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Introduction

The relevance and application of nanoporous materials such as zeolites, Metal
Organic Frameworks, and Zeolitic Imidazole Frameworks (see Figure 1) has been
growing steadily during the last decades. These materials are characterized by the
sizes of the pores, which can be classified into three categories:

- Microporous materials, with pore size of 0.2 - 2 nm
- Mesoporous materials, with pore size of 2.0 - 50 nm
- Macroporous materials, with por size of 50 -100 nm
There is a large variety of nanoporous materials whith a wide range of properties

and characteristics. These ordered materials are charaterized by high surface areas.
The different sizes, shapes, and distributions of the pores give them unique

properties such as the capability to selectively adsorb molecules.

Figure 1. Natural and synthesized mnanoporous materials: Mordenite (left),
chabazite (center top), and stilbite (center bottom) from the Smithsonian Institution
National Museum of Natural History and Cu-BTC (right) from Centre for Surface
Chemistry and Catalysis (KU Leuven).


http://www.mnh.si.edu/
http://www.mnh.si.edu/
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Since the advent of computers in the second half of the 20th century, molecular
simulation has emerged as a new field of science. This new approach based on
statistical mechanics allows us to obtain a better understanding at a molecular level
of the systems.

The goal of this thesis is to otain a deeper understanding, from a theoretical point
of view, of the mechanisms of adsorption and diffusion of gases in zeolites, MOFs,
and ZIFs by applying molecular simulations. Simulation techniques not only help to
characterize the structures or to obtain a better knowledge of the mechanisms
taking place inside the materials, but can also be used as a tool to improve the
properties of the frameworks. Furthermore, molecular simulations allow us to
predict the behavior of gases inside these materials. In this sense, molecular
simulations can act as a cutting edge tool to explore the potential uses and
applications of crystalline nanoporous materials.

In this work we study the potential role that nanoporous materials can play in
processes of industrial and acedemic interest. We focus on applications such as
methane/carbon dioxide, water/alcohol, and propane/propylene separation, and
capture of air pollutants such as hydrogen sulfide. We use molecular simulation
techniques to study the adsorption and diffusion processes of a variety of gases in
nanoporous materials. In particular, we compute adsorption isotherms, adsorption
energies, and entropies using Monte Carlo (MC) simulations and diffusion
coefficients using Molecular Dynamics (MD) simulations and Transition State
Theory (TST).
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1. Nanoporous Materials

This section contains a brief overview about the three groups of nanoporous
materials used in this thesis: zeolites, Metal Organic Frameworks (MOFs), and
Zeolitic Imidazole Frameworks (ZIF's).

1.1. Zeolites

Zeolites are a group of crystalline porous solids based on silica. The name was firstly
used by Axel F. Cronsted when he described the unique ability of “an unknown
species of rock” which was able to lose water when heated in a blow-pipe flame.

Basically, zeolite frameworks are made of silicon atoms connected to four oxygen
atoms forming tetrahedra. These tetrahedra are the Primary Building Units
(PBUs). The silicon atoms are placed at the center of the tetrahedra surrounded by
the oxygen atoms. Each oxygen atom, placed at the corners of the thetraedra, is
linked to two silicon atoms. In this way, the connected PBUs can generate many
different topologies. As mentioned before, there are some type of zeolites that can
be found in nature but most types are synthesized in the laboratories. Up to date
there are around two hundred zeolite types registered in the Database of Zeolites
Structures. There is a large variety in pore-shape and size, i.e. we can find
structures with straight channels, zig-zag channels, interconnected channels, cages
connected by windows, etc.

Some of the silicon atoms can be replaced by aluminium atoms. Since the SiO4
tetrahedra are neutral these substitutions result in a negative charge per aluminium
atom. To balance the net charge, non-framework cations such as sodium, cesium, or
calcium are added to the structure. The Lowenstein rule restraints the distribution
of aluminium atoms in the structure. This rule states that an aluminium
tetrahedron can be only bonded to a silicon tetrahedron, i.e. the configuration Al-O-
Al is forbidden.

The chemical formula of aluminosilicates zeolites with cations, is:

M, |(A10,),(Si0,), i ,0

where M are the cations, n their valence, x the number of aluminium atoms, and w
the number of water molecules in a unit cell.
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Besides aluminosilicates, there are also types of zeolites based on the exchange of
silicon atoms by other species, such as titanosilicates, aluminophosphates,
silicoaluminophosphates, and germanates (see Figure 2).

Figure 2. Molecular representation of two zeolites. On the left, pure silica ITQ-12
and on the right, Ge-ITQ-29.

Zeolites exhibit high surface area, high thermal stability, and high exchange
capacity. Pure silica zeolites are hydrophobic, but the presence of cations can
change this nature. The combination of these properties makes them good materials
for adsorption and catalysis processes'?. They are able to selectively adsorb gases as
a function of the shape, size or polarity of the guest molecules. They can also act as
“molecular sieves”, materials that selectively adsorb certain gases and avoid the
adsorption of others. Zeolites have found widespread industrial applications®S, being
used as highly selective adsorbents®, ion exchangers™, and catalysts™!! of
exceptionally high activity and selectivity in a wide range of reactions. These
applications include the drying of refrigerants, removal of atmospheric pollutants
such as sulphur dioxide, cryo pumping, separation of air components, separation
and recovery of normal paraffin hydrocarbons, recovering radioactive ions from
waste solutions, catalysis of hydrocarbon reactions, and the curing of plastics and
rubber.

1.2. Metal Organic Frameworks (MOFs)

Metal organic frameworks for use in adsorption applications were first reported in
1999 by Yaghi et al’?., and they have become one of the types of crystalline
nanoporous materials more studied in the last years'®. They are basically composed
by metallic centers connected by organic linkers (see Figure 3). Among their main
characteristics we can point out the high surface area, pore volume, and storage
capacity. However is the high versatility to tailor and to modify these materials
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Figure 8. Molecular representation of three Metal Organic Frameworks:
IRMOF-1 (left), Cu-BTC (center), and MIL-47 (right).

what gives them a huge potential to be used in many different applications'. These
properties make MOFs good candidates to be used in important industrial
applications, such as the capture of greenhouse gases'™', hydrogen storage!’,
catalysis'®?, gas separation®??, biomedical applications®, or biofuel separations®?
among others.

In contrast to zeolites, MOFs are not found in nature but they are synthesized in
the laboratory. There are more than ten thousand MOFs in the Cambridge
Structural Database, although only a small percentage are stable when the solvent
is removed and most of them are unstable in moist environment.

It is possible to obtain new MOFs by combining different metal clusters with
different organic ligands. Moreover, the organic linkers can be functionalized during
the synthesis, opening new posibilities. If we find the appropriate combination of
these elements (metals, linkers and functional groups) we can obtain solids with
cavities of predefined shapes, sizes, and functionalities tailored for specific
applications. The possibility to work with a large number of combinations of metal
centers with organic linkers and functional groups make molecular simulations a
very useful and efficient tool to study MOFs. In this way molecular simulation can
be used not only to study the synthesized MOFs but also to explore the theoretical
modifications and functionalizations that would improve their properties.

1.3. Zeolitic Imidazole Frameworks (ZIF's)

The last group of nanomaterials that have been studied in this work are Zeolitic
Imidazole Frameworks (see Figure 4). These materials can be regarded as hybrids
between the two previous groups. On the one hand they are made up of organic
linkers connected by metal atoms, on the other hand they have zeolitic structure.
This implies that they are composed of tetrahedral structural building units®
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Figure /. Molecular representation of four Zeolitic Imidazolate Frameworks
(ZIF's). From left to right and top to bottom: ZIF-8, ZIF-69, ZIF-71, and ZIF-93.

(SBU). Instead of silicon and oxygen atoms the thetraedra are made of metal
atoms and organic linkers. The centers are occupied by metal atoms and the role of
the oxygen atoms is played by imidazolate molecules. In this way the hybrid nature
of MOFs is combined with the stability of zeolitic frameworks. ZIFs were first
synthesized® ' in the early years of this century, and since then the number of
studies on these materials has grown exponentially. ZIFs possess higher thermal and
chemical stability than many MOFs, which increase their range of possible
applications®3%. The main feature that differentiates these structures from other
MOFs is that the metal nodes (typically Zn or Co) are tetrahedrically coordinated
to imidazolates (im) or functionalized imidazolate ligands, which are shared between
two adjacent SBUs. Due to the topological similarity between zeolites and ZIFs,
several structures in which the disposition of the tetrahedra is the same are found
for both types of materials. The greater flexibility of the metal—imidazolate bonds
allows the synthesis of a larger number of ZIF structures. It might be therefore
possible to synthesize ZIFs with many of the hypothetical zeolite frameworks
predicted with topological tools, which have not been synthesized yet as zeolites.
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2. Methods

In the previous section we gave a general overview about nanoporous materials. In
this section we describe the main techniques that we use to study these systems.

Molecular simulation has become an efficient and widely used technique for
studying properties of systems. Nowadays there are many methods and techniques
available to study systems at the molecular level. The selection of the desired
techniques depends on the properties that we want to study and the way that we
describe our systems. In this work we mainly use classical methods to embark on
the study of confined systems. Nevertheless in some parts of our study we also use
quantum mechanics. We mainly describe our systems using classical force fields for
modeling a) the adsorbents, b) the adsorbates, and c¢) the interactions between
adsorbate-adsorbate and adsorbate-adsorbent. This means that we know the
positions of all the atoms involved in our simulations as well as all the interactions
between them. Based on that, we are able to compute different properties like
Henry coefficients, energies and entropies of adsorption, adsorption isotherms, and
diffusion coefficients among others. Therefore the quality of the force field is the key
to obtain accurate results. The parameters of the force field can be obtained by
fitting to experimental data, but they can also be derived from quantum
calculations.

Once we have a force field that is able to describe the interactions, we can use
different methods to compute static and dynamic properties of our systems:

- Monte Carlo (MC). Statistical methods that use random numbers and
probabilities. They are based on computing space phase averages instead of
time averages.

- Molecular Dynamics (MD). A deterministic method based on the
integration of Newton’s motion equations.

In addition to these two methods in this chapter we introduce briefly the basis of
quantum calculations as well as two more techniques used in this work, the Ideal
Adsorption Solution Theroy (IAST) and the Transition State Theory (TST).

2.1. Monte Carlo

In classical mechanics a given system can be described by knowing the positions and
the momenta of all its components. Once we have these variables at a single instant
in time we can predict the evolution of the system. All this information is included
in a single quantity, the Hamiltonian, as a function of the coordinates and momenta
of all the components. Based on this, we could apply the classical mechanics to
macroscopic systems and then we will obtain a basis for the thermodynamic
description. However this approach has two main problems: first, the number of
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particles involved is huge (~10% particles), second, the interactions between
particles in a real system are very complex. Thus, although classical mechanics
encodes all the information needed to predict the properities of a system, the
problem of extracting that information is intractable. Furthermore, thermodynamic
describes the systems using only a few variables (pressure, temperature, volume,
etc.). The connection between classical mechanics and thermodynamics requires a
new field of physics: statistical mechanics.

In statistical mechanics we assume that there are a lot of microscopic states
(microstates) that are compatible with a macroscopic state (macrostate). The
collection of these different configurations of a system that share macroscopic
properties is named “ensemble”. Once we have a macrostate we can wonder in
which of all compatible microstates is the system. Neither classical mechanics nor
thermodynamics can address this question. What statistical mechanics does is to
assign a priori probabilities to each microstate (e.g. all microstates are equally likely
in the microcanonical ensemble). All incompatible microstates with a given
macrostate have a vanishingly low probability while the accessible microstates have
dominating contributions in such a way that the integration over all the microstates
is equal to one. The relationship between microscopic states and macroscopic states
is postuled as:

Macroscopic properties of a system are the average of the microscopic states
associated to that macrostate:

(A) = [ p(r™)A(r™ ™ 11

where A is a macroscopic property, o the probability density, and " denotes the
positions and velocities of the N particles in the system.

The functional form of p depends on how we select the microstates. For instance, a
system in equilibrium will have a well-defined internal energy. We can assign
probability equal to zero to all microstates whose internal energy is not exactly the
value of the macroscopic. Other option is to assign probabilities to microstates with
different internal energy in such a way that the average matches with the
macrostate. Depending on the system and the properties to compute we will have
different p and therefore different sets of microstates. In other words, we have
different ensembles. In all cases averages performed over an ensemble yield the
thermodynamic quantities of a system as well as other equilibrium and dynamic
properties.

When we use Monte Carlo methods we are computing those averages using a
selected ensemble. The problem arises when the number of microstates is too large
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to be computed and the majority of them have a weight close to zero. This is solved
by using importance sampling, which consists in generating configurations with a
probability proportional to the Boltzman weight. The averages can then be
computed without computing all the microstates.

The Markov Chain Monte Carlo method (MCMC) is used to estimate the average
properties of systems with a very large number of accessible states. The macroscopic
magnitudes in which we are interested are usually calculated employing weighted
averages, where the probability of a microstate is given by the Bolztman factor:

I e’ﬂ“’(""v)A(rN Ydr ™
(A) = — 1.2
J‘e’ﬂ"(" Vdr N

where f=1/(ksT), with kpthe Boltzmann constant, and U(r") is the total energy of
the system with N particles at positions . The configurational part of the partition
function is denoted by Z.

Z = J‘e_ﬁ”("'\s)dr/v 1.3

The ratio e"‘g“'/Z is the probability density of finding the system in a configuration
around V. The Monte Carlo scheme makes use of the fact that only the relative
probability of visiting points in configuration space is needed (not the absolute
probability of visiting points with the correct frequency). The MCMC algorithm
generates random trial moves from the current “old” state (o) to a “new” state (n).
To show that an arbitrary initial distribution eventually relaxes to the equilibrium
distribution, it is often convenient to apply the condition of detailed balance (as it
is used in the original Metropolis scheme). If Pp(o) and Py(n) denote the
probability of finding the system in state (o) and (n), respectively, and (0=2n) and
(n=0) denote the conditional probability to perform a trial move from o to n and
n to o respectively, then the probability of accepting the trial move P,..(0o=2n) to
accept is related to the probability of accepting the trial move n=2o0 , P,.(n=>0),
by:

P,(o)a(o > n)P,..(0 = n) = Py(n)a(n — o)P,..(n — o) 1.4

cec
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Metropolis et al.% assumed that:

alo > n) = a(n — o) 1.5

The acceptance probability is calculated using the following formula:
P.(o—>mn)= min[l, WJ 1.6

In the Metropolis scheme, the rejected trial states should be counted again and are
only contributing to the average via the normalization. Conventional Monte Carlo
algorithms become then inefficient, since they tend to generate many trial states
that do not contain new information for averages and distributions. To improve
efficiency, the properties of the rejected states can be included in the sampling by
using the Waste-Recycled Monte Carlo (WRMC) method®*. However, it is
important to note that this scheme is only correct when the method used for
generating configurations obeys detailed balance.

Conventional Monte Carlo is time consuming for long molecules because the
fraction of successful insertions into the systems is normally too low. The
Configurational-Bias Monte Carlo (CBMC) technique improves the conformational
sampling of molecules® and increases the efficiency for successful inserted molecules
by many orders of magnitude. In the CBMC technique a molecule is grown bead by
bead, in such a way that for each bead a set of k trial orientations is generated
according to the internal energy U™ (usually the bonded interactions) The external
energy Usg?(j) is used to bias the growth of the chain and is computed for each trial
position j of each bead 7. One of these trial positions is selected with a probability

-pU () -pU ()
. e e
P,(]) =% = 1.7

z e~ PUE M) w;

I=1

where = 1/(kgT), with kg the Boltzmann constant and T the temperature. The
selected trial orientation is added to the chain and the procedure is repeated until
the entire molecule has been grown. The rules for acceptance or rejection of a grown
molecule are chosen in a way that they exactly remove the bias caused by this
growing scheme.
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The Rosenbluth factor® for the new molecule can be computed as
W =[]e) 1.8

and the Rosenbluth factor of the new configuration is related to the free energy F

L A 1.9
Ao w)

where <W#¥> is the Rosenbluth factor of an ideal molecule that has only internal
interactions. The Rosenbluth factor is also related to the Henry coefficient K

MC simulations are divided in cycles. In each cycle, on average each molecule is
randomly selected and one of the following moves is applied:

- Translation: A random translation is applied to the selected molecule.

- Rotation: The selected molecule is randomly rotated around its center of
mass. This move has sense only if two or more atoms compose the molecule.

- Regrowth: The selected molecule is partially or entirely regrown in another
position.

- Insertion: A molecule is randomly placed inside the simulation box.
- Deletion: The selected molecule is removed from the simulation box.

- Identity change: When dealing with mixtures, a molecule of one type of gas
is selected and its identity is changed to another.

The last four moves are only available when performing simulations in “open”
ensembles where the number of particles can vary. Depending on the property that
we want to compute, MC simulations are performed in different ensembles. In this
work we have used three ensembles:
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- Canonical ensemble (NVT): In this ensemble the number of molecules,
volume, and temperature are fixed. It is used when computing adsorption
energies and entropies and Henry coefficients. It is also used in MD
simulations for computing diffusion coefficients.

- Grand Canonical ensemble (uVT): In this ensemble we keep constant
volume and temperature. The number of molecules can vary but the
chemical potential is fixed. We use this ensemble when we want to compute
adsorption of gases in confined systems.

- Gibss ensemble: In this ensemble the simulations are performed in two
macroscopic regions: the vapor and the liquid phase. The thermodynamic
requirements for phase coexistence are that each region should be in
internal equilibrium, and that the temperature, pressure, and chemical

potentials should be the same in both regions. The temperature, total
number of particles, and total volume are kept fixed. This ensemble is used
for computing Vapor Liquid Equilibrium (VLE) curves.

In order to take into account the periodic nature of the systems, we replicate a unit
cell in the three directions of space, employing periodic boundary conditions. Due to
computational limitations, only systems containing a few thousand atoms can be
modeled. As a result the cell length of the systems we study is typically around 20-
40 A. In both MC and MD calculations the first stage of the simulations consists on
the equilibration of the systems. The data obtained during equilibration are
discarded, and only data obtained during the second stage (production) are
employed to compute the properties of the system.

2.1.1. Henry Coefficients

Henry coefficients are directly related to the excess free energy (or excess chemical
potential) of the adsorbed molecules (eq. 1.9 and eq 1.10). However, the absolute
free energy of a molecule cannot be directly computed using Monte Carlo or
Molecular Dynamics simulations techniques. At low to intermediate loading special
simulation techniques such as the Widom test particle method can be applied. This
method uses a probe particle that is inserted at random positions to measure the
energy required for the insertion of one particle in the system. A “ghost particle” is
used as the measuring probe and it receives this name because the other particles in
the system do not feel its presence. The Widom test particle method can be applied
at low to moderate densities around the critical point, but it fails at high densities
around liquid-solid coexistence, because the probability to insert the “ghost”
molecule at a given position becomes very low. Details on this and other available
techniques used to compute free energies can be found in literature’.
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2.1.2. Energies and entropies of adsorption

The heat of adsorption in the infinite dilution limit can be obtained directly from
the simulation average energies®

Qu =(Uny) = (Uy) =(U,) = (k,T) 1.11

where <Up,> and<U,> are the ensemble averages of the potential energy of the
MOF-guest system and the energy of an isolated ideal molecule, respectively, and
<Uy> 1is the average MOF energy that is zero for a rigid structure. All average
energies involved in the system are usually computed using MC in the canonical
ensemble, where the number of molecules (N), the volume (V), and the temperature
(T) are kept fixed. Two independent simulations are required: A very fast
simulation to provide the energy of the ideal molecule and a much longer simulation
to obtain the energy of the same molecule in the structure.

