coefficient was increasing up to a range of 60-80 particles per unit
cell, afterward the self-diffusion coefficient goes down for higher loadings.
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Figure 9.6: Relation between the self-diffusion coefficient and the temperature for the
self-diffusion of hydrogen in ZIF-11

The increasing self-diffusion coefficient for an increasing amount of adsorbed particle
for low loadings could be explained by the fact that particles will be adsorbed into
deep potential minima (especially at low temperatures). Under those conditions a
higher amount of particles will mean that some of those potential minima are already
occupied by hydrogen atoms. Therefore it will take in average a longer time until a
hydrogen atom is again adsorbed into such a minimum. This would explain that
hydrogen self-diffusion is faster at higher loadings.

In figure 9.8, a hydrogen molecule is displayed, out of an MD simulation for 40
hydrogen molecules per unit cell. This hydrogen molecule (in the red circle) is trapped
in a region with a potential energy of less then -8.0 kJ/mol.

The molecule is plotted again together with the equipotential surface at -3.5 kJ/mol. If
it has the necessary kinetic energy to get up to this potential value the hydrogen
molecule will be able to travel inside the centre pore to other potential minima. But as
we can see this equipotential surface is still not connected to the equipotential surface
of the window to the next pore in the blue circle. Therefore at this energy it will not
be able to travel out of the pore.

The last figure (figure 9.10) shows this particle (red circle) together with an
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temperature in K | self-diffusion coefficient in %2
100 5.61x10~19
120 1.21x107?
150 2.86x1079
200 4.58%1077
250 6.9 x107?
298 8.65%x1077

Table 9.2: Table of self-diffusion coefficients for different temperatures at a loading of 5
hydrogen molecules per unit cell

equipotential surface at -2.4 kJ/mol. Here we have the first thin connection (green
circle) to the neighbour pores. But therefore the energy difference between the
potential minima and the necessary energy for leaving the pore is 5.6 kJ/mol.

One additional way to show that the explanation for the increasing self-diffusion
coefficient for increasing particle numbers could work is to look at the probability
density distributions for different particle numbers. It can be calculated that for 80
hydrogen molecules per unit cell the probability for being in a potential minimum is
less than for a loading of 40 hydrogen molecules. For example for the position of the
hydrogen molecule of figure 9.8 to 9.10 the probability density has a value of

2.1x 1028$ for the 40 particles per cell simulation and a value of 1.0x 1028ﬁ for the
80 particle simulation. This means that for higher loadings the probability of being in
a potential minima is lower then for lower loadings. Therefore the hydrogen molecules
will spend less time in the energy minima for high loadings. This leads to the
conclusion that there is an increased amount of freely moving particles.

The effect of a decreasing self-diffusion coefficient for high loadings is well known and
interpreted as a hindering of the movement of the particles due to the interaction with
each other, since they have a very tiny free path until they interact again with the next
guest molecule. Figure 9.11 shows a configuration of 120 hydrogen molecules at 77 K
in an MD simulation.

Different test simulations for the same conditions (88 guest particles at 77 K; see figure

9.7) have revealed an error of: O.3><10_11mT2 for the values of the self-diffusion
coefficient at 77 K.
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Figure 9.7: Relation between the self-diffusion coefficient and the loading for the self-
diffusion of hydrogen in ZIF-11 at 77 K
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Figure 9.8: A particle trapped in a potential minima (red circle) together with the
equipotential surface at -8.0 kJ/mol

66



H

. i3 .,

sa ¥ )
Ly i,

10 A

Figure 9.9: A particle trapped in a potential minima (red circle) together with the
equipotential surface at -3.5 kJ/mol; the blue circle marks the location of

the window between the pores
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Figure 9.10: A particle trapped in a potential minima (red circle) together with the
equipotential surface at -2.4 kJ/mol; the blue circle marks the location of
the window between the pores; the green circle marks the connection of the
window to the potential minima
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Figure 9.11: A snapshot from the trajectory of 120 hydrogene molecules in a unit cell of
ZIF-11 at 77 K
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10 Proposal for the the compensation of
lattice deformations caused by Coulomb
forces

It was mentioned in section 5.2.1 that the Coulomb interactions were neglected in this
work since they had a negative effect on the stability (NPT-Simulation) and the
maintenance of the X-ray structure. For hydrogen guest molecules the Coulomb
interactions are not that important since the hydrogen molecule is electrically neutral.
But it would be most desirable to have a force field which is capable of handling all
kinds of guest molecules (also the charged ones).

The introduction of charges into the lattice should not lead to a deformation of the
lattice structure. The following text will give a proposal how this could be
accomplished by adapting the structural interaction parameters. The realisation has
not been done in this work due to a lack of time.