2.1.3. Adsorption isotherms

The most widely used simulation method to predict adsorption equilibria is grand
canonical Monte Carlo (GCMC) simulation. In this ensemble the volume (V),
temperature (T'), and chemical potential (1) are fixed and the number of particles
fluctuates during the simulation. In GCMC simulations particles are exchanged
with a reservoir, which is held at the same chemical potential. The equilibrium
conditions are equal temperatures and equal chemical potentials of the gas inside
and outside the MOF. The fugacity of a gas (f) is its effective thermodynamic
pressure and is defined so that the chemical potential of the gas is given by the
expression

y=ﬂ°+RT1n[i0J 1.12
p

where p’ is the standard pressure and g’ is the standard chemical potential,
respectively. Fugacities and pressures are related through the expression: f=g¢p,
where ¢ is the fugacity coefficient. At relatively high temperatures and low
pressures is acceptable to simply replace the fugacities by pressures (¢=1). However,
when the pressure in the reservoir is too high for the ideal gas law to hold the
fugacity coefficient must be taken into account. This coefficient can be obtained

through an (experimental or theoretical) equation of state™.
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The adsorption isotherm can be simulated by running a series of simulations at
increasing pressure (for desorption the series runs backwards starting from the final
loading). Each MC simulation consists of millions of random translations, rotations,
insertions, and deletions that are accepted or rejected according to criteria based on
a Boltzmann-type weighting. The simulation results are averaged over the run of
the simulation. Detailed descriptions of the simulation methods as well as sample
programs can be found, among others, in the book by Frenkel and Smit*.

The simulations provide “absolute” adsorption values, which can be compared with
experimental isotherms if it is corrected for “excess” adsorption. The excess
adsorption is the average number of molecules in the pores in excess above the
number of molecules that would occupy the free pore volume at bulk-gas
conditions***. The excess (n.,) and the absolute adsorption (ngs) are related by the
equation:

nz:::: = nabs - V‘qu 113

where V¥ is the pore volume and p?is the gas-phase density. The pore volume is
obtained experimentaly through helium adsorption measurements that can also be
computed by simulation®3.

2.2. Molecular Dynamics

Molecular Dynamics simulations are based on a very simple idea: the trajectories of
the particles are given by Newton’s laws. The movement is governed by the forces
between particles, which in turn are a function of the positions. Starting from an
initial configuration, for which the positions and velocities of all particles are
known, we calculate the forces. Based on these forces, we compute the new
velocities of the particles. With these velocities, kept fixed for one time step, we
obtain the new positions for every particle. Repeating this cycle we obtain the
trajectories of the particles in the system.

In this work, the previous scheme is implemented using the velocity-Verlet
algorithm:

r(t + At) = r(t) + v(t)At + ]2%) At 1.14
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f@) + f(t + AY) A

2m

ot + At) = u(t) + 1.15

Where r(t), v(t), and f(t) are the position, velocity, and force vectors at time ¢,
respectively, At is the time step used, and m is the mass of the particle.

We can compute diffusion coefficients based on the motion of the particles in the
system. For the self-diffusion in one direction, we can use:

DSa N t‘)w dt <Z( la(t Ia(tO))2> 116

i=1

Where N is the number of molecules, ¢ is the time, and 7, is the a-component of
the position of molecule ¢, with a=x,y,z.

The directionally averaged diffusion coefficient can then be obtained calculating

D3 +Df + Dg

When we perform MD simulations we first perform a short MC simulation to obtain
a sensible starting configuration. Then a MD simulation in the NVT ensemble is
performed to equilibrate the system. After this phase we can start collecting data
from the simulation.

2.3. Transition State Theory (TST)

When studying diffusion with MD is not possible, usually for computing time
limitations, TST is a viable alternative method. It can be used to study very slow
diffusion processes. TST is based on considering the diffusion as a hopping process.
We can do that if we assume that: a) the diffusion can be described as hopping in a
lattice, and b) the free-energy barriers between two lattice points are high enough
to make the hop a rare event and therefore there is no correlation between
subsequent hops. Knowing the hopping rate between points we can compute the
self-diffusion using:
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1
Dy = EMQ =k, A 1.18

where D, is the self-diffusion coefficient, d the dimensionality of the system, k the
hopping rate from a lattice site to any adjacent lattice site, A the distance between
two lattice points, and k4 the hopping rate from a given lattice point A to a
specific lattice point B. This equation, which comes from Random Walk Theory, is
exact, and transfers the difficulty of computing the hopping to the calculation of
kap. As is described in ref *, the hopping rate is given by

f_k T e PP
ki J- o P g 1.19

cage A

where B=1/k; is the Boltzmann constant, T the temperature, m the mass involved
in the reaction coordinate, F(q) the free energy as a function of the reaction
coordinate ¢, and ¢* the value of the reaction coordinate at the barrier position.

This method fails when particles not only cross the barrier from A to B but also
from B to A. In these cases a dynamical correction is added to eq 1.20

Dy = xk,,1° 1.20

where x is the transmission coefficient.

2.4. Quantum calculations

In some cases, the description that classical force fields provide of the systems is not
enough for our purposes. For instance, if we want to investigate the optical or
electronic properties of a material we need to perform quantum calculations, which
provide information about the electronic structure of the systems. If we want to
model a system for which no force fields are available then quantum calculations
would be the method of choice. The basis of electronic structure calculations is
Schrédinger's equation: HY = E¥Y. The problem is that solving Schrédinger's
equation is an extremely complex and time consuming task. There are several
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methods with which to obtain an approximate solution of that equation, such as
semi-empirical and Hartree-Fock methods. There are also other techniques that
provide more accurate solutions of the equation, albeit at higher computational
costs, which makes them unsuitable to study large systems. The most popular
method to study crystalline materials is Density Functional Theory (DFT), since it
allows an accurate study of large systems at a reasonable computational cost. DFT
is based on the assumption (proven by Hohenberg and Kohn in the 1960's) that the
external potential, the total number of electrons, and the Hamiltonian are uniquely
determined by the electronic density, p(r), of the ground state of the system, i.e.
these magnitudes can be calculated as a functional of the electron density. It is
therefore possible to calculate all the properties of a system if p(r) is known. But
the main difficulty of DFT lies therefore in the calculation of p(r), since we do know
the exact form of these functionals. We know that they exist but we do not know
how to calculate them. There are several functionals proposed, and there has been a
steady increase in their quality over the years. At the moment the most accurate
ones are the so-called hybrid functionals, in which Pauli's exclusion principle is
taken into account by including into the total exchange energy a component
calculated with Hartree-Fock theory.

2.5. Ideal Adsorption Solution Theory

The Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz® was
developed to predict the properties of adsorbed mixtures avoiding direct simulation
of the isotherms. This is a rather simple model in which two or more pure
component isotherms can be used to predict the adsorbed mixture composition for
any gas mixture composition. The main advantage of this model is that it does not
require any mixture data and it is independent of the actual model of physical
adsorption. TAST calculations are accurate enough for mixtures of light gases in
MOFs!4 but they fail when the studied mixture differs strongly in chemical
characteristics™.

TAST is analogous to Raoult’s law for vapor-liquid equilibrium, i.e:

P, = P’(x, ), 1.21

Where x; and 7; are the molar fraction and spreading pressure of component 7 in the
adsorbed phase, respectively. At the adsorption equilibrium, the reduced spreading
pressures must be the same for each component and the mixture:
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20 270
w2 ) () 4p 1.22
RT » P
withi=1,2 8, ..., Nand n, =nm, =...=ny =7

The function n/(P) is the pure component equilibrium capacity and P/ is the pure
component hypothetical pressure which yields the same spreading pressure as that
of the mixture.

By assuming ideal mixing at constant wand T, the total amount adsorbed, n,, is:

- ﬁ:[ (P )} 1.23

with the constraint:

1.24

M=
B
Il
—_

Il
[

Since the equations are nonlinear and the integrals of 7, cannot be solved
analytically for most of the pure component isotherm equations, the classical IAST
needs iterative integration processes.

In this work we have used the isotherm equation proposed by Jensen and Seaton for
type I adsorptions’:

.-1/¢

~ kP Y 1.25
n(P) = KP|1+ {a(l " KP)J

First we fit the four parameters of the equation (K, @, &, and c¢) to the pure
components adsorption isotherms and then we apply TAST to obtain the mixture
adsorption isotherms.
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3.Force fields and Models

In this section we describe the general strategy followed to model the frameworks
and adsorbates studied in this work.

3.1. Force fields

A force field is a set of functions and parameters needed to define the interactions in
a molecular system. There are many generic force fields available in the literature,
like the Universal Force Field (UFF)™ Discover (CFF)%, Dreiding®, SHARP?,
VALBON* AMBERY, CHARMM?®, OPLS® Tripos®, ECEPP /2%, GROMOS®,
MMFF®, Burchar®, as well as specific force fields developed for particular systems.
Most popular force fields are designed to be generic, providing a broad coverage of
the periodic table, including inorganic compounds, metals, and transition metals. In
this section we describe the usual functional form of the force fields employed in
this work. The specific values of the parameters are included in the corresponding
chapter where each force field is used.

The total energy of a system U“* is split into two parts, the interaction between
bonded atoms U4 and the interactions between non-bonded atoms [rom-bonded:

Ululal — Ub(m(l(:d + U'nrmfb(:w,/l(:d 126

In the bonded interactions part we consider the different interactions between two,
three, and four consecutive atoms. This means that we take into account the
bonding energy between pairs of atoms U the bending energy between three
linked atoms U*" and the torsion energy defined between four consecutive atoms
Uersion - Therefore the bonded energy can be separated as:

(]blmd(xl — []11071,11 + (]h(:’u d + (]/mwi(m 1.97

The bonding energy can be described with many different potentials such as
Quartic potential, CFF quartic potential, MM3 potential, or Restrained harmonic
potential. In this work we consider the bonding energy as a function of the
interatomic distances using a harmonic potential

hon,¢ 1
[][ ](T/;> = 5 k(lr’/; - 7’{111)2 128
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where the distance is defined as ry=r;-r;, ¢ is the equilibrium distance, and % is the
harmonic constant.

Figure 5. Definition of bond distance, bend angle and dihedral angle between atoms
of a molecule.

Several potentials are also available to describe the bending energy U™ between
three atoms. Some examples are, the cosine bend potential, Quartic bend potential,
or CFF quartic Bend potential. In this work we used the harmonic potential that
can be expressed as follows:

Ub"’”’d(ejil.;) = % k(efiik - 8(111 )2 1.29

with % the harmonic bend constant, 6,, the equilibrium angle, and 8y the angle
between the atoms i, j, and k:

T T
Oy = Cosl[ g kj 1.30
’ T..T.

il ik

Finally the torsions are included in our description of the system with the torsion
energy Ursion, This energy is expressed as a function of the dihedral angle (see
Figure 5). Again, there are many potentials available to model this interaction. We
use the TraPPE dihedral potential:

U' i = p, +p, [1 + COS(@;M )] + D, [1 - COS(2¢W )] + D3 [1 + cos(BgDW )] 1.31
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where @, is the dihedral angle and py, p;, ps, and p; fitted parameters. It is worth
noting that improper torsions, which are mostly used to keep certain atoms in a
plane, are not considered in this work.

The non-bonded part of the eq 1.26 corresponds to the interactions between atoms
from different molecules, or between atoms of the same molecules, which are
separated for three or more atoms. In this work we consider two types of non-
bonded interactions Van der Waals (VAW) interactions U'PY" and electrostatic
interactions [electostutic,

U'n on—bonded — UV[)W + [](il(z(:l‘r(}s[(u,/?r' 1 32

Van der Waals interactions are described using a Lennard-Jones pair potential while
electrostatic interactions are modeled with coulombic potentials. A generic form of
the Lenard-Jones potentials is:

12 6
U"""(r,) = 4¢, [—’j —(—“J 1.33
‘ |\ Ty Tij

where the o parameter represents the distance between the interacting atoms at
which the attraction and repulsion are balanced so that the total interaction energy
equals zero; the ¢ parameter corresponds to the depth of the energy minimum, and
r; is the distance between particles ¢ and j. Usually, the parameters o and ¢ are
defined for the interaction of a certain atom with another atom of the same type. In
general, the cross terms describing the interaction between different atom types o
and f are obtained following the Lorentz-Berthelot mixing rules:

o + O
” ao yiiis

Eap = \Caa " Epp

Electrostatic interactions are described using coulombic potentials:
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1 4q9; 135

dre, T

Uuler:[’ros/,ruiﬂ (T‘” ) =

where the g is the electric constant of vacuum, ¢; and ¢; the atom charges, and 7y
the distance between atoms.

The long-range nature of VAW and electrostatic interactions creates convergence
problems and makes it unfeasible to compute a direct sum of the pair energies to
compute the total energies. These problems are avoided by using a cut-off radius of
12 A and subsequent introduction of tail corrections for VAW interactions, and the
use of the Ewald summation method to compute the electrostatic energy.

3.2. Zeolites

A wide variety of general force fields avalaible in the literature can be applied to
zeolites. Due to the generality of parameterization, we expect that these force fields
are suitable to reproduce experimental results with a reasonable accuracy. However,
when we try to increase the accuracy in predicting molecular properties while
maintaining a fair broad coverage of the periodic table, the force fields require

complicated functional forms®365.

The results obtained using these general force fields are not good enough for
specialized systems such as adsorption and diffusion in zeolites. For this reason new
force fields have been optimized for pure silica zeolites®® as well as for those with
nonframework cations® ™. These new force fields have shown improved predictions

6674 Most molecular

for adsorption and molecular transport in these systems
simulation studies in zeolites are performed using the Kiselev-type potentials, where
the zeolite atoms are held rigid at the crystallographic positions™. However, some
authors have also investigated the effect of flexibility, using a variety of potentials

7 and testing the accuracy and viability by comparing
79-80

for the framework atoms
the computed adsorption diffusion™®%2, IR spectra™™, or structural
parameters®® with experimental data. In this work we have followed both

strategies using rigid models as well as flexible models.

The framework of pure silica zeolites is built from silicon and oxygen. In our
simulations we take the crystallographic positions of the dehydrated structures from
experimental data. When using rigid frameworks, the atoms are kept fixed at their
atomic positions. Therefore we do not need to include interactions between
framework atoms. When using flexible models, bonded interactions (bonding,
bending, and torsions energies) described in the previous section are considered. In
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both cases (rigid and flexible models) the nonbonded interactions are taken into
account, but for rigid structures only framework-molecule (and not framework-
framework).

As all silicon atoms are surrounded by oxygen atoms we assume that the dispersive
interactions between guest molecules and the framework are only due to the oxygen.
Therefore we define specific Lennard-Jonnes interactions between the adsorbates
and the oxygen atoms and we do not use mixing rules. Regarding the electrostatic
interactions, we place point charges on both type of atoms.

3.3. MOFs and ZIF's

The metal-linker bonds present in MOFs are weaker than those of the Si-O bonds in
zeolites. This leads to an intrinsic flexibility of the frameworks. Under proper
conditions, this inherent flexibility can cause large structural changes in the
framework. Several studies point out that certain adsorbates can induce these
changes in MOFs*®7. Other works attribute the structural change to other factors,
such as temperature® or pressure®.

In order to take into account the flexibility of the frameworks, there are some
models that predict realistically the motion of the framework atoms. However, the
higher complexity of these models increases their computational cost, which can
make them extremely time consuming. These force fields are not transferable and
have to be developed for each structure. The results obtained with flexible models
in most cases are similar to those obtained with rigid models®. For these reasons
currently most simulations of MOFs and ZIFs are performed using rigids models.

In this work we consider the structures as rigid frameworks with the atoms fixed in
their atomic positions. In contrast to zeolites, all framework atoms are considered as
Lennard-Jonnes interaction centers and point charges are added to every atom. The
interactions with guest molecules are calculated using Lorentz-Berthelot mixing
rules.

3.4. Adsorbates

We can divide the models uses for the adsorbates into two types:

- Full atom models: These models consider each atom of the molecule as a

single interaction center.

- United atom models: In these models a set of atoms is considered as single

interaction center. These sets are named pseudoatoms.
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In both cases these interactions centers take into account the dispersive interactions
and (in some cases) the electrostatic interactions. The former are considered with
specific values of the o and ¢ parameters of the Lennard-Jones potential and the
latter are considered by adding point charges. Besides the non-bonded energy in the
cases of flexible models the bonded energies are also considered, according to the
potentials defined in the force field section.

We study a wide variety of gases with varions in sizes, shapes, and polarities. We
have classified them in five sets:

Air_and pollutants (N,, O, Ar, H,S): The three air components and hydrogen
sulfide are modeled using rigid full atom models. Therefore we consider one
interaction center for each atom. Nitrogen and oxygen molecules have quadropolar
moments, and in order to reproduce them, we follow the works of Murthy et al!

and Stogryn? . We placed negative point charges on the atoms and a third positive
charge in the center of mass of the molecules. To model argon we do not need to
use point charges and the model only has one dispersive interaction center. Finally
for hydrogen sulfide we use several available models containing three, four or five
interaction centers. In all cases, Lennard-Jones interaction centers are included in
each of the three atoms. In order to reproduce the dipole of the hydrogen sulfide
molecule, each model uses a different number of partial charges. The three-sites
model placed a charge in each atom, the four-sites model place a fourth one in the
rotation axis of the molecule. Finally the five-sites model uses two point charges
placed in a tetrahedral arrangement above and below the molecular plane.

Details about geometry, Lennard-Jones parameters and partial charges of the
models for nitrogen, oxygen, argon, and hydrogen sulfide used in this work can be
found in chapters 7 (N,, O, and Ar) and 4 (H,S).

Greenhouse gases (CO, — methane): Carbon dioxide is a linear molecule with a
quadrupole moment. For this molecule we use the model proposed by Harris et al.”?
with three Lennard-Jonnes interaction centers and three partial charges, one on
each atom. Lennard-Jonnes parameters and charges are taken from the work of
Garcia-Sanchez et al.*.

Although there are full atom models available for methane, in this work we use a
united atom model with a single interaction center to model the methane molecule.
The Lennard-Jones parameters are taken from the work of Dubbeldam et al.”” who
adjusted the parameters to reproduce the VLE curve.

Hydrocarbons: Due to the flexibility that hydrocarbon molecules present, we model
them using flexible models. Similarly to methane model, the longer chains are also
described using united atoms. We define a interaction center with its own effective
potential for each CH, group . We do not consider partial charges for alkanes. In
the case of propylene, we add point charges to the CH,(sp?) and CH(sp?) groups. In
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addition to this, one more point charge is placed between them in order to
reproduce the dipole of the alkene. More details can be found in chapters 2 and 7.

Alcohols: Alcohol molecules are also modeled using flexible models. In this work we
use the parameters of the TraPPE’ force field. We consider one Lennard-Jones
interaction center per CH; group and one more for the oxygen atoms. There is no
dispersion center associated to the hydrogen atom bonded to the oxygen, but it
carries a point charge. We placed additional point charges in the oxygen atom and
in the CH, group bonded to the oxygen. Detailed information about Lennard-Jones
parameters and charges can be found in chapters 7 and 8.

Water: Water is one of the more complex molecules to deal with. There are a lot of
models available but none of them is able to reproduce all the singularities of water.
Each model is developed to reproduce some specific behavior of the molecule. Most
models can be classified as three-sites models, four-sites models and five-sites model.

In this work we use the Tip5pEw model®, which is a five-site model.
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4.Context, scope, and structure of the thesis

There are around two hundred zeolites reported in the international Zeolite
Database. More than ten thousand MOFs have been synthesized up to date, and an
more than a hundred ZIFs have been synthesized. Despite these astonishing
numbers, most of these new materials have no industrial applications yet. A lot of
research is needed to analyze those materials and their properties. In this study we
aim to provide new research methods and tools that will allow to increase
significantly the knowledge of these materials. We also aim to study the possible use
of crystalline nanoporus materials to tackle current industrial challenges.
Furthermore our last goal would be to design hypothetical structures suitable for
solving some specific problems.

The scope of this thesis is therefore three-fold:

- To develop new force fields and sets of charges that allows a more accurate
modeling of nanoporous materials.

- To study the potential uses of different types of nanoporous materials in
processe of industrial interest.

- To design new materials with specific properties, for technological
applications.

To achieve these objectives we perform molecular simulations using the methods,
force fields, and models explained in previous sections.