The principle idea

The idea is to compensate the Lennard-Jones and Coulomb forces with the forces from
the bonded interaction potentials. Therefore the X-ray structure would correspond to
the minima of the total lattice energy and at low temperatures to the average atom
positions.

We introduce the condition that the quantity:

N
> Fi+ (Bi+ Vi+Ty) (10.1)

should be minimal to compensate the Lennard Jones - and Coulomb forces in the most
effective way.

Where we use the following nomenclature:

F; = the Coulomb + Lennard Jones force acting on particle i

B; = the harmonic bond forces acting on particle i

V; = the valence angle forces acting on particle i

T; = the dihedral forces acting on particle i

Each lattice atom is a part of some bond interactions. For example in figure 10.1
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particle | involved in the interactions:
1 blvl,dl
2 bl,b2,v1,v2,d1
3 b2,b3,v1,v2,d1
1 b2,v2,d1

Table 10.1: Particles and the interactions in which they are involved; b stands for har-
monic bond -, v for valence angle - and d for dihedral interaction

particle 1 and 2 are included in the harmonic bond interaction 1, particle 2 and 3 are
included in the harmonic bond interaction 2 and so on (see table 10.1).

Figure 10.1: Exemplary confirmation of 4 atoms

The first aim will be now to rewrite the forces which are acting on the particles due to
the bond interactions in some way.

The bond force on one particle depends on the interaction parameter set of the bonded
interaction s and the positions of all atoms which are a part of this structural
interaction {x};. For example, particles 1-3 are included in valence angle interaction v1
and all particles are included in the dihedral interaction d1 in figure 10.1. The
parameters of s would be 8 and @ for the valence angle interaction v1 and v, n and
W, for the dihedral interaction d1. If we know all these parameters and the positions of
the atoms which are included in the interaction we are able to calculate the force
acting on the involved particles.
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For compensating the Coulomb forces only the structure defining parameters: ®g,¥g
and 7o will be varied. The other parameters (elasticities) will be considered to be
constants.

We want to rewrite the force on one particle due to one structural interaction now in a
way that it factorises into a first factor that is depending on the parameters of s and the
atom positions {x}s and another factor that gives the direction and is only depending
on {x}s. The first factor should be the same for each particle of the list {x};.

For the dihedral forces in figure 10.1 this means:

Fy1(0g, {x}s
(6o, {x}s
(

(

es1({x}s)

n2({x}s)es2({x}s)
ns({x}s)ess({x}s)
na({x}s)esa({x}s),

00, {X}S
00, {X}s

||
Hz»—,?jl»—tl

\_/\_/\_/\_/

where e means a unit vector and therefore the previously mentioned second factor is a
combination of n and e. It has to be proven separately that each interaction can be
rewritten in that way.

Harmonic bond interaction

At first we will define a unit vector for the force Fy:

rpy —I2

epr = ———
r1 — 12

(b stands for harmonic bond interaction)
The force on one of the particles can be computed directly from the harmonic bond
interaction potential and can be written as a scalar times eqq:

F1 = VO((TZ']' - 7“0)2 = Fl +€p1-
The sum of both forces should be zero F1 4+ Fo = 0. The force on the second particle
can be found as:

Fy = —F) -ep1 = F1 - epa.
Therefore we have the form:

F1 = Fi(ro, {x}s)en1({x}s)
Fa = Fi(ro, {x}s)m2({x}s)en2 ({x}s)
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where:

n2({x}p) = 1.

This means that it is possible to rewrite the harmonic bond interaction in the required
way.

Valence angle interaction

Again the first force will be directly computed from the interaction potential:

F1 = —VU(@Z]) = —Vﬁ<q)ij - (1)0)2 = F1 - eF, .

It can easily be shown in which direction this force will act. This problem will be
considered in spherical coordinates where the origin is particle 2 (see figure 10.2) and
the z-axis has the direction of the connection between particle 2 and 3.

In this coordinate system the position of particle 1 can be expressed easily with the
spherical coordinates r,¢» and € where 6 is the valence angle. While doing the spatial
derivative in this coordinate system one notices that 6Ugf” ) and 8U£ij )
zero and that the force can therefore only act in the ey direction.

0 10U 1
Fi=-VU=- (%*%aﬁ%gg

are equal to

Figure 10.2: Configuration of 3 atoms in spherical coordinates

A reasonable definition of a unit vector for F1 out of the structure is therefore:

oy — [(r1 —rg) X (r3 —r2)] X (r1 —r2)
> |[(rs —r2) x (r3 —r2)] x (r1 —ra)|’
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With this unit vector F'; can be written as:

Fi = Fleq.