Development of new force fields and sets of charges that allow the modeling of
nanoporous materials. (Chapters 2, 3, 4, and 5)

In chapter 2 we study the propylene models available in the literature and we
propose new ones. The new models are developed by fitting to experimental
adsorption isotherms in zeolites. The Lennard-Jones parameters are adjusted to
reproduce the VLE curve of the gas. We have also developed a specific force field
able to predict diffusion and adsorption of propylene in zeolites with very narrow
channels.

In chapter 3 we study the effect of the substitution of silicon atoms by germanium
atoms in a zeolite framework. We focus on the deformation of the 4-, 6-, and 8-rings
of the structure. We also compute the surface area as well as the pore volume of the
pure silica zeolite and germanium modified zeolite, and we compare them with
experimental results. In addition, we compute diffusion coefficients for methane and
propene using both rigid and non-rigid frameworks.
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In chapter 4 previous available models of hydrogen sulfide are discussed and three
new models are proposed. We compare their accuracy reproducing VLE and vapor-
pressure curves, and the liquid density. Our results show a good agreement between
the models. We also compute the adsorption isotherms, heats of adsorption, and
Henry coefficients of hydrogen sulfide in three MOFs.

In chapter 5 we developed a transferable and scalable set of point charges for ZIF's.
This set can be used in previously synthesized ZIFs as well as in theoretical ZIFs.
We validate the viability of the set of charges by comparing experimental heats of
adsorption with simulation data obtained using our set of charges.

Study of different types of nanoporous materials for applications of enviromental
and industrial interest. (Chapters 2, 4, 6, and 7)

In chapter 2, we use the developed models and force fields to study the adsorption
and diffusion properties of propane and propylene in the ITQ-12 zeolite. Our models
accurately reproduce the experimental adsorption isotherms. Using TST we
compute the diffusion coefficients in order to explain the differences obtained
experimentally.

In chapter 4, we study the adsorption of hydrogen sulfide in three MOFs with
different topologies, namely IRMOF-1, MIL-47, and Cu-BTC. We compute heats of
adsorption, Henry coefficients, and adsorption isotherms to have a better
understanding of the behavior of this air pollutant inside MOFs.

In chapters 6 and 7 we perform an extensive study of the metal organic framework
Cu-BTC. We study the adsorption of greenhouse gases such as carbon dioxide and
methane in the structure. We compute adsorption isotherms of the pure gases as
well as of equimolar mixtures. Our results match with previous simulation and
experimental data. We expand the study to all feed compositions by using
molecular simulations and also by using the Ideal Adsorption Solution Theory
(IAST). We compute diffusion coefficients by using MD and we determine the
adsorption selectivity, diffusion selectivity, and mixture selectivity.

We also identify the preferential adsorption sites in Cu-BTC and then carry out a
systematic study to analyze the preferential adsorption sites of hydrocarbons,
greenhouse gases, alcohols, water, and the main components of air. We focus on the
molecular mechanisms governing the adsorption process of these molecules. We
perform MC simulations in the canonical ensemble varying the number of
molecules. Then we analyze the distribution of the molecules inside the cage system
of the framework. Finally we explore the possibility of enhancing the adsorption of
certain gases by adding ionic liquids to the structure.

Design of new materials with specific characteristics (Chapter 8)

In chapter 8 we develop the idea of tailoring Cu-BTC in order to favor the
adsorption of some gases and prevent the adsorption of other gases. Based on the
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findings of chapter 7 we focus on the alcohol-water separation. We compute
adsorption isotherms of equimolar mixtures in gas and liquid phase as well as
adsorption energies, entropies, and Henry coefficients. We follow two strategies to
improve the separation: Blocking cages and poisoning metal centers of the
framework. We test our strategies and we propose realistic alternatives. We also
found a modification of the Cu-BTC framework that could lead to an increase of its

water stability.
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We present a combined computational and experimental approach to
evaluate the suitability of the ITQ-12 nanoporous material (ITW) as a
propane/propylene separation device. For this, we have computed
adsorption and diffusion of propane and propylene in the ITQ-12
zeolite. The propane isotherm is reproduced well, but the available
propylene models in literature are unable to describe the propylene
isotherm. Newly developed force field parameters for propylene were
obtained by fitting to our own experimental adsorption isotherms and
validated with previous data taken from the literature. To obtain self
diffusion of propane and propylene in the zeolite we combined the
Configurational Bias Monte Carlo method with rare-event molecular
simulation techniques. Our results support experimental observations
that point out ITQ-12 as a suitable structure for propane/propylene
separation. The selectivity originates mainly from a difference in
adsorption, possibly enhanced by a difference in diffusion.

Juan José Gutiérrez-Sevillano, David Dubbeldam, Fernando Rey,
Susana Valencia, Miguel Palomino, Ana Martin-Calvo, and Sofia
Calero

Analysis of the ITQ-12 Zeolite Performance
in Propane/Propylene Separations Using a

Combination of Experiments and Molecular

Introduction

The separation of propane—propylene
mixtures is one of the most important
as well as most expensive separations in
the petrochemical industry. These
mixtures are usually obtained from the
thermal or cracking of
separated,
propylene can be used for polypropylene
production whereas the propane fraction

catalytic

hydrocarbons. Once

can be used as liquefied petroleum gas
for  household heating. Cryogenic
distillation ~ has  been used for

Simulations

propane/propylene separations over the
last 60 years'. this is a
difficult and high energy consuming
and a number of alternate
adsorption

However,

process
technologies
processes are being
These technologies require selective
adsorbents to be able to obtain high
purity with efficiency. This can be
achieved by adsorbents
which have pore sizes very close to the

based on
investigated®?.

employing

size of these gases in order to
discriminate between molecules with
very similar sizes®*™, A second
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Figure 1. ITQ-12 zeolite along axis a, axis b, and azxis c.

important issue in selecting the most
appropriated adsorbent is its lifetime.
This is so because oligomerization of
propylene easily takes place on residual
acid sites, leading to pore blocking of
the adsorbent!®. Therefore it is necessary
to use materials with non acidity and
high selectivity for light hydrocarbons.

The inherent molecular sieves properties
of pure silica zeolites make of these
materials an interesting option to be
used as adsorbents based on differences
in adsorption, Kkinetics and
exclusion P11-12,

studies have shown that pure silica
zeolites with 8 member ring pores
provide  surprisingly  high  kinetic

selectivity for mixtures of hydrocarbons
10,13-17

size

separations Recent,

of small size This implies that a
kinetically adsorption
separation process may be feasible and
could yield a high purity olefin product
with very good recovery**"31™19 To our
knowledge, the best propylene/propane

controlled

separation  performance has  been
obtained wusing ITQ-12 as selective
adsorbent. The reason could be
attributed to characteristic size and

shape of the pores of this zeolite, which
makes it a very good candidate to be
used for this separation!®1519,

ITQ-12 (ITW)
small 8-membered ring pore zeolite that

is a two-dimensional
was solved in the monoclinic Clml
symmetry with unit cell parameters of
a=10.4364 A, b=15.0183 A and c=
8.8553 A, a=90°, p=105.74°, and y=90°,
and cell volume V = 1326.76 A% The
pore aperture of ITQ-12 along the [001]
direction is 3.9 x 4.2 A and 2.4 x 5.4 A
along [100] direction. Then, the pore
along [100] has mno influence for
adsorption since its aperture is not large
enough to allow the entrance of any
Consequently,
view of its

hydrocarbon. from the
point  of adsorption
properties, ITQ-12 can be envisaged as
a one-dimensional small pore zeolite.
Importantly, the
running along [001] give entrance to a
slit-shaped cages of 3.9 A x 9.6 A x 8.5
A dimensions. A view of the zeolite

8-membered pores

along the three axes is shown in Figure
1.

In this work, we study the feasibility of
using ITQ-12 for propane/propylene
separations based on both, kinetic and
adsorption equilibria. The adsorption
computed  using
and compared
with those obtained experimentally. The
computed
using molecular simulations. In addi-

isotherms were

molecular simulations

diffusion coefficients were



tion, the advantages and disadvantages
of using available or new developed
models and force fields for propane and
propylene are analyzed in this work.

Experimental Section

Pure ITQ-12  zeolite
synthesized following the reported
example 2 of reference”, consisting in
hydrolyzing the appropriated amount of

silica was

tetraethylorthosilicate (TEOS) in an
aqueous solution of the structure
directing agent 1,3,5-trimethyl-

imidazolium hydroxide (SDAOH). The
resulting mixture was continuously
stirring at ambient temperature until
the ethanol produced during hydrolysis
of TEOS and the required amount of
evaporated. Then, an
aqueous solution of HF was added to
the above reaction gel, and the final
manually homogenized.
The final gel composition was:

1 SiO, : 0.56 SDAOH : 0.56 HF : 7 H,O

water was

mixture was

The resulting gel was heated at the
autogenous pressure of the system in
stainless steel autoclaves at 448 K for 14
days. The ITQ-12 zeolite was recovered
by filtration and was exhaustively
washed with distilled water and acetone,
and finally was dried at 373 K for 12
hours. The occluded 1,3,5-
trimethylimidazolium cations
were removed by calcination at 973 K
leading to a highly crystalline pure silica
ITQ-12 zeolite, as was confirmed by
X-Ray
technique (Figure Al.1. in Appendix 1).
The adsorption capacity and pore
aperture was determined by applying
the Horvath-Kawazoe method to the

organic

means of the diffraction
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high-resolution Ar isotherm measured at
83 K. The micropore volume was 0.154
cm® - g1 and the averaged pore aperture
was 0.49 nm (Figure A1.2. in Appendix
1), which is in excellent good agreement
with the crystallographic structure of
ITQ-12, confirming that
volume can be accessed through the 8-
membered ring along the [001] axis.

micropore

and propylene adsorption

and kinetic measurements

Propane
isotherms
were performed in an IGA-3 gravimetric
analyzer (Hiden Isochema).
Approximately, 50 mg of the calcined
sample were placed in the balance.
Before each adsorption experiment, the
sample was outgassed at 673 K under a
final pressure of 10° Pa during four
hours to fully remove any adsorbates
from its pore volume. No weight
modification was observed at the end of
this pretreatment. The temperature of
the sample was subsequently reduced
under high vacuum until the target
temperature (298 K) was reached.
Adsorption measurements
performed by introducing gas to build
up the desired pressures. Typically, 26
equilibrium data points up to 91.2 kPa
were recorded for each gas, whereas the

were

kinetic experiments were performed at
pressures of 30.4 kPa. The equilibrium
conditions were fixed at the 98 % of the
calculated uptake using the Avrami’s
model? or a maximum equilibration
time of 120 minutes for each point of
the isotherms, while the kinetic
measurements were lasted up to 12

hours.
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Simulation Section

Simulations were performed in all-silica
ITQ-12 zeolite. The positions of the
atoms were taken from ref *. Following
the work of Bezus et al.?® we modeled
the zeolite as a rigid network of oxygen
and silicon atoms. This is a very
common  approximation for small
alkanes in all-silica zeolites®?*. We used
a simulation box of 3 x 2 x 3 unit cells.
Tests on larger systems did not show
any significant finite-size effects. The
charge distribution on the oxygen atoms
of the framework was considered static:
i.e, polarization of oxygen
neglected™?, We used point charges
for the silicon and the oxygen atoms of
qsi = 2.05 ¢ and qo = -1.025 e, respect-
tively”.

The adsorption isotherms
computed using Configurational Bias
Grand  Canonical MC
methods. Although our
propane and propylene
maximum of  four

was

were

simulation
models for
contain a
beads, the
Configurational Bias method speeds up
the equilibration and therefore it is
In order to
compare with available data most of our

worthwhile to wuse it.

computed isotherms are given in excess

loading wversus pressure. The excess
loading was obtained using the method
al.®.

obtained from the

Pressures
Peng Robinson
equation with parameters Tc=369.825
K, Pc=4247660 Pa, ©=0.1524, and
Tc=365.57 K, Pc=4664600  Pa,
»=0.1408, for propane and propylene,
respectively.

of Duren et were

One of the difficulties encountered when
studying diffusion behavior in zeolites

using simulation is that many processes
occur outside the time scale accessible
to Molecular Dynamics (MD), which is
currently typically limited to diffusion
rates in the order of 10"* m?/s. We
compute zero-loading
coefficients of propane and propylene in
ITQ-12 by applying the Transition
State Theory dynamically corrected
method. This method has the potential
to be orders of magnitude more efficient
while still retaining full atomistic
detail®-3,

diffusion

The propane and propylene molecules
were described with wunited atom
models, in which CHj(sp?®), CH(sp?®),
CH,(sp?), and CH(sp?) groups are
considered  as  single  interaction
centres®. The beads in the chain are
connected by  harmonic  bonding
potentials®*. A harmonic cosine bending
potential models the bond bending
between three neighbouring beads. The
interactions between the adsorbates as
well as between the adsorbates and the
zeolite are described by Lennard-Jones
potentials truncated at a cutoff of 12 A
and shifted so that the energy tends
smoothly to zero at the cutoff. The

effective  Lennard-Jones  interaction
parameters for propane [CH,(sp®)-
CH,(sp®)  ekp=56.0 K, 6=3.96 A;

CHj;(sp?®)-CH;(sp?) e/kp =108.0 K, 6=3.76
A] were taken from Dubbeldam et al.57
The additional parameters for propylene
[CH(sp?)-CH(sp?) e/ks = 53.0 K, 6 =3.74
A; CH,(sp?)-CHa(sp?) ¢/ /kg=93.0 K, 6=
3.685 A], were taken from and Liu et
al.®  All these values were fitted to
accurately reproduce the experimental
vapor-liquid coexistence
Lorentz-Berthelot

curves.

mixing rules were



used for all mixed adsorbent-adsorbent
interactions.

To keep the consistency of all
interaction parameters used in this work
we used the Lennard-Jones parameters
proposed by Dubbeldam et al.¥ for
describing the interactions between
CH;(sp*) and the oxygen atoms for the
zeolite framework and Liu et al.* for the
interactions CHi(sp?) and the oxygen

atoms  for  the  =zeolite.  Theses
parameters, listed in Table 1, faithfully
reproduces the experimentally
determined isotherms in pure silica
MFI-type =zeolites and has been
successfully extended to other types of
pure silica zeolites®®44 The model

described by Liu et al. for propylene in
zeolited is labelled in this work as (NP-
Lgg-Lzg) i.e. Non-Polar model (NP)
with Lennard Jones parameters taken
from Liu et al® for the guest-guest
(propylene-propylene) denoted by Lgg
and the guest-zeolite (zeolite-propylene)
denoted by Lgz interaction. As we will
see later on, this
reproduce experimental adsorption of
propylene in ITQ-12. Therefore new
developments were needed. Besides the
non polar

model fails to

united atom model for
propylene (NP), we described here a
point charge model (PC). The guest-
guest Lennard-Jones parameters for
these polar models were taken from Liu
et al. ® (Lgg) or developed in this work
to reproduce the vapor-liquid
equilibrium (VLE) curve according to
our new Gutiérrez-Sevillano et al. model
(GSgg). The Lennard-Jones propylene-
zeolite interactions for the polar model
were also taken from Liu et al. * (Lgz)
or developed in this work from the
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fitting to experimental adsorption data
(GSgz).

Changing propylene-zeolite Le-
nnard-Jones interactions (GSgz).
Our first approach to reproduce

experimental adsorption was to refit de
CH,(sp?)-Oz and CH(sp?)-Oz Lennard-
Jones parameters. Following a similar
strategy employed in previous works™"
342 simulations were performed firstly
for ethylene to determine the effective
Lennard-Jones interaction parameters
for the CH,(sp?) with the oxygen atoms
of the zeolite framework (Oz),
secondly propylene to obtain the
CH(sp?-Oz interaction. Available
experimental data for ethylene'® and our
experimental  isotherms  for
propylene in ITQ-12 were used as
calibration sets (Figures A1.3 and Al4

in Appendix 1).

and

oW1l

Implementing molecular dipoles
for propylene: Point charged (PC)
model. As mentioned above, the
available model for propylene was a
non-polar model (NP). We will show in
the next section that this approximation

is able to reproduce experimental
adsorption in most zeolites®, but not in
ITQ-12. When  the  zeolite-guest

interactions are modified to describe the
propylene in ITQ-12 isotherm properly,
we find that it fails to reproduce
diffusion providing extremely high free
energy barriers. This finding forced us
to develop a new model containing
A common

electrostatic interactions.

choice is to use point charges on atoms
to represent molecular electrostatics®*.
We have implemented this model in our
code and in next section we analyze the

way it performs when computing
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Table 1. Lennard-Jones parameters for the adsorbate-adsorbate interactions.

CH(sp?)-Oz CH:(sp?)-Oz CHz(sp?)-Oz CHs(sp?®)-Oz
ok (K) o(A) #kn(K) o(A) eke(K) o(A) eke(K) o(A)

Propane - - - - 60.50 3.58 93.00 3.48

Lgz 55.215 3.502 82.05 3.53 - - 93.00 3.48

GSgz 246.215  3.992 92.38 3.53 - - 93.00 3.48

adsorption and diffusion properties in
ITQ-12 zeolite.

The Point charged model (PC) was
defined using two positive charges of (q
= 0.87 €) located in the CH,(sp?) and
CH(sp®) beads and a third negative
charge of (q =-1.74 €) located in a
dummy atom. The dummy-CH,(sp?)
bond length (0.704 A) was chosen in
such a way that it reproduces the
experimental dipole moment. We use
Ewald summations*® to compute the
point charge interactions. Detailed
information on these models is compiled
in Figure 2 and the adsorbent-adsorbate

Lennard-Jones parameters used from

previous available models of propane
and propylene® (Lgz) as well as those
developed in this work (GSgz)
summarized in Table 1.

are

Results

In this section we firstly analyze the
obtained results using previous available
39 (united atom non polar
models for propane and propylene).
Secondly, we study the effect of
variations on  the Lennard-Jones
parameters and the effect of adding
point charges to the propylene model in
order to correctly reproduce the
experimental dipole. Finally the need of

models

&Ky =906 K
o o =332A
Ky 3-712120 K &/Kg =530K 2
A a=374A &Ky =111.10K i
CHy(sp¥) CH(sp?) o =348A
CH,(sp?) iKES ;gggi( / &K, =120.15K
=3 A =
; N \ o=361A
_ &Ky =108.0K ‘ -

9 JH00K Propane o =376A ):
o =3 CH,(sp?) e
CH,(sp?) Anisotropic 3
Propylene CHylsp)

Propylene NP-Lgg  cH,(sp¥) oY
CHy(sp?)
oK, =12015K /Ky =53.0K /Ky =51.00K
Lot il o =374A o =400A
f (e5) 4=067¢ /Ky =93.0K 9 A
&Ky =93.0K 2 &g So%
CH,(sp?) /.‘_, ol ot SHien9 7 =3685A CH(sp?)
. q=087e q=A74e q=087e

d

Sk Capae i Anisotropic
iyl T \ Propane

o =346A
4 Ocna(sp%
\
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o =376A

CHy(sp?)

Propylene PC-Lgg

CHy(sp?)

q=-174e
&Ky =1080K
o =376A

CHy(sp?)

3
Propylene PC-GSgg CHyer?)

Figure 2. Propane and propylene models used in this work.
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Figure 3. Computed adsorption of
propane in ITQ-12 at 300 K wusing
previously available models -Dubbeldam
et al.? (open down triangles), aniso-
tropic model® (open triangles)- and of
propylene using the NP-Lgg-Lgz modeld’
(open circles), and anisotropic model*
(open squares). Experimental data of
propylene  provided by  Olson et
al.’®(dots) and propane (solid down
triangles) and propylene (solid circles)
obtained in this work are included for
comparison.

a model able to accurately reproduce
the VLE curve is discussed.

A. Adsorption available
The
isotherms for propane and propylene at
303 K in the zeolite ITQ-12 are shown
in Figure 3. At this temperature the

using

models. excess  adsorption

saturation pressure of the gases is 1.08
MPa for propane and 1.31 MPa for
Our  experimental and
simulation results are compared with

propylene.

previous experimental data by Olson et
al.®®, Simulations were performed using
the model and force field parameters for
propane of Dubbeldam et al.® and the
(NP-Lgg-Lgz) model for propylene. The
pressure range spans from 10 Pa to 10°
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Pa. Higher pressures involve adsorption
in the liquid phase. Experimental data
of the adsorption of propane in ITQ-12
zeolite were accurately reproduced using
the model of Dubbeldam et al. This
model is transferable to many other
siliceous zeolites. Alkanes are modeled
very successfully in zeolites. Therefore,
any deviation between experimental and
simulated isotherm would indicate a
problem with the sample (pore-blocking,
imperfections) or point to ITQ-12 being
a “special” structure. Since this is not
the case, we can focus on propylene.
The newly obtained
isotherm for propylene is in very good

agreement with the data of Olson et al.

experimental

We started with the existing models of
Liu et al. and the anisotropic models*”
for propane and propylene. Both models
fail to reproduce the difference in
adsorption  between  propane and
propylene. The model of Liu et al. gives
similar adsorption of propane and

propylene and its magnitude
corresponds to  the  experimental
isotherm of propane (it fails for

propylene). The anisotropic model is
also unable to signal a difference in
adsorption of propane and propylene; it
gives results that correspond to the
experimental propylene isotherm (it fails
for propane). Note that both models
work in other structures, e.g. MFI, for
propane®® and propylene®.

There are two options to explain the
discrepancies: (a) the experimental
adsorption isotherm for propane is not
equilibrated and would eventually reach
the experimental propylene isotherm,
(b) the experimental isotherms are
correct: there is a large difference in
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adsorption of propane and propylene in
ITQ-12. The experimental uptake
curves after 700 minutes show a plateau
for uptake of propane. If not
equilibrated  properly,  then
equilibration is very, very slow. This is
a discussion of theoretical nature, since
in practice one can only use a finite
amount of time. Option (b) implies that
the Liu et al. model and the anisotropic
model are wunable to describe the
adsorption difference of
propane/propylene in ITQ-12. The
simulation results for propylene are
shifted one order

true

of magnitude in
pressure and almost overlap with the
computed isotherm for propane. Similar
behavior was observed at 400 K, 500 K,
and 600 K (Appendix 1, Figure AL.5).
The similar computed adsorption
obtained for propane and propylene can
be attributed to the high similarity of
the models used for these molecules. In
both cases, we are using a non polar
united atom model. The models used do
not have charges or dipole so propane
and propylene molecules only differ in
the adsorbent-adsorbate Lennard-Jones
parameters. Similar adsorption using
these models is an expected result
because both molecules are similar in
size and shape.

Next we study one of these models, the
Liu et al
diffusion of propane/propylene.

difference in
Self-
diffusion has been computed using the

model, for

dynamically corrected Transition State
Theory (dc¢TST). This method requires
a separated study of the free energy
profile on each axis of the structure.
Although previous studies about ITQ-12
reveal that the channel system of the
zeolite is only accessible from one of the

aXi819722‘5[17

we study the free energy
profile for the three axes. To compute
dc¢TST diffusion we first obtain the free
energy profiles along the
coordinate (In this work the cell axes
are used as coordinate).

reaction

reaction
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Figure 4. Free energy profiles of (a)
propane (dashed line) and propylene
NP-Lgg-Lgz model (solid line) and (b)
anisotropic propane (dashed line) and
anisotropic  propylene  (solid  line),
computed along axis ¢ at 300 K.

Secondly we integrate these profiles in
order to calculate the hopping rate and
the diffusion TST coefficient. After that
we sample the starting configurations of
the beads in the top of the barriers and
using these starting configurations and a
short MD simulation we calculate the



transmission coefficient k. Finally using
the k obtained we compute the dyna-
mically corrected Diffusion TST. The
computed energy profiles at 303 K in
the c-channels for propane
propylene are shown in Figure 4. Energy
profiles in the a-, and b-channels were
also computed and can be found in the
Appendix 1 (Figures Al.6a and Al.6b).
The free energy profiles were obtained
using the same force fields and models
than in Figure 3, and they show a
similar qualitative behavior for propane
and propylene. The barriers are
extremely high along the a- and b-axes
for both molecules, but they are low
enough to allow diffusion along the c-
These results

and

axis. confirm previous
allowing the movement of
both molecules along the c-axis but not
along the a- The
equipotential energy surfaces in ITQ-12

zeolite

works!?1®
and b-axes.

along X-, Y-, 2-
in Figure 5.
According to the free energy barriers
obtained we focus the diffusion study on
the c-axis, computing the free energy
profiles for propane and propylene at

channels

directions are shown
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different temperatures (Appendix 1).
Though the free energy profiles are
similar from a qualitative point of view,
the free energy barriers are lower for
propylene than for propane at the same
temperature.
considered a hopping process
minima to minima,

Since diffusion can be
from
one can expect
much lower diffusion for the higher
barrier. Figure 4 compares the free
energy profiles for propane
propylene at 300 K. A detailed analysis
of these free energy profiles indicates
that the propane free energy barriers
are about 5 kgT higher than the ones of
propylene.  Differences imply that
propane and  propylene diffusion
coefficients are susceptible to be
different. The obtained TST diffusion
coefficient (not corrected yet) is two
magnitude  higher for
propylene (1.5 x 10 m?%') than for
propane (1.2 x 10" The
transmission  coefficients for  both
molecules were 0.15 for propylene and
0.17 for propane, leading to a final
dcTST diffusion coefficient of 2.4 x 10
m?s? and 2.1 x 10 m?s! for propylene

and

orders  of

m?s?).

Figure 5. Equipotential energy surfaces in ITQ-12 zeolite channels along the (a) -

, (b) y-, and (c) z- azes.
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and propane respectively. This gives a
propylene to propane diffusion ratio of
114. Differences on diffusion can be
attributed to the type of channels of
zeolite ITQ-12.

1.4

v
[N]
N

1.0

0.8

0.6

0.4

Excess Loading (mol/kg)

0.2

0.0 ===y
10°

Pressure (Pa)

Figure 6. Adsorption isotherms of
propylene in ITQ-12 at 300 K. The
computed isotherm (open circles) of
propylene was obtained using the NP-
Lgg-GSqgz model. The experimental
values obtained in this work (solid
circles) are compared with previous
experimental data'®(dots). The computed
adsorption isotherm of propane is also
included for comparison (open down
triangles).

We
model

can conclude that NP-Lgg-Lgz
provides
which are higher for propylene than for
propane in ITQ-12 and it has been
successfully tested for adsorption in

zeolites with large and medium size

values for diffusion

channels® However, this model fails to
reproduce the experimental adsorption
of propylene in zeolites with narrow
channels such as ITQ-12. In order to
reproduce the experimental adsorption
of propylene we have followed several
approaches based firstly on the
variation of  the Lennard-Jones
parameters and secondly on the use of a
polar model.

B. Variations on the Lennard-
Jones parameters. The adsorption
isotherm of propylene computed at 300
K for the NP-Lgg-GSgz model is shown
in Figure 6. The agreement between the
simulation and our experimental data as
well as the data of Olson et al.’® is now
excellent. This agreement was obtained
by  varying the  adsorbate-zeolite
Lennard-Jones parameters, proving that
in principle this variation is enough to
reproduce  experimental  adsorption
values. However this model is not
suitable for diffusion. Figure 7 compares

160

; il N
14041 i 7
1204, o H !
: ' 'I 1 ,'
o 1004 L : 4 |I 'I :
i i I3 L i
FEe i ) :
g ' I' '
= 1
w L
P "
G._J !
[
20 : : .
0.4 -0.2 0.0 02 04
Reaction Coordinate (axis c)
Figure 7. Free energy profiles

computed for propylene at 300 K using
the NP-Lgg-Lgz model (solid line) and
the NP-Lgg-GSgz model (dashed line).

the free energy profiles for propylene
along the ¢ axis at 300 K using both,
the previous model (NP-Lgg-Lgz) and
the new model (NP-Lgg-GSgz). The
severe increase of the energy barrier
with the latter is attributed to the fact
that the small narrow channels are
extremely sensitive to the molecule-
zeolite interaction. To reproduce the
experimental
necessary to
zeolite  and

adsorption it was
increase the adsorbate-

CH,(sp*)-Oz Lennard-



Jones parameters. The increase in ¢
leads  to  higher  zeolite-molecule
attraction; the increase inc leads to
higher free energy barriers and impeded
diffusion. Therefore, the NP-Lgg-GSgz
successfully used for
adsorption but further refinements are
necessary in order to obtain the reliable

values for diffusion.

model can be

C. Development of polar models.
We use a point charged dummy atom
located on top of the CH,(sp*)-CH(sp?)
bond. The negative net charge (—1.74 e)
is compensated by adding equivalent
net positive charges to the CH,(sp?) and
the CH(sp?) atoms (0.87 e). The
position of the dummy atom was chosen
such that it reproduces the experimental
dipole (0.36 D) of the molecule. Figure 8
the adsorption isotherm of
propylene obtained using this
(PC-Lgg-Lgz) and compared with
available experimental data. As shown
in the figure, the PC-Lgg-Lgz model
leads to an excellent agreement between
simulated and available experimental
data. The transmission coefficient
computed for propylene along the c-

shows
model
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Excess Loading (mol/kg)

Pressure (Pa)

Figure 8. Adsorption isotherms of
propylene in ITQ-12 at 300 K. The
computed isotherms were obtained using
the PC-Lgg-Lgz model (open rhombus).
The experimental values obtained in this
work (solid circles) are compared with
previous experimental data'®(dots).

axis at 300 K for the point charged
model provides a final dc¢TST diffusion
one order lower to the one obtained for
propane (Table 2). This model is
therefore suitable to compute adsorption
of propylene in ITQ-12 zeolite. However
it does not reproduce the experimental
vapor-liquid equilibrium curve (VLE) of
propylene. In a final improvement we

fitted the Lennard-Jones adsorbent-

Table 1. Diffusion coefficients obtained for propane and propylene at 300 K.

Diffusion Transmission Diffusion
TST (m?s?) Coefficient deTST (m?s?)
Dubbeldam 1.2 x 10 0.17 2.1 x 1016
Propane
Anisotropic 8.6 x 101 - -
Anisotropic 5.8 x 10°% - -
NP-Lgg-Lg=z 1.5 x 103 0.15 2.4 x 10"
Propylene NP-Lgg-GSgz - 0.07 -
PC-Lgg-Lgz 1.1x 107 0.02 2.3 x 1077
PC-GSgg-Lgz 7.1 x 1076 0.02 1.2 x 107
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adsorbent parameters to reproduce the
experimental VLE curve for propylene
(PC-GSgg-Lgz model) as shown in
Figure 9. Since differences between PC-
Lgg-Lgz and PC-GSgg-Lgz models only
involve  propylene-propylene  intera-
ctions. The free energy profiles, the free
energy barriers, the diffusion and the
coefficients obtained at

infinite dilution using these two models

transmission

are exactly the same. This model could
only influence those properties that are
loading-dependent i.e. the VLE curve
and the adsorption properties. In
particular VLE curve differences are
only significant in the liquid branch of
the curve (Figure 9). Since the excess

400
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Figure 9. Computed wvapor-liquid
equilibria curves for propylene using the
PC-Lgg model (open triangles) and the
PC-GSgg model (asterisks). Experimental
data is included for comparison'®(solid

circles).

adsorption is computed in the gas
phase, the PC-GSgg-Lgz  model
reproduces the experimental adsorption
without any further refinement. To test
the applicability of the model to the
adsorption properties we compare in
Figure 10 the propylene adsorption
isotherm obtained using PC-GSgg-Lgz

model with the one obtained using PC-
Lgg-Lgz model. These isotherms are in

perfect  agreement with  available
experimental data. At 300 K and
atmospheric pressure the computed

excess adsorption is more than twice
higher for propylene than for propane.
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Figure 10. Adsorption isotherms of
propylene in ITQ-12 at 300 K. The
computed isotherms were obtained using
the PC-Lgg-Lgz model (open rhombuses)
and the PC-GSgg-Lgz model (open
squares). The experimental values o0b-
tained in this work (solid circles) are
compared with previous experimental

data'®(dots).

D. Polar model for propylene in
other The polar model
reproduces the isotherms of propylene in
ITQ-12 in contrast to the Liu et al.
model. In Figures 11a and 11b we show
how well the model performs for
adsorption of propylene in MFI and
CHA. We note that the model performs
just as well, or perhaps even slightly
better than the Liu model. It appears
that the ITQ-12 zeolite is more sensitive

zeolites.
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Figure 11. Adsorption <isotherms of
propylene (a) in MFI at 298 K and (b)
in CHA at 308 K. The computed
isotherms were obtained using the PC-
GSgg-Lgz model (open circles) and the
Liw  model (open triangles). The
experimental values were from previous
experimental data’’ for (a) MFI at 297
K (solid down triangles) and 298 K
(solid squares) and for (b) CHA at 305
K (solid rhombuses).

for small changes in model parameters.
This is mainly due to the tight
confinement of propane/propylene in
ITQ-12.

Discussion

The Dubbeldam model is able to
accurately  describe  adsorption  of
propane in ITQ-12 (and other zeolites)
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and the polar model is able to describe
adsorption of propylene in ITQ-12 (and
other zeolites), in contrast to previous
models. However, the polar model leads

to high diffusivities for propane
compared to propylene, while the
previous models indicate a faster

diffusivity of propylene compared to
propane. An interesting question is:
whether the propane/propylene
selectivity is due to adsorption or
diffusion (or both)? In the Appendix 1
shown uptake
propane and propylene in ITQ-12. At
first sight it appears that uptake of
propylene is much faster than propane.
This would be a correct conclusion if

we have curves for

both species have similar isotherms,
which they have not. Therefore the
uptake is influenced by the difference in
adsorption and it remains unclear how
much of this is due to difference in
adsorption. Furthermore, these uptake
experiments give Fickian
(transport) diffusivities, which can be
orders of magnitude higher than self-
diffusivities (albeit that they are equal
in the limit of infinite dilution). We
hope that experimental measurements
using methods like NMR or QENS that
can probe self-diffusivities will shed
further light on this. If this new data
shows that diffusion of propylene is
much faster than propane, we will have
to choose a

can

more  sophisticated
simulation model for propylene (e.g. all-

atom including polarization).

From a modeling point of view we have
established that
interactions are needed for propylene in
ITQ-12. However, this leads to the
undesirable situation that propane is
modeled without and propylene with

electrostatic
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charge interactions. Adsorption sites are
usually located inside the larger cages
while diffusion is largely controlled by
the size and shape of the windows
separating the cages. We speculate that
here, flexibility of the windows might
influence diffusion. Charge interactions
inside the cages are screened to a higher
degree inside the cages compared to a
propylene molecule in the window. As a
consequence, polarization-effects also
could play an important role, because
the dynamic
might be very different in the 8-ring
in the cage
Therefore, our work is

charge re-distribution

window compared to
environment.
intended to show that there is a need
for further experimental and modeling
studies on propane/propylene diffusion
in tight confinement.

Conclusions

The feasibility of ITQ-12 zeolite for
propane/propylene separations based on
both, kinetic and adsorption equilibria
has been studied. The steric effect that
is based on the molecular sieving
properties of zeolites, explains that only
small or properly shaped molecules such
as propylene can diffuse into ITQ-12.
Larger molecules such as propane are
excluded from entering the internal pore
of this
adsorption and diffusion properties in
zeolite ITQ-12 using four models for
propylene as well as the available
models for propane. Our results show
that previous available models and
forcefields for propylene (NP-Lgg-Lgz)
able to reproduce the
experimental adsorption in ITQ-12. This
can be solved 1) by fitting the Lennard-

zeolite. We have computed

are not

Jones interaction parameters (NP-Lgg-
GSgz) to accurately reproduce the
experimental isotherm, or 2) by adding
point charges to the molecule (PC-Lgg-
Lgz) in order to reproduce the
experimental dipole. However, the
former approximation fails to reproduce
diffusion while the latter does not
reproduce the wvapor-liquid equilibria
curve of propylene.
findings we developed a new model (PC-
GSgg-Lgz) that provides reasonable
though low wvalues for diffusion (one

Based on these

order lower than those obtained for
propane) but it also can be used to
successfully reproduce the experimental
values for the molecular dipole, the VLE
curve, and the adsorption isotherm in
ITQ-12. separation  of
mixtures on zeolites is based not only
on the adsorption selectivity but also on
the differences between the diffusivities

Molecular

of the components of the mixture. With
the PC-GSgg-Lgz model we are able to
corroborate previous experimental
findings pointing out ITQ-12 as a
suitable structure for propane/propylene
separations.
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Ge-containing ITQ-29 shows a much higher molecular diffusivity than
the isomorphous Si-ITQ-29. Is not possible to rationalize this behavior
analyzing static structural features. A novel explanation is provided,

based on the unexpected high framework flexibility arising from the

presence of Ge atoms.

Juan José Gutiérrez-Sevillano, Sofia Calero, Said Hamad, Salvador
Rodriguez Gémez Balestra, Ricardo Grau-Crespo, Fernando Rey,
Susana Valencia, Miguel Palomino, and Angel Rabdel Ruiz-Salvador

Enhanced Dynamic Flexibility in Ge
Containing Zeolites: Impact on Diffusion

Introduction

Zeolites are nanoporous framework
inorganic solids widely used in industry
as catalysts, ion exchangers, adsorbents
and molecular sieves.!® Since the
performance of these solids in industrial
applications is closely related to their
framework properties, during the last
two decades, most attention has been
focused on the discovery of new large
pore frameworks.! Many efforts have
also been devoted to the preparation of
zeolites, both new and with known
topologies, having only tetravalent
atoms in the frameworks, due to their
potential good i
separation processes, such as those
relevant in petrochemical and related
industries.® It is worth noting that the
inclusion of germanium in tetrahedral
sites helps to achieve both goals.®®
According to the predictions of Brunner
and Maier,” its role in the synthesis of
large pore zeolites is related to the
ability of the Ge atoms to promote the

performance in

formation of small rings, particularly 3-
and 4-member rings.”'®!! Indeed, both
experimental and theoretical works have
shown that Ge atoms preferentially
locate in these small units, which has
been interpreted as a consequence of the
flexibility of the Ge atoms, which allows
the stress to be released in these small
units.’*® We must point out that the
flexibility associated to the Ge atoms
has been always linked to a static
picture; i.e. the formation of otherwise
strained bonds.

In this chapter, we show that the
flexibility associated to the Ge atoms in
zeolites also has a dynamic nature and
that this the
enhanced molecular diffusion observed
in Ge-containing frameworks. Our study
combines experimental and theoretical
methods to  provide not  only
experimental evidences, but
rationalization based on an atomistic
view of diffusion processes.

feature accounts for

also a



Chapter 3 | 50

To address to this issue, we have
selected isomorphous ITQ-29 zeolites,
both pure silica and silicogermanate

frameworks.™

Methods

The geometry relaxation of the
structures were carried out with the
Vienna Ab Initio Simulation Program
(VASP).'" We employed the Perdew-
Burke-Ernzerhof  (PBE)  exchange-
correlation functional.”® For the ab initio
Molecular Dynamics, VASP was also
employed, using a time step of 0.5 fs
and a simulation time of 5 ps. The
adsorption isotherms and classical
molecular dynamics simulations were
modeled in full atomistic detail using
calibrated classical force fields. Periodic
boundary conditions are used to
extrapolate the finite system results to

macroscopic bulk values.

Results and Discussion

The aim of studying Ge-containing
ITQ-29 zeolites (Ge-ITQ-29) was to
improve the selectivity for the
industrially relevant separation of
propylene and propane. the
crystallographic data indicate that the
pore size of Ge-ITQ-29 is slightly
smaller than that of the pure silica ITQ-
29 (Si-ITQ-29), it was expected that if a
diffusional restriction for propane to
enter into the Ge-containing zeolite
increases, a better separation factor for
propane/propylene would be obtained.