With the same argumentation like for particle 1 (spherical coordinates) the direction of
the force acting on particle 3 can be derived and we obtain a choice for a unit vector
for F3 as:

eyg = — [(ry —r2) x (rg —ra)] X (rg —ra)
’ [ [(r1 —r2) X (r3 —r2)] X (r3 —r2)|’

The forces F1 and F3 are orthogonal to the connecting vectors 12 and 23, respectively.
Due to this fact it is easy to calculate the total torque which has to be zero:

(rl—rz)xF1+(r3—r2)><F3:0

which is equivalent to:

(r1 —ra)

r1 — 12

(rg —r2)

X F3ev3
r3 — 12

|ry — ra x Fleyy = —|rg — ra

or:

Filry — ra) ((rlr?) % ev1> — —Fyfrs — ra <(r3r2) % eV3> '

r1 — 12 [r3 — 12|

Since the two vectors on both sides in the last equation are unit vectors which are
parallel to each other but point in opposite directions we get for Fj:

Fy— FL=r2l
r3 — 2

The last force that we have to express in that form is Fa. Since the total force has to
vanish (F1 + Fa + Fg = 0) we get:

= = |r1—r ~ ry—r
Fo=—(F1+F3) =~ <F16v1 + F1|12|ev3> =—F7- <ev1 + ’12’6‘,3)
|1‘3 —1'2‘ r

Fz = Fmgev2.

All forces are therefore in the form:
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Fy = Fl(Qo, {x}v)evi({x}o)
F2 = F1 (0o, {x}.)r2({x}v)eva ({x})
Fg = F1 (00, {x})r3({x}o)evs({x}0).

So it is also possible to rewrite the valence angle interaction in the required way.

Dihedral interaction

The force on the first particle can again be calculated from the interaction potential:

E(©) =~ - cos(pd — by).

The direction of the force on particle 1 can be predicted by looking at the problem in
cylindrical coordinates with the origin at particle 3 (see figure 10.3). In this coordinate
system particle 1 has the coordinates r,0,z (where 6 is the dihedral angle) and the force
on particle 1 is calculated with V in cylindrical coordinates:

9 10E
F:—VE:—</6£+e¢ % /Z>

The force on particle 1 has therefore only a component in ey direction. And the same
can be done for particle 4.

Figure 10.3: dihedral interaction configuration

Therefore a reasonable definition of unit vectors for F1 and Fy is:

[(r1 —rg) X (r3g —r2)]

S = T [(r —r2) x (r5 —12)]|
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oqq = _ Lra—rs) x (r2 ~13)]
7 ]l(ra—13) x (r2 —r3)] |

And the force on particle 1 will be rewritten as:

F1 = F1ed1.

Another point that has to be mentioned before starting some calculations is that the
forces on particle 2 and 3 can not have a contribution in z direction. This can be
explained with the fact that the dihedral force (as the potential) only depends on the
angle between the two planes in which particle 1,2 and 3 and particle 2,3 and 4 are
laying, respectively. If the positions of particle 2 or 3 are varied in z-direction it would
not change the angle between the 2 planes. Therefore the change of the interaction
energy is zero in this direction. This means that the forces in z-direction of particle 2
and 3 are zero.

The total torque can be calculated by looking at all position vectors and forces. The
coordinate system will be chosen according to figure 10.4 (cartesian coordinates). All
gathered information about the coordinates and the force directions will be taken into
account.

Figure 10.4: Dihedral interaction configuration

r; =zi1e; + yie2 + z1es
ra = zz€3
rg = zzeg

rqy = x4€1 + Yys€2 + 24€3
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Fi = frie1 + fyie2
Fy = fize1 + fipe2
F3 = fi3e1 + fyzez
Fy = frae1 + fyaea

If there is no external force than the total torque has to be zero:

M=0=r1 xF;1+roxFg+rz3xFg+ryxFy.

0= (z1e1 + yie2 + z1e3) X (fr1€1 + fy1€2)
+ (22e3) X (fi2€1 + fi2e2)
+ (23e3) x (fz3€1 + fyse2)
+ (w4e1 + yaez + z4e3) X (frae1 + fyae2)

0=x1fr1€1 X €1 +y1fr1€2 X €1
+ 21 fr1e3 X e1 + 71 fy1€1 X ez
+ y1fyie2 X ez + z1 fy1€3 X €2
+ faoz0€3 X €1 + fyazoe3 X €2
+ fz323€3 X e1 + fy323€3 X €3
+ 24 fra€1 X €1 + Ysfrae2 X €1
+ z4frae3 X €1 + T4 fyae1 X €2

+ yafysea X €2 + 24 fyaes x ez

0= —y1frre3 + 21 fr1€2 + 71 fy1€3 — 21fy1€1
+ fr222€2 — fyoz0€q
+ fz323€2 — fy323€1

— Yafra€3 + 24 frae2 + Tafyaesz — 24 fyaer

(10.2)

That the total torque is zero means that each component has to be zero. We will look
at each component of the torque to get relations between the forces Fo,F3 and Fy4 to

the force F.
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Z-component of the total torque (eqn. 10.2):

0=21fy1 — y1fer + Tafys — Yafos (10.3)

If we call rf the projection of the vector ry on the z-y plane we get:

rf = z1€el + xq9e2.