Since

The smaller pore size of Ge-ITQ-29 was
confirmed by performing high-resolution
Ar adsorption experiments for assessing

the diameter of the micropore. This
very small narrowing of the pore
entrance by Ge incorporation in zeolite
ITQ-29 was clearly evidenced by the
small shift towards low pressure of the
capillary condensation uptake in the Ar
isotherm, compared to that of the pure
silica material. This shift in the Ar
adsorption uptake quotes for a
reduction of 0.013 A of the averaged
micropore diameter in Ge-ITQ-29
compared to that of the pure silica. The
pore reduction observed by Ar
adsorption completely agrees with the
corresponding refined structures obtaind
with X-Ray diffraction patterns.

Surprisingly, the observed reduction of
the pore entrance in Ge-ITQ-29 does
not reduce the propane diffusion, quite
the contrary, Ge-ITQ-29 shows a much
faster propane uptake than Si-ITQ-29,
while propylene diffusion rates remain
nearly the same for both materials. Of
course, the diffusion rate of propane
strongly depends on the crystal size. We
prepared two  different  Si-ITQ-29
frameworks, differing in the crystal size
and both samples show a much slower
diffusion of propane and nearly the
same diffusion coefficient for propylene.
While Ge-ITQ-29 has nearly the same
diffusion parameters for propane and
propylene, regardless of the crystal size.
It could therefore be concluded that Ge-
ITQ-29 allows a much faster entrance of
propane than Si-ITQ-29 despite having
a smaller crystallographic pore opening,
which goes against to is normally
observed.

Since ITQ-29 zeolites have only one
tetrahedral site in the asymmetric unit



cell, it should not be expected a high
degree of  ordering upon Ge
incorporation into the framework, as
has been observed during heteroatoms
with
multiple tetrahedral atoms 16, In order

incorporation in other zeolites
to select appropriate structural models
with which to perform simulations of
molecular adsorption and diffusion, we
randomly selected 100 different Si-Ge
configurations with a 2:1 ratio, and a
wide range of Ge-Ge distances,
including those having multiple Ge
atoms condensed in the same double-4-
member rings (D4R). The as-built
structures were subject to full energy
and relaxations

cell by means of

electronic structure calculations
performed with the Viena Ab initio
Software Package (VASP) '". In order
to allow direct comparison with the
simulated Ge-ITQ-29 zeolites, the Si-

ITQ-29 framework was also subjected to

the same structural relaxation
procedure.
Upon energy minimization, the cell

parameters of the relaxed configurations
do not show significant differences
among the different structures, which
can be understood as an evidence of
static flexibility of Ge atoms in adopting
a range of local environments at low
energetic cost, despite the fact that its
inclusion distorts the T-O distances by
about 10% (from ca. 1.605 A to ca. 1.74
A). In line with this, we selected five
representative configurations of the
whole range of structures, i.e. we order
all configurations as a function of energy
and chose the most stable one, and four
more, with placed in positions 25, 50, 75
and 100 respectively.
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Table 1. Cell volume (A?), average T-O
distances (A), pore wvolume (A?) and
surface area (A?) in  modeled and
experimental ITQ-29 zeolites.

] SO S1 S2 S3 S4 S5

C. V. 1723 1783 1789
T-O 1.62 1.67 1.67
P. V. 697.1 669.4 677.3
S. A. 212.1 215.6 216.4

1781 1807 1803
1.67 1.67 1.67
669.7 701.9 692.3
218.5 219.7 216.2

Exp.Si-ITQ-29 Exp.Ge-ITQ-29

(Si/Ge=2)
C.V 1668 1734
T-0 1.60 1.62
P.V 765 801
S.A 158 171

o] C.V. cell volume, T-O mean T-O
distances, P.V pore wvolume and S.A.
surface area are given by unit cell. P.V
and S.A in  modeled zeolites are
computed using He and N, respectively,
as probe molecules.

They are labeled as S1 to S5,
respectively. Analogously Si-ITQ-29 has
been labeled as S0. The calculated
average T-O distances of Ge-ITQ-29 are
larger than those in Si-ITQ-29, in
agreement with experimental results, as
can be seen in Table 1. Consequently,
the calculated cell volumes of Ge-ITQ-
29 structures are larger than that of Si-
ITQ-29, in agreement with the
experimental results (Table 1). Note
that the increase of the cell volume is
not proportional to the cube of the
increase of the T-O distances, due to
the smaller T-O-T angles in presence of
Ge atoms, a fact that allows absorbing
local distortions
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Figure 1. Unit cell of modeled Si-ITQ-
29 (left) and S1 Ge-ITQ-29 (right).
Atom color labels: O red, St yellow and
Ge green.

without larger distortions beyond the
GeQ, tetrahedra, as shown in Figure 1.

Since the pore volumes of Si- and Ge-
ITQ-29 differ
significantly, and the replacement of Si
by Ge does mnot generate charge
unbalance, being the O atoms those
having the larger polarizability in both
that
molecules will be adsorbed with similar

zeolites do not

cases, it is expected small
strength regardless of the presence or
not of Ge This is what
calculated and experimental adsorption
heats reflect (see Table 2 for data
related to propane). Taking into

account exclusively a static picture, this

atoms.

adsorption behavior of isomorphous
zeolites would suggest that the diffusion
coefficient of these molecules in ITQ-29
materials would very similar. Moreover,
as the pore volumes of modeled Ge-
ITQ-29 are in most cases smaller than
Si-ITQ-29, the confinement in the
former zeolites is higher, and the
geometric hindrance towards diffusion
will be higher too, one would expect
that the molecules diffuse slower in
these solids comparing with their pure
However, the
will  be

out to a

silica  counterparts.
experimental results, as
discussed below, point

noticeable enhanced diffusion in Ge-

ITQ-29.

The above analysis based on static
structures fails to predict the observed
enhanced diffusion in Ge-ITQ-29. We
will therefore focus on the dynamic
features of the solids. First, we compare
the intrinsic  dynamics of  the
frameworks, i.e. without adsorbate
molecules. For this end, we have chosen
ab initio Dynamics
simulations (AIMD), as implemented in
VASP, which although computationally
very expense, are able to provide a
reliable image of the dynamical behavior
at an atomic level, with an accurate
description of framework deformations.
Indeed, the movie obtained with the
succesive configurations of the
simulation of the Si-ITQ-29 structure
reveals the typical behavior of most
solids, with Si and O atoms vibrating
within localized regions around their
equilibrium positions. However, the
behavior is starkly different in Ge-ITQ-
29, since
deformations of the pores, exhibiting a
breathing-like behavior. The
created with the snapshots allow a
simple comparison of the
deformations of the different zeolites.

Molecular

there are much larger

movies
visual
Table 2. Adsorption heats (kJ/mol) of

propane in modeled and experimental
ITQ-29 zeolites

(] SO S1 S2 S3 S4 S5

AH 221 209 207 209 208 209
. Exp.Ge-1TQ-29
Exp.Si-ITQ-29 (Si/Ge—2)
AH 21.2 27.4

la] A.H. adsorption heats.
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Figure 2. Distribution of the area of the zeolites 4-, 6-, and 8-MR computed by

CMD (left) and AIMD (rigth).

In order to quantify the degree of
flexibility we considered the 8-member
rings (8MR) as ellipsoids and then
computed for each time step the two
ellipsoid  diameters's. The  most
illustrative description in two
dimensions of the dynamic flexibility of
the zeolite rings is shown in Figure 2,
where the distributions of areas of the
4-, 6- and 8-MR for the 6 structures
(S0-S5) are shown. It is observed that
the average values, as well as the width
of the distribution, in Si-ITQ-29 are
smaller than those corresponding to the
Ge-containing structures. This is a clear
evidence, directly obtained at an atomic
level, that the presence of Ge atoms
imposes a dynamic flexibility in the
zeolite frameworks.

As to the the impact that this dynamic
flexibility might exert on molecular
diffusion, it is worth noting that there is
a substantial amount of configurations
where the pores of Ge-ITQ-29 zeolites
are at least 0.2 A wider than those in
the pure silica one. This difference
increases the probability for cage to
cage crossings, since there is a large
difference in the energy barrier for these
intercage jumps. It is important to
notice that this difference in diameter
can act as control for a molecular
sieving valve that could be relevant for
separation processes.

Since the calculation of the diffusion
large
computationally

coefficients simulation

times,

requires

AIMD  is
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Table 3. Culculated diffusion coefficient
(- 10° m?s' ) of methane and propane in
modeled ITQ-29 zeolites.

SO S1 S2 S3 S4 S5

Modeled Rigid Framework!

methane 0.464 0.194 0.209 0.280 0.221 0.237

propane - - - - -

Modeled Non-Rigid Framework/®
Mol. SO S1 S2 S3 S4 S5

methane 0.644 0.731 0.731 0.726 0.724 0.711
propane 0.042 0.047 0.054 0.058 0.096 0.043
[a] modeled at 500 K.

unaffordable and therefore
classical molecular dynamics (CMD) to
model methane, ethane and propane
diffusion. Firstly, in order to ensure that
the most important framework

flexibility features are captured by the

we use

CMD, we conducted simulations with
the empty frameworks, which allow us
to compare the results with those
obtained with the AIMD (Figure 2). We
see that the main features are well
reproduced by CMD.

It is known that computing the diffusion
coefficient in pure silica zeolites using
rigid framework models gives values

that are much lower than those
obtained for the same zeolite, but using
framework models where framework

atoms are allowed to move. In the case
of the pure silica LTA zeolite, the
diffusion coefficient is enlarged by 33 %
non-rigid
considered®. Besides simulations with

when frameworks are

non-rigid frameworks, we also performed

simulations  with rigid framework
models, in order to assess how much the
diffusion coefficients in Ge-ITQ-29

zeolites is improved, compared with the
pure siliceous material.

The theoretically computed diffusion
coefficients of small hydrocarbon
ITQ-29  zeolites
presented in Table 3. In contrast to the
experimental results showing higher
diffusivity in Ge bearing ITQ-29, the
modeled values using a static approach
(rigid
significant differences between the 6
structures, which confirms the failure of
the framework static picture. On the
other hand, the simulations carry out
using non-rigid framework are in
agreement with the experimental
results, most notably for propane, which
ratifies the role of Ge in imprinting
dynamic flexibility to the framework.

molecules in are

framework) do not show

Conclusions
We have shown, by combining
experimental and theoretical tools, that
the presence of Ge atoms in zeolite
frameworks not favours the
formation of small rings, as it is well
known, but also incorporates dynamic
flexibility to the framework, which

only

results in a breathing-like motion of the
zeolites. This previously non-described
finding has a direct impact on molecular
diffusion, and in the case of the zeolite
framework type LTA we observe a large
enhancement of the diffusion, with an
increase of the diffusion coefficient of at
least by a factor of two. It is expected
that this will open new avenues where
the accelerated diffusion synergistically
improves other properties of practical
interest, like catalysis and adsorption.
We also consider that this dynamic
flexibility can be exploited for the



development on zeolites that act as
molecular valves for selective separation
of molecules of very similar structure. A
further  joint  computational and
experimental study will be carried out
along these directions.
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Three new sets of interatomic potentials to model hydrogen sulphide
(H»S) have been fitted. One of them is a 3-sites potential (which we
named 3S) and the other two are 5-sites potentials (which we named
5S and 5Sd). The molecular dipole of the 3S and 5S potentials is 1.43
D, which is the value usually employed for H,S potentials, while the
dipole of the 5Sd is the dipole measured experimentally for the H,S
molecule, circa 0.974 D. The interatomic potentials parameters were
obtained by fitting the experimental vapor-liquid equilibrium, vapor
pressure and liquid density curves. The potential parameters fitted so
far for HoS have been obtained applying long-range corrections to the
Lennard-Jones energy. For that reason, when a cut and shift of the
Lennard-Jones potentials is applied they do not yield the correct
results. We employed a cut and shift of the Lennard-Jones potentials
in the fitting procedure, which facilitates the use of the new potentials
to model H,S adsorption on systems Metal-Organic
Frameworks (MOFs). We have employed the newly developed
potentials to study the adsorption of H.S on Cu-BTC, MIL-47 and
IRMOF-1 and the agree with the available -electronic
structures calculations. All calculations (both quantum
interatomic potential-based) predict that H»S does not bind to the Cu
atoms in Cu-BTC.

such as
results

and

Juan José Gutiérrez-Sevillano, Ana Martin-Calvo, David Dubbeldam,
Sofia Calero, and Said Hamad

Adsorption of Hydrogen Sulphide on Metal-

Introduction

Hydrogen sulphide (H.S) is a gas with
harmful effects on human health. The
main anthropogenic sources of emissions
of H,S are chemical industries, biogas
production plants, and water treatment
plants. Even when present in small
concentrations, H,S can be detected by

humans, so there are many efforts being

Organics Frameworks

made towards achieving methods of
reducing as possible the
amount of H,S present in the gases that

much as

are emitted by water treatment plants.
Currently the two most used methods
for reducing the amounts of H,S emitted
are biological treatments and chemical
scrubbing!. But there is an increasing
body  of devoted  to
investigate the of different

research®!!
ability
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materials to adsorb H,S. One set of
studied materials is formed by Metal-
Organic Frameworks'*** (MOFs), which
have a wide range of properties in terms
of adsorption, since they are structures
with a variety of metal centres (Cu, Zn,
Ti, etc), of pore sizes (large, medium or
small) or even of framework flexibility
1618 In this study we will focus on the
study of H,S adsorption on three well
known MOFs, namely Cu-BTC, MIL-
47, and IRMOF-119% The main
problem when trying to model H,S
adsorption is that the choice of the
interatomic potential parameters is of
key importance. Despite the availability
of a number of force @ field
parameters> 21522 they are often quite
complex and their performance in
modeling adsorption has not been tested
extensively so far.

One problem in
particularly interested is the adsorption
of H,S on Cu-BTC. There have been a
number of experimental studies®* which
suggest that H,S molecules adsorb
preferentially on the metallic centres
and subsequently induce the
decomposition of the framework.
Although it has also been observed that
the presence of water is crucial to the
adsorption of H,S,* simulation studies
employing any of the existing force
fields predict a different pattern of
adsorption when H,S/H-O mixtures are
adsorbed in Cu-BTC. In a DFT study,
Watanabe and Sholl®' observed that the
adsorption of H,O molecules on the
Cu-BTC is

over the

which we are

metal centres of
energetically
adsorption of H,S molecules. Employing
Monte Carlo simulations to study the

adsorption of various molecules in Cu-

favored

BTC, Castillo et al** found that water
has a surprisingly large affinity for the
metal centre compared to other that for
molecules like carbon dioxide, nitrogen,
oxygen or hydrocarbons. In a set of
preliminary that  we
performed, employing the Kristoff and
Liszi® force field, we found that indeed
water molecules bind preferentially on
the Cu atoms, while HyS molecules stay
at the centre of the small cages of the
structure. All these results obtained
from simulation studies are in apparent
experimental
observations, or with the way in which
the experimental data are interpreted
We therefore set up to develop a new
set of force field parameters in order to
check whether a model that provides a
dipole  moment  closer to  the
experimental one could predict an
adsorption behavior more similar to the
experimentally described. We have also

calculations

contradiction with the

studied the influence of the number of
sites on the adsorption properties of
H.S, not only on Cu-BTC, but also on
MIL-47 and IRMOF-1.

Achieving a realistic modeling of H,S is
a challenging task, which has been
undertaken in several studies. In Table
1 we present all the sets of interatomic
potentials parameters (or simply ‘force
field”) which have been published so far,
to the best of our knowledge. Each force
field has been fitted to model a
particular aspect of the behavior of H,S.
The first field is that of
Jorgensen® who introduced some
changes into the OPLS? force field
(Optimized Liquid
Simulations) to model a range of liquid
sulphur compounds, H.S among them.
The force field is based upon a 3-site

force

Potentials  for



model of the H,S molecule, such as that
shown in Figure la. Its main finding
regarding H,S is that there are no
strong  interactions  between  H,S
molecules. The dimerisation energy pair
distribution has a broad peak centred
roughly around -1.0 keal/mol, so that if
the dimerisation energy cut-off
employed to define a hydrogen bond is a
reasonable value such as -2.25 kcal/mol,
92 % of the molecules are monomers
and the percentage of hydrogen bonded

Figure 1. The three types of models
which are commonly used for H,S: a)
three-site (8S), b) four-site (45), ¢) five-
site  (55). Yellow and white balls
represent sulphur and hydrogen atoms
respectively. Blue balls represent dummy
sites where charges can be included.

molecules is only 8 % in the liquid
phase. Jorgensen also calculated the
radial distribution functions (RDFs) S-S
and S-H, although at the time there

were no experimental data  for
comparison.
As  mentioned above, Jorgensen®

employed a simple 3S model to describe
the H,S molecule, with a negative
charge at the S atom and positive
charge at the A Dbetter
description of the electrostatic potential
around H,S molecule could be achieved

H atoms.
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by increasing the complexity of the
model, as it is usually done to simulate
water molecules®?, For instance, an
additional charge can be placed on the
C, axis of the molecule, at a distance &
from the sulphur atom, towards the
hydrogen atoms, so that a 4S model is
generated (see Figure 1b). Similarly to
H>O molecules, H.S molecules have two
pairs of non-bonding electrons in non-
occupied sp? orbitals of the S atom, thus
the S atom is surrounded by four pairs
of electrons arranged in a tetrahedral
manner. In order to model this charge
distribution a 5S model (see Figure lc)
employed, which
charges on the three atoms as well as in
two additional sites placed above and
below the C, axis, at a distance & from
the sulphur atom.

is often includes

Forester et al.*? studied the three types
of force fields for H,S. The first one is
the 3S force field developed by
Jorgensen® with a slight change to the
geometrical parameters. The second and
third force fields are newly developed
ones, with 4 and 5 sites respectively. All
the parameters are shown in Table 1.
They found that the 3S force field
developed by Jorgensen® provide a poor
description of H,S dimers. The force
field that best agreed with the
experimental data was the one
employing a 4S model of the molecule.
They validated their force fields by
comparing the simulated RDFs with the
experimental ~RDFs  obtained by
Andriani et al**, who performed XRD
measurements of liquid H,S. The three
force fields predicted the first peak of
the S-S RDF to be shifted inwards,
while the second peak 1is correctly
positioned. They also compared their

28
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simulation results with a range of
dynamical properties of the liquid and
high-temperature solid phases and found
that the 4S force field was the one that
yielded a better agreement with the

experiments.

of the liquid and vapor phases of H,S
with which to parameterize a new force
field. They studied three different force
fields. The first one is the 3S force field
developed by Jorgensen®. The second
one

is 4S force field developed by
Forester et al? (although with small
differences in  the  intramolecular
geometry). The third one
parameterization of the latter, with the
aim of providing a better agreement
between the simulated and experimental
VLE curves. Their new 4S force field
achieved this goal and it also increased
the agreement between the simulated
and experimental S-S RDFs. Since we

An important experimental set of data
which was not included by Forester et
al®® in the fitting of their interatomic
potential parameters is the vapor-liquid
equilibrium (VLE) curve of H,S¥. In a
later study Kristoff and Liszi*® employed
a newly developed NpH Gibbs ensemble
Monte Carlo simulation method® to
carry out simulations of the coexistence

is a re-

Table 1. Interatomic potential and most relevant geometric
information of all the sets of potentials parameters developed scpecifically for H,S.
a) The Lennard-Jones centre is not the S atom, but a dummy site placed along the
C, axis (which is the only rotation axis of the molecule) at a distance of 0.125) A
from the S atoms towards the H atoms. & is the distance, along the C, axis,
between the sulphur atom and the additional charge. &~ is the distance between the
sulphur atom and the two additional charges, placed in a tetrahedral arrangement

above and below the molecular plane.

parameters

ds-m H-S-H
sites s/kBS(K) ° (SA) qs (e) qu(e) qa(e) 8 (A) 3 (A) (A) angle(?)
Jorgersen g o 37 047 0235 134 92
et al.®
Oreqltff 3 125 37 047 0.235 13322 921
ab.”
269  3.69 0.661 0.278 -1.217 0.1933 13322 92.1
163 3.6 0.614 0.145 -0.452 -0.0377 0.719 1.3322  92.1
Kristoff and 269  3.69 0.661 0.278 -1.217 0.1933 1.34 92
Liszi®
4 250 373 04 025 -0.9 0.1862 1.34 92
Kamath et
M3 28 871 0252 0.26 134 925
952 3.72 -0.338 0.169 134 925
232 3.72 -0.380 0.19 134 925
219 372 -04 0.2 134 925
Delhomm-— o0 974 1303 0323 -2.030 0.1933

elle et al**



will refer often to the later 4S force field
we will call it KL force field.