Since the forces F1 and F4 are also not having a contribution in z-direction, F; x ri'

and F4 x ry only have a contribution in z-direction that equals:

(r1 x F1). = 21 fy1 — y1.far

(r; X Fa). = 24fys — Yafus-

If we take into account equation 10.3 we get:

I‘%XFlz—I‘iXFét
|I‘1 ’ | | X F‘ledl |I‘4 ’ | | X ]54ed4
i L r
F1|I‘1’ |:’ ‘ X ed1:| = F4‘I'4| [‘ 4| X ed4:|

and since the vectors on both sides are parallel unit vectors with opposite direction we
can express Fy like:

I
F4 — 'Flv
T4
F4 = F4ed4.

Y-component of the total torque (eqn. 10.2):
21fa1 + fa222 + fo3zs + 2afoa =0 (10.4)

We combine this relation with the condition that the total force has to vanish:
Fi1+F2+F3+F4=0. (10.5)
Therefore we have:

fx1+fx2+fa:3+fx4:0
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or:

fe2 = —(fo1r + faz + fra). (10.6)

We get from 10.4 and 10.6:

21fz1 — (for + fo3 + foa)z2 + fa323 + 24fea =0

which will lead to:

_ fer(zo = 21) + fea(zo — 24)
fac?) — .
(23 — 22)

We allready got F4 and F; in the wanted form:
. T =
fza = Fael = Fieqqer = I Fieqqer
4

and:
fe1 = Frel = Flegie;.

Therefore we get for f,3:

T’J'
f for(za = 21) + foalzp — 20) _ 5 Sar€1(22 —21) 4 Treasen(z — z) AN ({x}a)
r3 = = = X
3 (23 — ZQ) ! (23 — 2’2) 13 d

X-component of the total torque (eqn. 10.2):

—21fy1 — fy222 — fy323 — 24fya =0
or

Zlfyl + nyZQ + fy323 + Z4fy4 =0 (10.7)
We get again from 10.5 for fyo:

fy2 = _(fy1+fy3+fy4)- (10.8)

We mix 10.7 and 10.8:

0=z1fy1 — (fy1 + fyz + fya)zo + fy323 + 2afia

and get:
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Jy1(z2 — 21) + fya(z2 — 24)
(23 — 22) '

f y3 —
The last step looks again like before:

TJ‘

fya = Fye2 = Fieqqes = Fieqqe2

T
3
fn = F1e2 = Fieqses.

End we end up with:

1
fyr(a = 2) + fyalea = 2a) _  Care2(2 = 20) + 1k -easea(s — 24)

(23 — 22) ' (23 — 22)

fy3 =

which means that F3 looks like:

i M({x}a) B
Fs=F - M({xla) | =FXs({x}a)eas

Now we have F1, F3 and F4 in the wanted form and we get Fo from:

Fi1+F2+F3+F4=0

by the simple step:

L

Fy=—(F2+F3+Fy) = (Fledl + Fi)szeqs + F1 ed4> = Fi)\seqa.

4

Therefore all 4 forces are now in the required form:

= Fi (0o, {x}a)ear({x}s)

(0o, {x}a)A2({x}a)eaz({x}a)
(00, {x}a)As({x}a)eas({x}a)
(0o, {x}a)Aa({x}a)eas({x}a).

|| ||
iy R 32 )—)?jl
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The force (im)balance equation

Now it is shown for all 3 structural interaction forces that they can be expressed in a
special way. This will now be used to find a way to minimise the quantity 10.1:

N
> Fi+ (Bi+ Vi+ Ty
)

In an ideal case we will be able to compensate all Coulomb and Van der Waals forces
with the strucutural forces. Then we would have the 3N conditions:

By + Vi + T, = F;
1 1 1 _ 1
By+Vy +TZJ—FZJ
B+ V4T, =F,

BY +vN + 1V =FY
N N N _ N
By +V;/ +Ty _Fy
BN +vN 4+ TN = EN. (10.9)

Each particle will be a part of various structural interactions:

Bi= Y Fymij({x}j)ei({x};)

bond j

V; = > Fwip({x}e)eix({x}r)

valence angles k
T, = Z Fix ({xh)ein({xh).
dihedral angles 1

It should be noticed that the sum for one particle i is running over all bond-, valence
angle- and dihedral angle potentials that there are. Therefore a lot of the n; j({x}s) are
going to be zero since one particle is only involved in a few interaction potentials.
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Expressing the forces as the mentioned sums equation 10.1 looks like:

D Ermg(xyer’ ({x})) +

bond j

> Emg(xbiey’ ({x})) +

bond j

Do Fimg({xhy)er? ({x}) +

bond j

D Finv{xb)er (x})) +

bond j

> Fpan(xh)ey ({x}5) +

bond j

S Flan (el () +

bond j

>

valence angles k

>

valence angles k

>

valence angles k

>

valence angles k

>

valence angles k

>

valence angles k

Frye({xbe)er™ ({x3n) +

>

dihedral angles 1

Fery e({x}e)ey ({x}e) +

>

dihedral angles 1

Feryp({x}r)el ™ ({x}e) +

>

dihedral angles 1

FYen k({x}e)es " ({x}e) +
Feenk({xte)e) *({x}e) +

FPen ke ({xte)el ® ({x}e) +

>

dihedral angles 1

>

dihedral angles 1

>

dihedral angles 1

Fia({xhoer! ({xh)

Fixa({xhey! ({xh) = —F;

AL (e ({xh) = —Fy

_le

Fiana((xh)ed (k) = —FY
Fw (el (k) = —FY

Fian ({xp)elt({xh) = —FN

This can be rewritten as a matrix operation (The force (im)balance equation):

T T
i o VN
bl/ Y
1,1 1,Nbonds
v4 v
11 1,Nbonds
T T
béme-mzc,l bé\]partulevaonds
Nparticte,1 Nparticle:Noonds
b3 b3
Nparticte,1 Nparticle:Noonds
R-S=Y
where:

b = (m,j({x}j)ez’j

vy = (Fﬂm‘ ({x}))ey?
af; = (Nax))e?

with:

ke{x,y,z}.

({x}))
({x}))
({x}))

T T T o
v v d d
1,1 ng'ualence 1,1 é:Ndlhedral
T T
v v} N d
1,1 1,Nyaience 1,1 1,Nginedral
Gl Vi, 11 1,N,
) Nyatence ) Nainedral
T T T §a
v v d d
Nparticles1 Nparticle Nvalence Nparticle,1 Nparticle;Ndihedral
¥ L T Y
Nparticle,1 NparticlesNvatence Nparticles1 NparticlesNdihedral
T z C Iz
v v d d
Nparticte,l Nparticie;Nvalence Npartictes1 Nparticle:Ndinedral

Fy
,F;
. _pi
F} y
1
b{;}nds _Fz

1

v -

Nvaltence _Fg

1
_Fy
. _FzN

t
FNELzhedral

Now it hopefully becomes clear why the forces had to be rewritten as done above, since
the equation could therefore be interpreted as a matrix multiplication. Therefore the
minimisation problem has become linear and can be approached, for example, with the

linear regression method.
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In most cases there will be much less parameters than equations and therefore this
relation is a so called inconsistent equation (Not solvable for the unknowns by one set
of values = force imbalance). Therefore one can apply some methods to find the
minimum of:

N
> Fi+ (Bi+ Vi+ Ty
7

The Hill climbing method would for example give an iterative approximation for the
best S while the linear regression method will directly compute the best S.

With the approximating S the parameters ¢, ¢g, 0y can be calculated. Those
parameters, used in an MD simulation, should lead to average atom positions which
are close to the X-ray structure atom positions. How near they get to the X-ray
structure will depend upon the temperature and to which extent the Coulomb and
Lennard Jones forces were compensated.
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11 Remaining problems

11.1 General problems

This chapter was included to display the remaining problems that I see for my own
work which were beyond the time limits of this master thesis. This chapter should help
the reader to be aware of those problems and inspire him to think about solutions and
own ways to work on the topic of this thesis.

Window Linker choice

The first remaining problem is located in the chapter where the linkers were chosen
from the X-ray structure. It became clear where the different configurations for the
wall linkers and corner linkers came from. But the question why the Window Linkers
had different possible configurations in the X-ray structure file remains unanswered. A
quantum mechanical approach, for example by density functional theory, could reveal
whether both configurations should occur.

Rigid lattice fit

The hydrogen Lennard Jones parameters were fitted by rigid Gibbs Monte Carlo
simulations. Since the simulation results have shown that they do depend upon the
flexibility of the lattice it should not be neglected in the fitting process. The Outlook
(chapter 12) will mention ways to fit the interaction parameters to flexible simulations.
Unfortunately a parameter fit with a flexible lattice will need a huge amount of time.

The neglected charges

The third remaining problem concerns the neglect of charges in this thesis. For
hydrogen guest molecules the interaction of hydrogen with ZIF-11 is not directly
influenced by this neglect. But the lattice will show slightly different behavior when
the charges are included and therefore some of the given values of this thesis will be
influenced by that. A proposal has been made to include charges and maintain the
X-ray structure at the same time, but the implementation is beyond the time limits of
a master thesis.

Balance between theory and results

One additional remaining problem concerns the amount of simulation data in this
thesis. In this work a lot of theory and preparatory work has been done to get a
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reliable force field for ZIF-11. And the amount of gained predictions of ZIF-11
adsorption behavior is filling much less pages of this thesis than the preparations. But
it was the intention to get a force field other scientist can also use and where they are
aware which known properties of ZIF-11 this force field is able to reproduce. In
addition to that, this thesis includes remarks and suggestions which should be easily
applicable for the research on force fields for other porous materials (equipotential
surface calculation, the fugacity expansion, the charge compensation suggestion).

11.2 Force-field parameters

The force field parameters that were developed in this thesis were fitted to X-ray
diffraction data and an adsorption isotherm. This kind of proceeding is typical for the
application of classical force fields. So far it seems that it is not possible to have one
and the same set of interaction parameters for all or many applications. And there is
no single set of parameters provided by the literature but there are several of them. So
one has to choose which set will work best for his application or to even change the
parameters to be able to reproduce measurements.

This procedure gives of course boundaries to the knowledge we can gain in that way. If
we use parameters from other applications to predict adsorption behaviour that was
not measured so far we can not be certain how reliable this data will be and normally
we will not rely on that data too much. This is a big disadvantage that hopefully will
be solved or at least approximately solved in the future and it will certainly need a new
way to describe the interactions.

The idea that seems to suggests itself is to use quantum mechanics to describe the
interactions between the atoms of the simulation. A lot of approaches were made to
achieve that goal and there are already some promising progresses in that field. But so
far it often means that one has to find fitting basis functions to get the electron
densities which will most likely also mean a separate treatment of different applications.
But since quantum mechanics is the best known way to describe interactions at the
atomic length scale a quantum mechanical approach is a very promising one.

But of course the method that was used in this thesis has still enough advantages and
knowledge that we can gain from it. Even if predictions for new materials are not very
reliable we are able to understand properties of the materials for which we do the
research. If we are able to reproduce measurements it will probably mean that the
microscopic behaviour of the simulation is a good approach to the real processes. We
are in many cases able to gain knowledge from that which is not accessible for the
experimentalists and that can help to identify the relation between material properties
and adsorption behaviour.
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12 Qutlook

The force field presented in this Master thesis already reproduces the adsorption
isotherm of hydrogen and the X-ray structure in a good approximation. But it was
mentioned before that this force field will not work for charged guest molecules.
Therefore the next step for ZIF-11 should be to develop a force field that can also
handle charged guests.

This might be accomplished by the proposal of chapter 10 which will hopefully be
tested in the future. If it is possible to find a parameter set with charges that also
reproduces the X-ray structure than those parameters will also have an influence on
the simulations for hydrogen guest molecules. This influence is expected to be rather
small which of course has to be tested.

In addition to that, the guest molecule parameters were fitted via Gibbs-Monte Carlo
simulations in a way that the measured adsorption isotherm was in a good agreement
with the simulated adsorption isotherm. The MD simulation with the flexible lattice
has shown that the flexibility lead to a slight increase of pressure for higher loadings.
Therefore it would be also worthwhile to fit the hydrogen interaction parameters again
with adsorption isotherms calculated from MD simulations. This will of course take a
higher computational afford but should also slightly improve the parameter set.
Another way to deal with the flexible lattice would be to include the flexibility into the
Gibbs-Monte Carlo simulation.

If there are some additional experimental data on ZIF-11 it might also be interesting to
check the agreement of the adsorption isotherm for higher pressures and additional
temperatures.

This work also provides simulated values for the diffusion coefficient were there is no
measured value to check the agreement. Those measurements will hopefully be done
soon.
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15 Appendix

15.1 Unit of the adsorbed amount of particles

The unit C’;‘g ST P means the volume that the amount of hydrogen, that is adsorbed
into 1 g of porous material, would have as an ideal gas under the standard conditions:
Ty = 273.15K and p = 101325Pa. Therefore the number of adsorbed particles for one
unit cell of ZIF-11 (mass=14383 —L.)is:

mol

_ -3 DPo _ g
N =z -mass- 10 -m 0.642@‘50

where x has the unit C?m:;STP.

15.2 Self written programms for this thesis

The progamms which were written in C++ but they are to big to print them in the
appendix. Please contact me at p_schierz@hotmail.de to get the source code.

15.3 Table of the parameters

Linker types (list 15.3):

1. Straight linker

2. Wall linker
a) straight
b) bent

3. Corner linker
a) straight
b) bent

4. Wall linker
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1A

Figure 15.1: A zinc knot with the surrounding hydrogen The numbers with dotes next to
the N’s are referring to the attached linkertypes of list 15.3. The numbers
without dots are defining names for the bonds.