The force fields described so far include
the polarizability of the H,S molecule
implicitly, through the presence of a
permanent dipole due to the point
charges distribution. There have been
efforts to develop H.S models which
take into account the polarizability, for
example by using isotropic multipolar
Stockmayer  potential
models®. But these models perform
marginally better, if at all, than simpler

models*”  or

models, and their higher complexity
limits their applicability, since these
models are not implemented in all
molecular  simulation  codes, are

somewhat difficult to implement and
introduce new problems regarding the
combination rules. With the aim of
including an explicit description of the
polarizability of the H,S molecule,
Delhommelle et al.'® developed a new 5S
force field, in which the atomic centres
beared no Lennard-Jones interactions. A
large negative charge was placed at an
additional site a small distance from the
S atom along the C, axis. The Lennard-
Jones centre was placed at an additional
polarizable, chargeless site located at a
small distance along that axis. However,
this additional complexity of the model
does not bring a significant increase of
the accuracy of the simulations of pure
H.S phases, since the VLE curves are
already well reproduced by the simpler
force field developed by Kristoff and
Liszi.®® They found that it is important
to consider explicitly the polarizability
of H,S in order to obtain the correct
mixing behavior of mixtures of species
with very different dipoles, such as
H.S/n-pentane. But this was refuted by
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Kamath et al®, who developed four
simpler 3S force fields to model H,S/n-
pentane mixtures. They studied the
influence of the atomic charges on the
liquid phase behavior of H,S, by
studying four different charges for the S
atom, namely -0.252 e, -0.338 e, -0.380
e and -0.400 e. The Lennard-Jones
parameters were accordingly refitted to
obtain a good description of the VLE
curves. The RDFs and the liquid phase
properties are well described by all
parameters  sets, although H,S/n-
pentane mixtures are better described
by the two models with higher charges
(charges of -0.380 e and -0.400 e for the
They stated that it is
therefore possible to
phase behavior of complex
including

S atoms).
reproduce the
mixtures
polar and non-polar
components without recurring to use
very complex models for the molecules;
a careful fitting of the charges and
Lennard-Jones potential parameters is
enough in the case of H,S/n-pentane
mixtures. In a recent article Hellman et

al’” developed a new force field, by

fitting  the interatomic  potential
parameters in order to reproduce a six-
dimensional potential energy

hypersurface for two rigid H,S molecules
calculated with high
CCSD(T)/aug-cc-pV(Q+d)Z

tions. The force field provides very good

level
calcula-

predictions of the second pressure virial
coefficient, shear viscosity and thermal
conductivity, with results that are
within the experimental error bars. This
force field, however, is also a very
complex one, since the functional form
of the energy includes two damping
functions and it makes use of 11 sites
per molecule, with a total number of
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site-site interaction parameters of 140.
It is therefore very complex to use this
force field to study the interaction of
H,S with other molecules.

Although all the force fields mentioned
above provide an accurate description of
liquid and gas phases of H,S, they
predict a weak interaction between H,S
molecules and Cu atoms of the Cu-BTC
framework, which contradicts previous
experimental observations. We therefore
set to develop three new force fields
with different number
sites and dipole moments, in order to
check whether they still predict the
same adsorption patterns. In the present
article we have studied the influence of

of interaction

the number of sites on the adsorption
properties of H,S in Metal-Organic
Frameworks, and we have developed
new simple force fields able to provide a
good description of the VLE curves. We
also study the performance of these new
force fields when describing the
adsorption in  the  Metal-Organic
Cu-BTC, MIL-47,

Frameworks and

IRMOF-1.

Computational Details

The adsorption isotherms were compu-
ted using Monte Carlo (MC) simula-
tions in the pVT ensemble, where the
chemical potential, volume and tempe-
rature were kept fixed. The MC moves
were performed in cycles and in each
cycle one of the following trial moves
was selected at random for a given
molecule: translation, rotation,
sertion at a random position, insertion

rein-

and deletion. Coulombic interactions
were computed using the FEwald
summation.

We studied the adsorption of H,S in Cu-
BTC, IRMOF-1, and MIL-47 frame-
works. The structures were modeled as
rigid networks and the positions of the
atoms were taken from Chui et al.'"(Cu-

BTC), Eddaoudi et al*®¥(IRMOF-1) and

Barthelet et al®(MIL-47).  The
Lennard-Jones parameters for the
structures were taken from the

DREIDING?® force field except those for
Cu, V, and Cr, which were taken from
the UFF* force field. We used Lorentz-

Berthelot mixing rules to calculate
parameters.
Atomic charges were taken from Frost
and Snurr? and Dubbeldam et al.** for
IRMOF-1, Castillo et al.*® for Cu-BTC
and from Bueno-Perez et al.*® for MIL-
47. Detailed

materials can be found elsewhere***7.

mixed Lennard-Jones

information about the

The vapor-liquid equilibrium and vapor
pressure curves are calculated by means
of Monte Carlo simulations in the Gibbs
ensemble®. Gibbs ensemble simulations
are performed in microscopic
regions within the bulk phases, away
Each region is
simulated within standard periodic
boundary with a unit cell of 30x30x30
A3, The thermodynamic requirements
for phase coexistence are that each
region should be in internal equilibrium,
and that the temperature, pressure, and
chemical potentials of all components
should be the same in the two regions.
In order to achieve that we performed
three types of Monte Carlo "moves",
displacements of particles within each

two

from the interface.

region (to satisfy internal equilibrium),
fluctuations in the volume of the two
regions (to satisfy equality of pressures)
and transfers of particles between
regions (to satisfy the equality of



chemical potentials of all components).
These moves were performed in cycles
selecting one random move for each
molecule in  each  cycle. The
temperature, total number of particles,
and total volume employed in the MC
simulations were specified in advance
and  kept constant during the
simulations. The simulations consisted
on 10° production cycles and 5-10%
equilibration cycles. 166 H,S molecules
were placed initially in each box to
reproduce the experimental
density of H,S.

critical

Classical MC simulations in the pVT
and Gibbs ensembles were performed
using the RASPA code®. This code
developed by D. Dubbeldam, S. Calero,
D. E. Ellis and R.Q. Snurr has been
employed in of gas

50-52

adsorption’

several studies

The electronic structure calculations
were performed at DFT level, using the
Gaussian09 code®. In order to take into
account the presence of open metal
centres and non covalent interactions at

a reasonable computational cost we
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made use of Density Functional Theory
calculations, with the hybrid meta
exchange-correlation functional M06-2X,
developed by Zhao and Truhlar.”
which has been proven to provide
reliable results for this type of systems
at a reasonable computational cost.?%
The metal atoms were modeled with the
Stuttgart/Dresden effective
potentials’” and basis set, with 10 core
electrons, while the 6-31++G** basis
set for the rest of the atoms. The
counterpoise method® was employed to
reduce the basis set superposition error.
In order to keep the cluster models as
realistic models of the systems,
carried out the energy optimizations

core

we

allowing the adsorbate molecules to
relax, but keeping the atoms of the
framework fixed at their experimental
positions.

Results and discussion

A. Fitting of the new parameters
to model experimental data. We
have employed the experimental® data

Table 2. Interatomic potential parameters and wvalues of the most relevant
geometric information of the three H,S force fields developed in this study, as well
as the other two existing force fields also employed. a) This force field has been
fitted to model correctly the 0.974 D dipole of the H,S molecule. b) This force field
is the 4S force field developed by Kristoff and Liszi®. ¢) This force field is the
flexible 35 force field developed by Kamath et al.*

sites g/kBS (K) o (SA) as(e) qu(e) aqa(e) 8 (A) (({S&I){ aI:nge I(_‘I—))
3S 3 275 3.7 -0.32 0.16 1.34 92
55 5 295 3.75 0.0 0.152  -0.152 0.3 1.34 92
5Sd* 5 310 3.71 0.0 0.1027 -0.1027 0.3 1.34 92
KLP 4 250 3.73 0.4 0.25 -0.9 0.1862 1.34 92
Kamath® 3 232 3.72  -0.38 0.19 1.34 92.5
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Figure 2. Comparison between the VLE
experimental®® curve (line) and those
obtained with the three newly developed
force fields, 3S (upwards pointing trian-
gles), 55 (squares) and 5S5d (circles),
and the force fields developed by Kristof]
and Liszi®*(diamonds) and Kamath et
al’(downwards pointing triangles). The
cross represents the critical point pre-

dicted from the experimental data.

of the VLE curve to fit the interatomic
potential parameters of the three new
The
force field, which we name as 3S. The

force fields. first one is a 3-site
second one is a 5-site force field which
we name as 5S. Since one of the aims of
this article is to study the influence of
the number of sites on the adsorption
properties, we kept the same dipole of
the H.S molecule in these two force
fields. In order to compare with the
force field developed by Kristoff and
Liszi*® (which we will refer to as KL),
we have chosen the point charges in
such a way that the dipole in the two
new force fields is the same dipole than
that of the KL force field, namely 1.43
D. This higher than the
experimental value, which is 0.974 D61,
The third force field we have developed
is a b-site potential with the correct
value of the dipole moment. We will

value is

name this force field as 5Sd. For the
sake of comparison, also
calculated the VLE curve employing the
Kamath et al® force field (which we
will refer to as Kamath). All parameters
are listed in Table 2.

we have

The VLE curves obtained with the 3S,
5S and 5Sd force fields are shown in
Figure 2 where the experimental curve
and those predicted by the KL and
Kamath force fields are also shown.

The three new force fields give an
excellent agreement with the experi-
mental curve, as is also the case of the
previous ones, the KL and Kamath
force fields. It is important to note that
the newly developed force fields do not
employ long-range corrections®, while
they are employed in the previous ones.
It has been suggested that simulations
in which the Lennard-Jones potentials
are cut and shifted could provide better
results when modeling adsorption on

crystalline  confined systems than
simulations in which conventional long-
range  corrections®®  are  applied.
Although long-range corrections can

indeed be employed to model accurately
adsorption on crystalline confined
systems®. All the force fields to model
H,S that have been published so far
employ long-range corrections to the
Lennard-Jones interaction. In order to
provide the possibility to choose, we
developed  the force  fields
employing a cut and shift of the
Lennard-Jones potentials from 12 A.

new

We obtained the parameters at the
critical point, employing the density
scaling law (1) and the law of rectilinear
diameters™® (2):



pliq' pmp = B ! (T - TC p (1)
(ph‘q + pwp) / 2=pc+ A (T - T(?') (2)

Due to the nature of these equations,
the values of the critical temperature,
density and pressure are very sensitive
to the
employed. In Table 3
critical ~ parameters

value of the B parameter
we show the
with
different values of the B parameter,
0.325 (the value employed by Kamath

et al.”), 0.315 (the value employed by

obtained

Table 3. Critical parameters obtained
with  experiment as with the KL,
Kamath, 35S, 55, and 55d force fields.
The parameters were predicted using the

density scaling law and the low of
rectilinear diameters.
Temp. Density Press. Beta

(K) (mol/l) (MPa)

Exp. 373.10 10.19 9.00
KL 378.07  10.279 8.794  0.325
37542 10.337 8.624  0.315
o BTROL 10318 85T 0313
Kamath 375.78  10.169 8.858  0.325
373.24  10.229 8.503  0.315
o BTL2 10278 820307
3S 381.62  10.242 9.347  0.325
379.13  10.293 9.017  0.315
 Ba4 1035 8632 0303
55 371.6 10.285 8.919  0.325
369.45  10.333 8.63 0.315
367.2 10.387 8.319  0.304
55d  371.83  10.829 9.601  0.325
369.42  10.344 9.237  0.315
366.33  10.415 8.783  0.302
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Kristéf and Liszi®) and the wvalue
obtained by letting the B parameter
vary in the fitting procedure. Given the
large errors involved in this type of
calculations, all force fields predict the
critical parameters with a reasonable
degree of accuracy.

We can get a further insight into the
performance of the different force fields
by analyzing the vapor pressure curve.
Employing the interatomic parameters
developed from the fitting of the VLE
curve (which are shown in Table 1) we
obtain the correct dependence of the
vapor pressure wversus temperature for
all force fields studied, as can be seen in
Figure 3a. The deviation from the
experimental data at low temperatures
could also be analyzed by examining the
plot of log P wversus 1/T (see Figure 3b).

The best results at lower temperatures
are obtained with the KL force field,
while the Kamath force field is the one
that provides results further away from
the experimental data. But the
differences between all the force fields
are not significant. In order to get a
deeper insight into how each of the force
fields performs in the whole range of
temperature we also plot, in Figure 3c,
the absolute error between the
calculated and experimental values of
adsorption. We can see that the smaller
error is obtained with the 3S and 5S
force fields, followed by 5Sd and KL,
which are very close to each other, while
the Kamath force field provides the
largest errors. But again, the errors are
all relatively small (typically less than
10%), so the comparison between the
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2 different force  fields and  the
experimental data shown in the previous
figures cannot be employed to assess
which of them can model the system in
a more realistic manner.

8x10°

7x10°
6x10°

sx10° -

Further information about the
performance of the different force fields
can be obtained from the analysis of the
heats of vaporization (see Table 4). The
experimental® heats of vaporization at
212.77 K and 760 mmHg is 18.67
kJ/mol. The force fields that best
reproduce this value are 35S and
Kamath, followed closely by 5S. Lower
values are predicted by the KL force
field (17.33 kJ/mol), while the 5Sd force
field predicts a much lower value,
around 15.95 kJ/mol). The fact that the
: 5Sd force field predicts a lower value of

Saxi0® 320107 3.5;19;3 40610 +a0 heat of vaporization than the rest of the
”T(KC,) force fields is not surprising, since its

dipole moment is almost 50 % lower,
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Figure 3. a) Ezperimental®® wvapor pressure curve of H,S versus temperature
(line), compared with the simulated curves obtained with the three newly developed
force fields, 35S (upwards pointing triangles), 5S (squares) and 5Sd (circles), and
the force fields developed by Kristoff and Liszi*® (diamonds) and Kamath et al*
(pentagons). The same symbols are employed in b) and c). Error bars are not
shown, because they would lie within the symbols used to represent the data. b)
Logarithm of the wvapor pressure versus 1/T for the experiment and for the same
force fields shown in a). ¢) Absolute error (respect to the experimental values) of
the wvapor pressure versus temperature, for the same force fields shown in a). The
absolute error is defined as the experimental pressure minus the calculated
pressure.



Table 4. Heats of vaporization of H,S,
at 212.77 K and 760 mmHyg, calculated
with the 35S, KL, Kamath,” 5S, and
559d force fields. The experimental value
is also shown.”

Heat of vaporization

(kJ /mol)

Experiment 18.67

3S 18.68

KL 17.33

Kamath 18.58

58 18.99

5Sd 15.93
Another property that can help

assessing how the force fields perform is
the variation of the liquid density with
the temperature. We therefore
calculated the liquid density that each
of them  predicts for  different
temperatures (see Figure 4), and we
find that the 5S and 5Sd force fields are
the ones that show the best agreement
with the experimental data, followed by
the KL and Kamath force fields, and
finally the 3S.

We see that none of the force fields
outperforms the rest consistently; i. e.
the force field that best models some
property can also predict
property with the largest error.

another

In order to investigate the ability of the
potentials the
between H,S molecules, we can make
use of a set of very precise and time
consuming ab initio calculations of H,S
dimers carried out by Hellman et al.*
They calculated the dimerisation energy
using 16 different dimer structures, the
stable of which is
structure similar to that of most stable

to model interaction

most a dimer
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Figure 4. Variation of the liquid

densities of H,S (at 0.5 MPa) as a
function of temperature. The experi-
mental data® (line) are compared with
the liquid densities obtained with the
three newly developed force fields, 35
(upwards pointing triangles), 55 (squa-
res) and 58d (circles), and the force
field developed by Kristoff and Liszi®
(diamonds) and  Kamath et al*
(pentagons).

water dimer. Its dimerisation energy is
-6.6 kJ/mol, which is higher than the
value of -2.97 kJ/mol obtained in
previous™ ab initio studies. It is worth
noting that the potential energy surface
has a very shallow minimum, which
suggests that it is quite easy for the H,S
molecules of the dimer to stay far from
the minimum, i.e. there will not be a
significant energy penalty to separate
the molecules from the equilibrium
distance. If we take into account the
fact that the thermal energy at room
temperature is of the order of 2.5
kJ/mol,  the
calculations suggest that H,S has a very
low tendency to form clusters. The S-S
distance at which the dimer energy is
found is circa 4.1 A, thus the S-S radial

(RDF)
molecules

electronic structure

distribution function of any
simulation of H,S should
present a broad first peak around that
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distance. And that is indeed what the
interatomic potential-based simulations
show. In Figure 5 we report the
calculated S-S and S-H RDFs. There are
no experimental data to compare the S-
S RDF, so in Figure 5 we can only show
the comparison between the S-S RDF
(at 212.9 K and 1 bar) calculated by
Kamath et al.* and the one calculated
with the 5Sd force field.

3.5

S-S 5Sd mm—
S-S Kamath s
S—H 5 mm—

30 SHExp. o

RDF (arbitrary units)

05 L L n . s L . L n
00 10 20 30 40 50 60 70 80 90 100

Distance (A)

Figure 5. 5-S and S-H radial dis-
tribution functions, at 212.9 K and 1
bar. Experimental values are taken from
Andreani et al.” The values denoted as
Kamath are taken from Kamath et al.?

Despite being developed with different
number of interaction sites, both force
fields predict very similar RDFs, which
suggests that the VLE curves of H,S can
only be predicted accurately if the S-S
interatomic distances vary around 4.1
A. Regarding S-H distances, since there
is no formation of H-bond, there should
not be a narrow peak. In fact, this
feature can be seen in the experimental
S-H RDF (at 212.9 K and 1 bar) shown
in Figure 5, in which there is a broad
peak around between radial distances of
3 A and 5 A. The Kamath force field
was shown® to reproduce very well the
experimental S-H RDF and that is also
the case of the three newly developed

force fields. For clarity reasons only the
5Sd S-H RDF is shown in Figure 5,
although those of 3S and 5S are very
close, they would lie within the symbols
employed to represent them. There is a
very good agreement between simulated
(with both the Kamath and 5Sd force
fields) and experimental S-H RDFs,
which suggests that the underlying
physics of the
interactions are described correctly by
the force fields employed.

intermolecular

B. Modeling of the adsorption
properties of H:S on three
The potential parameters
which we have developed allow us to
calculate the adsorption energies of H,S
on any porous materials for which we
already the
parameters that best model them. To
calculate the potential parameters for
the guest-host interactions we make use
of the Lorentz-Berthelot mixing rules.
To investigate the influence of the H,S
potential parameters on the adsorption
properties we studied the adsorption of
H,S on Cu-BTC, MIL-47, and IRMOF-
1. Figure 6 shows the isosteric heats of
adsorption obtained with the four sets
of potential parameters.