Figure 15.2: numbering of the bonds Figure 15.3: atomtypes of the linker
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Lennard-Jones potential Er; = 4e. [(2)'? — (2)°]
atom type e e.(kcal - mol™') o, (A)

H5 0.063 2.42
CK 0.360 3.40
NB 0.712 3.25
CB 0.360 3.40
CA 0.360 3.40
HA 0.063 2.60
Zn 0.052 1.96

Table 15.1: Table of the Lennard Jones interactions

bond potential Eppng = ap(r — rop)?

bond type b ay(kcal - mol~tA%) 1, A
1 2.a)  2b) 3a) 3.b) 4.

(CK-H5), 367.0 0.932 0.932 0.932 0.928 0.928 0.928
(CK-NB)s 4 529.0 1.316 1.339 1.339 1.315 1.315 1.289
(NB-CB)g.7 414.0 1.366 1.391 1.389 1.537 1.283 1.383
(CB-CB)s 520.0 1.472 1455 1.323 1.428 1.472 1.452
(CB-CA)g.10 469.0 1.409 1.403 1.444 1.383 1.454 1.397
(CA-HA)1112 367.0 0.929 0.929 0.929 0.930 0.929 0.959
(CA-HA) 16,17 367.0 0.931 0.930 0.931 0.929 0.928 0.929
(CA-CA)13,14 469.0 1.340 1.399 1.414 1.367 1.350 1.282
(CA-CA)y5 469.0 1421 1.369 1.329 1.358 1.362 1.521
(Zn-NB)y 5 78.50 1.976 1.988 1.988 1.986 1.986 1.966

The subscripts of the bonds are corresponding to the numbers in figure 15.2.
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valence angle potential Eyeg = Be(® — Ppc)?

bond type ¢ Be(keal - mol~trad?®)  ®g.(rad)
1. 2.a) 2.b) 3.a) 3.b) 4.

(H5-CK-NB); 3 50.0 120.53 122.41 12242 122.06 122.06 139.48
(H5-CK-NB); 4 50.0 120.53 122.42 12241 122.06 122.06 98.714
(NB-CK-NB)3. 4 70.0 118.94 115.17 115.17 115.88 115.88 121.8
(CK-NB-Zn)3.2.4.5 18.7 13049 12692 12691 130.23 13023 128.59
(CK-NB-CB)3,6:4,7 70.0 103.64 103.97 102.37 106.34 104.05 102.26
(Zn-NB-CB)3.4.5.7 32.5 1258 127.89 1288 123.09 123.08 128.53
(CB-CB-NB)g 57,8 70.0 106.89 106.82  109.73 105.11 107.15 106.83
(NB-CB-CA)g 07,10 70.0 133.22 13213 127.75 134.06 132.03 134.53
(CB-CB-CA)s.0:5.10 63.0 119.88  120.56 122.39 120.78 120.24 118.61
(CB-CA-CA)g 13:10,12 63.0 117.21 116.7 114.39 116.29 114.02 115.59
(CA-CA-HA)11 13,1214 50.0 121.33 121.67 12273 121.83 123.02 110.74
(CA-CA-HA)1316,14,17 50.0 118.51 118.63 11859 118.76 117.05 120.24
(CA-CA-HA)16,15,15,17 50.0 118.59 118.65 1184 11836 117.27 120.1
(CA-CA-CA) 13151415 63.0 122.9 12272 123.02 122.88 125.67 119.66
(HA-CA-CB)11,9:10,12 50.0 121.46 121.62 122.88 121.89 12297 124.29
bond type ¢ Be(keal - mol~trad?®)  ®g.(rad)

(NB-Zn-NB)y 35.2 107.46

(NB-Zn-NB), 5 35.2 111.33

(NB-Zn-NB), 4 35.2 107.04

(NB-Zn-NB)g 5 35.2 104.72

(NB-Zn-NB)3 4 35.2 109.95

(NB-Zn-NB), 5 35.2 116.07

The subscripts of the 8 atom types are related to the numbers of the bonds (figure 15.2 or figure
15.1) that are forming the group of 3 atoms.
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dihedral potential Egp = v4[1 + cos(ngd — ¢oq)]

bond type d valkeal -mol™ ) na  ¢oa(rad)
1. 2.a) 2.b) 3.a) 3.b) 4.