For all materials, the 4S potential
predicts  slightly heats  of
adsorption than the 3S potential, while
the 58 potential predicts consistently
higher values of heats of adsorption.
The material for which the heat of
adsorption is higher is Cu-BTC, since
the molecule confines better in the
tetrahedral-shaped  pockets of this
structure than in the wider pores of
MIL-47 and IRMOF-1. The three
potentials predict heats of adsorption

materials.

know Lennard-Jones

lower
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Figure 6. Isosteric heats of adsorption
of H,S adsorbed on three different
MOFs, employing the three potential
parameters fitted in our study, as well
as the KL force field. Red: Cu-BTC.
Green: MIL-47. Blue: IRMOF-1.

ranging from -25 kJ/mol to -32 kJ/mol.
In the case of MIL-47 the values range
between -18 kJ/mol and -19 kJ/mol.
And the lowest heats of adsorption
correspond to TRMOF-1, for which the
predicted values vary from -13 kJ/mol
to -14 kJ/mol. This behavior can be
readily understood by considering the
of the interaction
in Table 2. The
values of the o parameters are almost
the same in the four force fields, but the
values of the e do vary significantly,
following the order KL < 3S < 58 <
5Sd. And this is indeed the ordering
that we observe for the values of the
heats of adsorption. There is only a
slight change in this trend for 5S and
55d, since the former has a smaller
value of the ¢ parameter but it predicts
a larger value of the heat of adsorption
than 5Sd. This difference of the ¢
compensated by the
difference of molecular dipole, which is
50 % larger for 58 than for 5Sd.

respective values

parameters shown

parameter is
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Table 5. Energies of adsorption of H,S
and H,O on the three cluster models of
Cu-BTC, MIL-47 and IRMOF-1 shown
in Figure 7. The energies are BSSE-
corrected and they are calculated with
DFT, wusing the MO06-2X exchange-
correlation functional.

Adsorption energy

(kJ /mol)
H-S H20
Cu-BTC -43.4 -46.7
MIL-47 -33.9 -41.0
TRMOF-1 -16.7 -22.5

There is no experimental data available
for comparison, but, since the three
potentials predict similar values of heats
of adsorption, it would not be possible
to rule out the capability of any of them
to model the system correctly, based
only on this property. Due to this lack
of experimental data, we carried out
electronic structure calculations, which
provide independent information with
which we could compare the heats of
adsorption of H,S. Watanabe and Scholl
carried out a periodic DFT study?®
(using the PW91 exchange-correlation
functional™ with an energy cutoff of 500
eV) of H,O and H,S adsorption on Cu-
BTC. They found that the adsorption
energy of a HyO molecule is -41.0
kJ/mol, while that of a H,S molecule is
-31.2 kJ/mol. We have carried out DFT
calculations on the cluster models of the
systems shown in Figure 7, employing
the M06-2X functional mentioned in the
compu-tational details. The BSSE-
corrected energies of adsorption of H,S
and H»,O on the three materials are
shown in Table 5. We have obtained
energies  for

values of adsorption
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Figure 7. Minimum energy configure-
tions of H,S adsorbed on three clusters
models of (a) Cu-BTC, (b) MIL-47, and

(¢) IRMOF-1. The energy minimiza-
tions were carried out with DFT
calculations, employing the MO06-2X

exchange correlation functional. The
cluster models of the surfaces are kept
fized during the minimizations.

H,O and HsS of -46.7 kJ/mol and -43.4
kJ/mol respecttively, which are higher
than the energies obtained by Watanabe
and Scholl®. This is not surprising,
PWO91 functional was not
developed to include accurately the non

since the

covalent interactions that are important
in this system.

Grajciar et al.” employed very accurate
CCSD(T)/CBS calculations (on the
same cluster model we have studied)
and obtained an energy of adsorption of
-52 kJ/mol for H,O molecules on Cu-
BTC. This value of adsorption energy is
close to that predicted by our
calculations, -46.7 kJ/mol, suggesting
that the M06-2X calculations accurate
enough to provide reliable predictions of
adsorption energies, at a fraction of the

cost of CCSD(T)/CBS calculations. The
adsorption energy predicted by the DFT
calculations for the H,S molecule is
-43.4 kJ/mol, which is higher than
values of heats of adsorption obtained
from the Monte Carlo simulations
(between -25 kJ/mol and -32 kJ/mol).
This suggest that the force fields 5S and
53d give the best description of the
adsorption energy in Cu-BTC, followed
by 3S, with KL giving the
adsorption energy.

For IRMOEF-1 all the force fields predict
heat of
adsorption, around -15 kJ/mol, which is
very close to the adsorption energy of
-16.7 kJ/mol obtained with the DFT
calculations. Something similar occurs
in the case of the adsorption in MIL-47,
for which there are experimental data to
compare with. Hamon et al.'® found
experimental values of adsorption
energy for MIL-47 from -27 kJ/mol to
-29 kJ/mol. But all the force fields
studied predict this energy to be
between -20 kJ/mol (for KL) and -22
kJ/mol (for 5S). Our DFT calculations
predict an adsorption energy of -33.9
kJ/mol, which is slightly closer to the
experimental values. It is puzzling to
find that all the force fields predict
similar values of adsorption energy for
each of the three materials studied,
independently of how their parameters
where fitted. At first sight it would be
easy to assign the origin of this fact to
the only common value in all the force
fields, which is the o parameter (it has
a value that only varies from 3.70 A to
3.75 A among all the force fields). But
this assumption does not hold true,
since we performed a study of the
variation of the adsorption energy of

lower

similar values of isosteric



H.S in IRMOF-1 when the o parameter
was changed 8 % and when the ¢
parameter was changed also 8 %, and
the results suggest that both parameters
are equally important, causing a change
of the adsorption energy of circa 5 %
and 8 % for the ¢ and o parameters
respectively.

We could therefore conclude that out of
the three potential parameters we have
developed for H,S, 3S, 5S, and 5Sd
(which  predict  higher adsorption
energies) are the ones that predict
values of the adsorption energies in
closer agreement with the DFT data,
although the energy differences are so
small that it is not possible to rule out
the validity of any of the force fields.

As to the distance at which the H.S
molecule is predicted to stay from the
framework, the DFT calculations do
have a minimum energy configuration
when the S atom of the H.,S molecule is
at 2.6 A from the Cu atom of the Cu-
BTC framework. Since the DFT calcu-
lations do not include neither thermal
effects nor the effects of H,S-H,S
interactions, the S-Cu distance predict-
ted with them is expected to be shorter
than that predicted with Monte Carlo
simulations, which is around 3.1 A, as
can be seen in Figure 8a, where for
clarity reasons only the results for KL
and 5Sd are shown, although the other
force fields predict similar RDF's.

It was previously observed!® that the
presence of the MIL-47 framework
influences the interatomic interactions,
so that the S-H RDF of liquid H,S is
very different to that obtained when

H.S is adsorbed. Figure 8b shows
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Figure 8. a) Calculated M-S radial dis-
tribution functions at 303 K, where M is
the metal atom of the framework: Cu in
Cu-BTC (red), Zn in IRMOF-1 (green),
and V in MIL-47 (blue). b) H(H,S)-
S(H,S) RDFs of H,S adsorbed in MIL-
47, calculated with the 35, 55, 55d, KL,
and Kamath force fields, at 1 bar and
303 K. The results for the Kamath force
field are taken from Hamon et al.”? The
RDF in the liquid phase is also shown
here for comparison.

that is also observed when the new force
fields are employed. The confinement
makes the first S-H peak to grow and
displace towards a shorter distance.

Another factor that provides valuable
information regarding the adsorption
behavior is the Henry coefficient, which
is defined as k;,=C/P, where P is the
pressure of the system and C is the H,S
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loading. The values of the Henry
coefficients obtained from our
simulations are shown in the top panel
of Figure 9. As in the case of the heats
of adsorption, the 5S and 5Sd potentials
predict higher values of the Henry
coefficients than the other force fields,
for the same reason that mentioned
when discussing the heats of adsorption.
As to the dependence of the Henry
coefficients with the type of material, it
can be explained by analyzing the

different sites in which the H,S
molecules are adsorbed for each
material. Cu-BTC adsorbs H.S

molecules preferentially confining them
inside small cages (see the bottom panel
of Figure 9), which increases the value
of ky. MIL-47 has some kinks in the
structure, where H,S molecules are
adsorbed, while IRMOF-1 has large
cages where the H,S
adsorbed, thus inducing lower values of
ky than the other two structures.

molecules are

There is only one experimental value of
ky for any of the three materials
studied, which was obtained by Hamon
et al.t® for MIL-47. They obtained two
values of kpy, one corresponding to a
linear region at pressures below 25 kPa
(0.47 - 10" mol - kg - Pa'), and another
one corresponding to a linear region at
pressures between 25 and 30 kPa
(0.81-10* mol-kg'-Pa'). The KL
force field predicts a value of ky
(0.49 - 10* mol - kg - Pa) which is very
close to the experimental one at low
pressures. The value predicted by the
3S force fields is slightly higher
(0.60 - 10* mol - kg' - Pa?'), while those
predicted by the two five-sites force
fields are much higher (around
0.90 - 10* mol - kg* - Pa’!).
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Figure 9. Top panel: Henry coefficients
of H,S for three different materials at
298 K, employing the KL, 85, 55 and
58d potential parameters. Red: Cu-
BTC. Green: MIL-47. Blue: IRMOF-1.
Bottom panel: Average occupation profi-
les of the H,S centre of mass (at 100
kPa) on Cu-BTC, IRMOF-1, and MIL-
47, using the 55d force field.

The analysis of the Henry coefficients
seems to suggest that the KL force field
could provide a better description of the
adsorption of H,S in MIL-47. But given
the usually large errors involved both in
the experimental measurements of the
Henry  coefficients their
theoretical calculation, we could not
conclude that the KL is definitely better
suited than any of the others to model
H,S adsorbed in MIL-47.

and in

The adsorption isotherms of H.S on Cu-
BTC, IRMOF-1, and MIL-47, calculated
with the three potentials developed in
this study, are shown in Figure 10. The
most remarkable feature observed in the
adsorption isotherms is that the 5S
potential values of

predicts similar



adsorption for low and high pressures
than the rest of the potentials, but in
the transition regions it predicts higher
adsorption for the three materials than
the other potentials. This implies that
pack
slightly different way depending on the
potential used. Another remarkable
feature is the fact that the KL force
field
adsorption values than the rest of the
force fields. There are not enough
experimental values to test which of the
models provides a better agreement
with experiment. The only experimental
isotherm that of MIL-47, which is
Figure 10c. The best
agreement is found for the KL force
field, followed closely by the 3S and
Kamath force fields. Although, due to
the large variation of the experimental
adsorption isotherms, it is necessary to
compare with more than one isotherm,

the adsorbed molecules in a

consistently predict lower

shown in

once a reasonable consensus is found as

50,73-76

to what the adsorption isotherm is.

With the results obtained so far we can
shed some light into the interpretations
of the experimental data regarding H,S
adsorption in Cu-BTC. In an
experimental study Petit et al.’ found
that Cu-BTC is degraded upon
adsorption of H,S. They proposed a
mechanism for the Cu-BTC crystal
degradation, which is based on the
assumption that H,S does bind strongly
to the Cu atoms and is able to replace
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water molecules present at those sites.
Nevertheless, our simulations (both
classical and Quantum-based simula-
tions) do not agree with that view, i.e.

water is predicted to bind more strongly
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Figure 10. Adsorption isotherms (at 300 K) of H,S adsorbed in Cu-BTC (a),
IRMOF-1 (b), and MIL-47 (c), using the three potentials developed in this study,
3S (upwards pointing triangles), 5S (squares), 55d (circles), as well as the force
field developed by Kristoff and Liszi® (diamonds). Previous experimental data®
(crosses) of adsorption on MIL-47 (at 303 K) are included for comparison. For
this material we also show (downwards pointing triangles) the adsorption isotherm
calculated by Hamon et al.”’? employing with the Kamath force field.
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to Cu-BTC than H,S. This is observed
field studied and
confirmed not only by our hybrid DFT
calculations of the cluster model of the
system, but also by a previous study,*
which employs a different kind of
calculation, namely periodical plane
waves DFT. We carried out a study of
the dipole moment that H,S molecules
would need to have in order to replace
the water molecules. We found that, for
a temperature of 300 K and a pressure
of 10 kPa, as the dipole increases from
095 D to 1.95 D there is a small,
gradual increase of adsorption, from 1.2
mol/kg to 2 mol/kg (see Appendix 2).
But when the dipole has the unphysical
value of 2.1 D the adsorption abruptly
higher than 15
mol/kg. But this sudden increase of
adsorption is not due to a stronger
interaction with the Cu atoms, but to

for every force

increases to values

stronger intermolecular interactions, i.
e. the higher dipole causes the H,S
molecules to nucleate and form clusters,
away from the Cu atoms (see Appendix
2).

In an attempt to test whether the
mechanism proposed by Petit et al’. is
confirmed by DFT simulation, we tried
to calculate the difference in Gibbs Free
energy between the H,S molecule
adsorbed on the cluster shown in Figure
7a and different reaction states, such as
1) the S atom bonded to the Cu atom
with the two H atoms desorbed, forming
a H, molecule; 2) the S atom bonded to
the Cu atom and to one H atom, with
the remaining H atom either desorbed
or bonded to an O atom that has
broken its bond to the Cu atom.
Unfortunately, all these structures are

so unstable that in none of them could
the SCF cycles achieve convergence.

In order to get a further insight into the
interaction  between the Cu-BTC
structure and H.S and H>O molecules
we carried out ab initio molecular
dynamics of the molecules adsorbed on
the model cluster shown in Figure 7
employing the Atom-Centered Density
Matrix Propagation molecular dynamics
method™ ™, as implemented in Gaussian
09. In this method the nuclear degrees
of freedom are treated with quantum
mechanics, while the electronic degrees
of freedom are propagated adiabatically,
employing an extended Lagrangian
approach. The level of theory used is
HF /LanL2MB™. The calculations were
3 ps long, with a time step was 0.1 fs,
and the temperature was 300 K. The
simulations show that there is a large
difference of adsorption between the two
molecules, since the H,O molecule stays
close to the cluster, at an average
distance from the Cu atom of circa 2.7
A, while the H,S molecule is desorbed
and cluster, reaching
distances of circa 5.3 A. Snapshots of
these simulations are shown in the
Appendix 2. This new piece of
information is in line with the other

leaves the

theoretical results, so it is then clear
that all types of simulations agree on
the prediction that the
between H,S and Cu-BTC is much
weaker than that of H,O. There seems
to be an apparent discrepancy between
experimental and theoretical results.

interaction

But we would like to note that there is
not really a contradiction, since it would
be possible that another mechanism not
yet presented could explain the reasons
why H.S degrades the crystalline



structure, even in the presence of water
molecules, which interact more strongly
with the Cu atoms. This is an
interesting  problem that deserves
further studies.

Conclusions

We have developed three new force
fields that model the liquid and gas
phases of H.S correctly. All previous
force fields include long-range
corrections to the Lennard-Jones energy,
so in order to check whether other force
fields with different fitting procedures to
the previously published ones would
yield different the
adsorption properties in microporous
materials (particularly in Metal-Organic
Frameworks), we applied a cut and shift

description  of

of the Lennard-Jones energy. Moreover
we employed various of the
molecular dipole moment and different

values

number of interaction sites. Two of the
force fields have a molecular dipole
(1.43 D) higher than the one obtained
experimentally (0.974 D), and one has
the experimental dipole. The fitting of
the parameters was carried employing
Gibbs Monte Carlo
simulations, with which we obtained

ensemble

three set of interatomic potentials that
model the experimental properties of
liquid and gaseous H,S. Comparing the
results of the interatomic potential-
based adsorption simulations on Cu-
BTC, MIL-47, and IRMOF-1 with those
obtained with DFT calculations, we
have found that the newly developed
potentials do provide reliable results
and could therefore be employed in
further studies of H,S adsorption. But
the improvement of the description of
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the electrostatic potential around the
molecule achieved by the models with a
larger number of point charges (5S and
55d models) does not necessarily imply
that the interaction between the H,S
molecules and the framework is better
modelled with those force fields.

Our study also sheds some light into the
mechanisms by which Cu-BTC degrades
when H,S is adsorbed. Experimental
suggest that the
between H,S and the Cu atom in Cu-
BTC is strong, with H,S
being able to displace H.O molecules.
But the results of the simulations,
performed both with the new force fields
and with the previous ones, suggest

studies interaction

molecules

otherwise, H,O does interact with the
Cu atoms more strongly than H,S,
which stays in the cages of the
framework. DFT calculations predict
similar results than classical
simulations. Our simulation study
therefore suggests that there must be
something missing in the mechanisms
proposed so far to explain the
degradation observed in Cu-BTC upon
adsorption of H,S.
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In a combined experimental and theoretical study, the first
transferable set of charges of imidazolate linkers has been derived
specifically to model Zeolitic Imidazolate Frameworks (ZIFs). The
validity of the charges is demonstrated by comparing experimental
and computed results of CH; and CO, adsorption on ZIF-7, ZIF-8,
ZIF-69, and ZIF-71. The sets of charges obtained with this method
provide values of isosteric heats of adsorption and adsorption

isotherms of similar accuracy as those obtained using specific sets of

charges derived for each individual

structure,

with the great

advantage of being readily transferable to a wide range of ZIFs.

Juan José Gutiérrez-Sevillano, Sofia Calero, Conchi O. Ania, José B.

Parra, Freek Kapteijn, Jorge Gascon, and Said Hamad

Towards a Transferable Set of Charges to

Model Zeolitic Imidazolate Frameworks: A

Combined Experimental-Theoretical Research

Introduction

Zeolitic imidazolate frameworks (ZIFs)
are porous crystalline structures formed
by the repetition of tetrahedral
Structural Building Units' (SBU). ZIFs
were first synthesized®® in the early
2000s, since then the number of studies
on these materials has  grown
exponentially.®® ZIFs present higher

thermal and chemical stabilities® than

many Metal Organic Frameworks
(MOFs), increasing their range of
possible applications.*'® The main
feature  that  differentiates  these

structures from other MOFs is that the
metal nodes (typically Zn or Co) are

tetrahedrically coordinated to
imidazolates (im) or functionalized
imidazolate ligands (such as those

shown in Figure 1), which are shared

between two adjacent SBUs. This

connectivity is very similar to that
found in zeolites, where the centers of
the tetrahedra are occupied by Si atoms
and the vertices by O atoms. Due to the
topological similarity between zeolites
and ZIFs, several structures in which
the disposition of the tetrahedra is the
same are found for both types of
materials. On the other hand, the
greater  flexibility of the metal-
imidazolate bonds allows the synthesis
of a larger number of ZIF structures.

An increasing number of studies on
ZIFs
Molecular simulations are becoming a

concerns simulation techniques.

very important tool for researchers in
the field of materials science, since they
have accurately predict
properties of structured

proven to
important

porous materials, such as adsorption

isotherms and  diffusivities. When
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applying interatomic potential-based
simulation techniques to study neutral,
non-polar molecules (such as CHy or H,)
there is no need to include the charge of
the framework in the simulations, but
when dealing with polar molecules
(either  dipolar  or  quadrupolar),
framework charges play a key role in
the guest-host
interactions. Regrettably, no method to
uniquely determine the values of the
atomic partial charges is available, since

they are not associated to a quantum

description of

observable. Just useful approximations
are employed, which allow modeling a
system by means of empirically
calculated interatomic potentials.

Several methods are commonly used to

calculate atomic charges. The most

popular are those based on the fitting of
charges to mimic the electrostatic
potential around the molecule (such as
the  CHelpG"  and  Merz-Singh-
Kollman'™% schemes). Another type of
method used is the Natural Population
Analysis (NPA)'™®  based on the
analysis of the Natural Bond
Orbitals'™® (NBO). The NPA charge of
an atom is calculated by removing from
the nuclear charge the electron density
associated with its orbitals.