(H5-CK-NB-Zn)(1,3,2 20.00 2 170.68 166.73  189.98 189.98 189.98 198.17
(H5-CK-NB-Zn) 1,4,5) 20.00 2 189.32 193.27 170.02 170.02 170.02 160.98
(H5-CK-NB-CB)1,3,6) 20.00 2 176.85 142,93 153.16 203.16 153.16 181.11
(H5-CK-NB-CB)1,4,7) 20.00 2 183.15 217.07 206.84 156.84 206.84 178.04
(NB-CK-NB-Zn) 3,4,5) 20.00 2 188.97 193.28 170.16 170.16 170.16 159.35
(NB-CK-NB-Zn) (4,3,2) 20.00 2 171.03 166.72 189.84 189.84 189.84  200.65
(NB-CK-NB-CB) 3,4,7) 20.00 2 182.8 217.08 206.97 156.97 206.97 176.41
(NB-CK-NB-CB)4,3,6) 20.00 2 177.2 142.92  153.03 203.03 153.03 183.59
(CK-NB-CB-CB)3,6,3) 5.10 2 181.49 200.52 194.89 1674 194.89 178.18
(CK-NB-CB-CB)(4,7,8) 5.10 2 178.51 159.48 165.11 192.6 165.11 181.82
(CK-NB-CB-CA)3,6,9) 5.10 2 178.95 184.08 176.91 162.63 176.91 174.21
(CK-NB-CB-CA) 4,7,10) 5.10 2 181.05 175.92  183.09 197.37 183.09 185.79
(Zn-NB-CB-CB)(3,6,s) 5.10 2 187.27 176.4 161.45 179.41 16145 161.13
(Zn-NB-CB-CB)5,7,s) 5.10 2 172.73 183.6  198.55 180.59 198.55 198.87
(Zn-NB-CB-CA) 26,9 5.10 2 184.73 159.96 143.46 174.64 143.46 157.17
(Zn-NB-CB-CA)5,7,10) 5.10 2 175.27 200.04 216.54 185.36 216.54 202.83
(NB-CB-CB-NB)s,3,7) 21.80 4 180 180 180 180 180 180
(NB-CB-CB-CA) g,5,10) 21.80 4 175.73 151.71 149.11 172.02 149.11 173.56
(NB-CB-CB-CA)(7,5,9 21.80 4 175.73 151.71  210.89 187.98 210.89 186.44
(CA-CB-CB-CA)(9,5,10) 21.80 4 180 180 180 180 180 180
(NB-CB-CA-HA)6,9,11) 14.00 4 181.32 210.55 208.62 200.18 208.62 225.07
(NB-CB-CA-HA)(7.10,12) 14.00 4 178.68 149.45 151.38 159.82 151.38 134.93
(NB-CB-CA-CA)6,9,13) 14.00 4 182.48 209.93 207.99 200.1 207.99 78.27
(NB-CB-CA-CA)(7,10,14) 14.00 4 177.52 150.07 152.01 159.9 152.01 281.73
(CB-CB-CA-HA)(s,9,11) 14.00 4 175.72 173.98 168.8 189.45 168.8 216.43
(CB-CB-CA-HA) .10.12) 14.00 4 18428  186.02 1912 170.55 191.2  143.57
(CB-CB-CA-CA) (59,13 14.00 4 176.88 173.36  168.18 189.37 168.18 69.625
(CB-CB-CA-CA)(5,10,14) 14.00 4 183.12 186.64 191.82 170.63 191.82 290.37
(CB-CA-CA-CA)(9,13,15) 14.50 4 183.23 186.8 192,58 170.41 192.58 291.61
(CB-CA-CA-CA)(10,14,15) 14.50 4 176.77 173.2 16742 189.59 167.42 68.391
(CB-CA-CA-HA)(9,13,16) 14.50 4 183.97 186.41 192.23 170.11 192.23 292.41
(CB-CA-CA-HA)(10,14,17) 14.50 4 176.03 173.59 167.77 189.89 167.77 67.593
(CA-CA-CA-HA)(11,13,15) 14.50 4 184.38 186.18 191.95 170.33 191.95 164.12
(CA-CA-CA-HA)(12,14,15) 14.50 4 175.62 173.82  168.05 189.67 168.05 195.88
(HA-CA-CA-HA)(11,13,16) 14.50 4 185.12 185.79  191.6 170.03 191.6 164.92
(HA-CA-CA-HA)(17,14,12) 14.50 4 174.88 17421 168.4 189.97 168.4  195.08
(CA-CA-CA-CA)(13,15,14) 14.50 4 180 180 180 180 180 180
(CA-CA-CA-HA)(17,15,13) 14.50 4 179.26 179.61 179.65 179.7 179.65 180.8
(CA-CA-CA-HA)(16,15,14) 14.50 4 179.26 179.61 180.35 180.3 180.35 179.2
(HA-CA-CA-HA)16,15,17) 14.50 4 180 180 180 180 180 180

The subscripts of the 4 atom types are related to the numbers of the bonds (figure 15.2) that are
forming the group of 4 atoms.
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= 7a[l + cos(nq¢ — doa)]
~a(kcal -mol 1)

dihedral potential Egp

bond type d

¢od(rad)
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The numbers in brackets () are related to the numbers of the linker types (figure 15.1 and list 15.3))

that are forming the group of 4 atoms.
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