Employing ab inilio calculations to fit
the charges that will allow modeling
ZIFs is a time-consuming process. It
requires knowledge and expertise that is
not available to most of the groups
working on
simulations. Thus, an important factor

interatomic  potentials

nim

hymeim

Figure 1. Atom types of the imidazolates linkers that form ZIF-8 (mim), ZIF-68
(bim and nim) and ZIF-96 (hymeim). The atom charges for these imidazolates are
shown in Table 1. The charges and structures of the rest of the imidazolates studied

are presented in the Appendiz 3.



that precludes the widespread use of
atomic charges to model ZIFs is the lack
of an uniform, general set of charges
that could be used directly without the
need of further fitting from the end
user. In the case of ZIFs, to the best of
our knowledge, the only available set of
charges has been reported by Xu and
Zhong.” This model has, however, two
main drawbacks: i) it was fitted to
model MOFs in general, not ZIFs in
particular and ii) the unit cells have a
net charge, so that the user needs to
introduce further changes to the charges
in order to achieve neutrality. For
example, if this set is used to assign the
charges of the imidazolate molecules,
the total charges vary from -0.991 e to
0.805 e (as shown in the Appendix 3).
Since the charge assigned to the Zn
0.787 e, the
employed to model the ZIFs are not
neutral. The adjustment needed to use
this set of charges in simulation studies
is a delicate task, and results only in a
limited wvalidity. Recently, a
method for estimating partial atomic
charges for every atom in the periodic
table has been published.? It employs
all of the measured ionization energies

atoms is unit  cells

new

to perform an analysis similar in nature
to the charge equilibration (Qeq)
method.?”? so it has been named EQeq.
EQeq charges can be obtained for any
material, and it has proved that they
predict
MOFs.2
obtaining an uniform set of charges
specifically designed to model ZIFs, for
which we have made use ab initio
calculations. We have checked the
validity of the obtained charges by
comparing the predicted isosteric heats

correct results for various
But we are interested in
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of adsorption and adsorption isotherms
with those obtained experimentally.

Computational Details

Methane was modeled using a pseudo
atom model* where the molecule is
considered as a single Lennard- Jones
site with e/ks = 158.5 K and o = 3.27
A. No charges are considered. For
carbon dioxide a full atom model®?% is
used. This model has three Lennard-
Jones sites centered at each atom. The
parameters for carbon atoms are e/ky =
29.93 K and o = 2.745 A, and those for
oxygen are g/kg = 85.67 K and o =
3.017 A. Point charges are placed at
each model the
quadrupole moment (qc= 0.6512 e and
qo= -0.3256 €). Carbon-Oxygen distan-
ce is kept fixed (d= 1.149 A ). Details
about the use of this type of models in
MOFs and related porous materials can
be extensively found in literature?™3!,

site in order to

Adsorption isotherms were computed
using GCMC simulations, where the
temperature, the volume, and the

chemical potential were kept fixed. The
MC moves were performed in cycles,
allowing one of the following trial moves
cycle:  regrowth, rotation,
translation, insertion and deletion. More

in each

details on this simulation technique can

be found elsewhere?.

Simulations were performed using the
RASPA  code developed by D.
Dubbeldam, S. Calero, D. E. Ellis, and
R.Q. This
extensively tested and validated with a
large
simulation data.

Snurr. code has been

number of experimental and

26,32-38
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Experimental details

ZIF-8 purchased from Sigma-
Aldrich. High resolution experimental
adsorption
gases (CH,; and CO,) were performed in
a volumetric analyzer (Tristar 3020,
Micromeritics) in the pressure range
from 102 up to 120 kPa; the instrument
equipped with one pressure
transducer  (0-133 kPa, uncertainty
within 0.15% of each reading), that
guarantees an excellent sensitivity for
gas adsorption
range, which
adsorption

was

isotherms of the selected

was

in the low pressure
is especially useful in
studies on highly

microporous materials.

Each adsorption isotherm in ZIF-8 was
measured along 24 h, allowing for over
70 equilibrium points to be registered.
The saturation pressures of each gas
were measured every 2 hours by means
pressure The
temperature of the was
using a
circulating oil bath. All the gases were
supplied by Air Products with an
ultrahigh purity (i.e., 99.995%). Prior to
the
samples were in-situ outgassed under
(ca. 103 kPa) at 393 K
overnight to remove any adsorbed
impurities. All the isotherms were done
in triplicate and the data is reproducible

of a transducer.
isotherms

controlled thermostatic

the adsorption measurements,

vacuum

with an error below 0.1 %. The isosteric
heat of adsorption for the studied gases
was determined from the set of
equilibrium isotherms at 258, 278 and
298 K, using the Clausius—Clapeyron
equation.

The ZIF-7 sample
according to the

was synthesized

procedure given

elsewhere. A solid mixture of
Zn(NOs3)2.6H,O (0.803 g) and
benzimidazole (0.235 g) is dissolved in
75 ml of dimethylformamide (DMF).
The solution is poured into the teflon
liners and synthesis is carried out at 400
K for 48 hours, after heating at a rate of
5 K/min. The polycrystalline product
had an average particle size of 4
microns. A Micromeritics ASAP 2010
gas adsorption analyzer (stainless-steel
version) was used to 1measure the
adsorption isotherms of carbon dioxide,
in the pressure range from 0.002 to 120
kPa. The instrument is equipped with a
turbo molecular vacuum pump and
three different pressure transducers
(0.13, 1.33, and 133 kPa) to enhance the
sensitivity in different pressure ranges.
The static-volumetric technique was
used to determine the volume of the gas
adsorbed at different partial pressures.

Prior to the adsorption measurements
the adsorbent particles were outgassed
in situ under vacuum at 448 K for 16 h
to remove any adsorbed impurities. The
obtained dry sample weight was used in
the calculation of isotherm data.
Adsorption measurements were done at
298, 338 and 373 K. The 195 K
isotherms were measured using solid
carbon dioxide in isopropylalcohol as
coolant. The isosteric heat of CO.
adsorption was determined from the set
of equilibrium isotherms wusing the
Clausius-Clapeyron equation.



Results and discussion

With the sets of charges obtained in
this study the unit cells are neutral for
all ZIFs, allowing its use in conjunction
with a general force field such as UFFT”
to model any of the ZIFs based on Zn
and the
molecules. The topological properties of
crystalline ZIFs structures were used to
obtain this set. ZIFs are built up of a
network of Zn (or Co)

tetrahedrally  coordinated to
imidazolates like the ones shown in
Figure 1. Since each imidazolate is
shared by two cations, the unit cell
might be regarded as just one cation
and imidazolates.  Therefore,
assigning a negative charge of -1 e to
the imidazolates and +2 e to the

most common imidazolate

cations
four

two
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cations, we ensure charge neutrality of
the system. The natural charges of each
atom of these imidazolate molecules
were calculated by performing a Natural
Population Analysis'®* of the MP2/aug-
cc-pVTZ electron density obtained with
the Gaussian09 code.”” Although the
most popular methods to obtain atomic
charges useful in interatomic potential-
based simulations are ESP methods
such as CHelpG," (in which a set of
point charges centered on the atomic
nuclei are fitted to reproduce the ab
initio-calculated electrostatic potential
around the molecule as best as
possible), we found that the charges
fitted for several H atoms were negative.
The REPEAT method is more complex
and it predicts negative charges even for
Zn atoms in some cases.!’ In contrast,

Table 1. Atomic charges for the imidazolate linkers mim, bim, hymeim, and nim
(see Figure 1, where the atom types are defined). The total charge of each

imidazolate linker is -1 €.

mim bim hymeim nim
Atom Charge Atom Charge Atom Charge Atom Charge
N1 -0.590 N1 -0.569 N1 -0.567 N1 -0.529
N2 -0.590 N2 -0.569 N2 -0.566 N2 -0.529
C1 0.250 C1 0.141 C1 0.007 N3 0.457
C2 -0.150 C2 0.039 C2 -0.716 C1 0.229
C3 -0.150 C3 0.039 C3 0.043 C2 -0.102
C4 -0.570 C4 -0.153 C4 0.010 C3 -0.102
H1 0.130 C5 -0.244 C5 -0.109 Hi1l 0.154
H2 0.130 Cé6 -0.244 H1 0.194 H2 0.154
H3 0.180 C7 -0.153 H2 0.221 01 -0.366
H4 0.180 H1 0.121 H3 0.220 02 -0.366
H5 0.180 H2 0.149 H4 0.205

H3 0.147 H5 0.167
H4 0.147 H6 0.200
H5 0.149 H7 0.465

01 -0.774
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NPA wusually provides atomic charges
which are physically sound and it gives
a reasonable description of the variation
of the charges with changes on the
atomic composition. Furthermore, the
charges obtained with NPA tend to be
less dependent on the basis set and
molecular geometry**** employed than
ESP methods.*** NPA charges correlate
well with experimental and computed
NMR chemical shifts,”® and provides
reliable information to predict pKa
values of In
particular, Pacios et al® found that

organic  molecules.™
NPA charges provide a better descript-
tion of imidazole-acetate complexes than
the ESP based MK charges,
recommend the use of NPA in molecular
mechanics simulations. We therefore
employed NPA to obtain a transferable
set of charges, capable of modeling a

and

wide range of ZIFs.

Charges obtained directly from ab initio
calculations could be employed in the
simulations, although their use would
imply that the system behaves as a
purely ionic material, in which the
charges of the Zn cations are equal to
their formal charges, i.e. 42 e. Since
this is not the case, in order to take into
the covalent nature of the
chemical bonds in these materials, we
employed charges smaller than the
formal ones. A similar approach is used
when modeling zeolites, the
charges employed for Si atoms are not
the formal +4, but charges in the range
between 4+0.5 ¢ and +2 e. It is worth
noting that this reduction of the charges
is already being employed®*556 in
other MOF and ZIF simulation studies,
where the charges of the cations vary

account

where

TSP 2o
[ 4 r@ O ZIF-8 < 7095

O e = e > 90-90
| IR0 O 2IF-68 —
[ WD 2Feo © oo
[ S O 100-90
| 43 @ o) ZIF-71 © 100-100
| «® @ © zFs0
| — 4w B 0O D zIF-93
| el b  zIF9

o - . 72IF97

| Sl Sy R A ORI e
12 14 16 18 20 22 24 26 28 30 32

-Isosteric Heat of adsorption (kJ/mol)
Figure 2. Comparison between the experimental and simulated isosteric heats of
adsorption of methane. The different percentages of the original UFF 7 ¢ and o
Lennard Jones parameters are indicated. Orange bars are a guide for the eye.
Ezxperimental data are shown as cyan squares: ZIF-8 (obtained in this work); ZIF-

69 (reference 11).



typically between +0.3 ¢ and +1.7 €.
We studied Zn charges of values +0.7 e
, +1.0 e, and +1.3 e, so that all the
charges of the atoms belonging to the
imidazolates were scaled to obtain total
imidazolate charges of -0.35 e, -0.5 €,
and -0.65 e. An example of the charges
obtained for  four  representative
imidazolate linkers is shown in Table 1.
The numbering employed to assign the
charges is shown in Figure 1. Although
the values reported in Table 1 add up
to -1 e, employing the mentioned
charges of -0.35 e, -0.5 e, and -0.65 e
can be easily achieved by multiplying
each atomic charge by the corres-
ponding factor (0.35, 0.5, and 0.65 when
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+1.0 e, and +1.3 e respectively).

The adsorption of CH,;, a non-polar
molecule, was used to optimize the
interatomic potential parameters,
without the need to include framework
charges. Figure 2 shows that the
predicted values of isosteric heat of
adsorption for methane agree with the
experiments when the UFF potential
parameters are reduced in the order of
10 % (see Appendix 3).

UFF were obtained by
minimizing the differences between the
experimental and predicted geometries
(bond distances and angles) of a large
set of molecules. Although UFF has

parameters

the values for Zn are set to +0.7 ¢, been very successful in describing
D
. DB
ZIF-7
B g=1.3
O g=1.0
B g=07
¢ D
 d e oo ZIF-93
- 3 - B ZIF-96
P
R SO ZIF-97
10 15 20 25 30 35 40 45

-Isosteric Heat of adsorption (kJ/mol)
Figure 3. Comparison between the experimental and simulated isosteric heats of
adsorption of carbon dioxide. The simulations employed the newly developed set of
charges and scaled UFF 7 parameters. The key is the same as in Figure 2. Figures
with green, orange, and red backgrounds correspond to calculations employing Zn
charges of 0.7 e, 1.0 e, and 1.8 e respectively. Experimental data are shown as
cyan bars: ZIF-7 (this work), ZIF-8 (this work), ZIF-69 (reference ).
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several systems and processes, it is not
always the case that the results
obtained with it will be in agreement
with the experiment.’%> The same
deficiency applies to any other general
force field. For example, UFF is known
to predict systematically higher values
of adsorption® in ZIFs than DREIDING
and none of them is expected to provide
the correct results for every system.

Adsorption of methane is mainly
controlled by van der Waals interact-
tions, since the molecule neither posse-
sses a dipole nor a quadrupole moment.
In order to assess the influence of the
point charges, the adsorption of CO.
was studied. Figure 3 shows that the
predicted values of isosteric heat of
adsorption are close to the experimental
ones.

Although the isosteric heats of adsorp-
tion vary with the scaling applied to the
original UFF parameters, we obtain
good agreement between predicted and
experimental results when the
parameters are scaled down by less than
10 %, which is smaller than the circa

30% needed in previous studies.?%%:64

It has to be stressed that isosteric heats
of adsorption at low coverage are not
easy to calculate experimentally from
equilibrium adsorption data, especially
with heterogeneous
adsorption sites, as is the case for ZIFs.

on samples

This might often result in deviations
from computed values at low coverage,
as it has been frequently reported in the
literature%.

Employing the new set of charges we
adsorption
isotherms of every ZIF composed of Zn

can now calculate the

and any combination of the imidazolate
linkers for which we have obtained their
charges (presented in the Appendix 3).
For instance, the adsorption isotherms
of CO, at 298 K in three of the most
studied ZIFs, namely ZIF-8, ZIF-T1,
and ZIF-69 are shown in Figure 4.

18

2F-71 298K oxp. o®
ZF8 27Kexp. 7 i
1.6 1 2IF 69 298K oxp. < ‘&
100-1000.7 @ &
1009010 ¥ v
1009010 @ & :
$ W
&
12
e . v
3 o
g e 4 Y
5 &
Sos o ¥
2 P v
-] o
< 5
06 & 7 0. °
o3 y (€]
& = (6}
*
o & S °
v 3 2
02t ® Y

w0 20 40 60 80 100 120

Pressure (kPa)

Figure 4. Comparison between the
experimental (solid) and simulated
(open symbols) adsorption isotherms of
CO, in several ZIFs. Simulations were
performed using the mnewly developed
set of charges and scaled UFF7 para-
meters. Experimental data for ZIF-69
and ZIF-71 are taken from references
4 and ! respectively, while data for
ZIF-8 are obtained in this work.

Using the
combination with conveniently scaled
UFF parameters, we are now able to
obtain an excellent agreement with the
experimental isotherms, with a level of
accuracy similar to that obtained when
more sophisticated and time consuming
methods are employed to obtain the sets

new set of charges in

of charges and force field para-
meters. 2415 Ag to the prediction of

gas separation properties, we found that



there is a qualitative agreement between
the adsorption selectivities computed
with these charges and those obtained

experimentally. For instance, the
experimental!  values of CO,/CHy,,
CO,/N,,  and CO,/O, adsorption

selectivities at 298 K in ZIF-69 are 5.1,
19.9, and 18.1 respectively, while the
values predicted by our calculations are
3.4, 13.1 and 11.1. It is worth noting
that this qualitative agreement is found
with simulations that only take a few
minutes to be completed, highlighting
the great potential to screen a large
number of materials with little
computational cost.

Conclusions

We provide new sets of charges that can
be applied to model any ZIF composed
of Zn and any of the 20 imidazolate
linkers studied. Employing these charges
and scaled UFF force field parameters
we can successfully predict the isosteric
heats of adsorption and the adsorption
isotherms of CH,; and CO, in ZIF-7,
ZIF-8, and ZIF-69. These charges will
be very wvaluable to predict the
adsorption and separation properties of
ZIFs, since they will allow the study of
several systems without needing to
perform complex and time consuming,
ab initio-based, calculations of atomic
charges.
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We report a molecular simulation study for Cu-BTC metal organic
frameworks as carbon dioxide-methane separation devices. For this
study we have computed adsorption and diffusion of methane and
carbon dioxide in the structure, both as pure components and
mixtures over the full range of bulk gas compositions. From the single
component isotherms, mixture adsorption is predicted using the ideal
adsorbed solution theory. These predictions are in very good
agreement with our computed mixture isotherms and with previous
reported data. Adsorption and diffusion selectivities and preferential
sitings are also discussed with the aim to provide new molecular level
information for all studied systems.

Juan José Gutiérrez-Sevillano, Alejandro Caro-Pérez, David
Dubbeldam, and Soffa Calero

Performance of Cu-BTC Metal Organic
Frameworks for Carbon Dioxide-Methane

Introduction

The separation of carbon dioxide from
mixtures containing methane is an
important process from a scientific and
industrial point of view. It is for this
reason that a broad range of
technologies and materials are being
explored and developed on a daily basis.
However, the commercialization of novel
technologies and materials still faces
important challenges, not only on the
part that involves the technological and
processes aspects, but also on the
separation capabilities of the materials.
This is one of the reasons why the
search of adsorbents with tailored
structures and tunable surface

properties remains an imperative target.

Separations

Metal organic frameworks (MOFs)
constitute an important group of porous
crystalline adsorbents with tailorable
cavities and surface areas'. They are

molecule-based, hybrid
built from metal-organic
points and bridging ligands®. Up to
date, there are thousands of MOFs
catalogued in the Cambridge
Crystallographic Data Center” but only
a small percentage of them are porous
and stable upon solvent removal.

nanoporous,
materials

The adsorption of mixtures is probably
one of the most interesting potential
applications of MOFs in industry.
However, only a few MOFs have been
assessed for their adsorptive separation
performance, experimental
adsorption of mixtures is difficult and
expensive®™’. Among them, Cu-BTC is

since
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probably one of the most promising
materials to be applied in technological
applications''*, Cu-BTC, also known as
HKUST-1, is composed of benzene-
1,3,5-tricarboxylate ~ (BTC)
coordinating copper ions, forming large
cavities and small octahedral cages that
are accessible to small molecules
through small windows!”. The large and
small cages are about 9 and 5 A in
respectively and the

ligands

diameter,

triangular window that connects the
two types of cages is about 3.5 A in
diameter. The isocontour picture of the
energy landscape of Cu-BTC is shown
in Figure 1.

Figure 1. Isocontour picture of energy
landscape of Cu-BTC showing the big
central cages (about 9 A diameter) and
the small octahedral cages (about 5 A
diameter) that are connected by
windows of ~ 3.5 A in diameter. The
atomic structure is superimposed.

When experimental data are unavailable

molecular  simulation  becomes an
indispensable tool to predict adsorption
and shed light on the separation

mechanisms that take place inside the
pores'®®2 The main advantages of
using computational approaches are
that  simulations  provide  unique
microscopic insight and perfect control
addition,
simulations are cheap, allow the study
of hypothetical structures, can be used
as a prediction tool, and are an
excellent
experimental work. One of the first
computational studies of carbon dioxide
in Cu-BTC

23-25

on the conditions. In

complement to the

and methane separation
were performed by Yang and Zhong
Their simulations were carried out for
an equimolar mixture, showing that the
strength of electrostatic interactions
between the open metal sites and the
carbon dioxide as well as the geometry
and pore size of the structure were
responsible for the separation
performance. In 2010 Jiang et al
showed by molecular simulations that
small quantities of water in the
structure (0.1% of water in the mixture)
effect on the
carbon

have a negligible
separation of
methane in Cu-BTC?. Interestingly, in
an experimental and simulation study
the addition of water in Cu-BTC does
large effect pure

component CO, isotherms

dioxide and

on the
27

have a

In 2009 Keskin et al. used atomistic
simulations and continuum modeling to
compare the adsorption and diffusion
selectivity of CO,/methane. Based on
these comparisons they proved that the
overall performance of Cu-BTC for this
mixture dominated by the
selectivity of adsorption®.
publication we provided molecular
simulation isotherms for a 10:90 mixture
of carbon dioxide and methane', and to

was
In a recent



the best of our knowledge these are to
date, the only reported adsorption
isotherms of non-equimolar mixtures of
carbon dioxide-methane in Cu-BTC.
The aim of this work is to cover the gap
with a detailed simulation study which
provides (1) full loading range
adsorption and diffusion of methane and
carbon dioxide Cu-BTC, both as pure
components
prediction of mixture adsorption from
the pure component isotherms using the
ideal adsorbed solution theory, (3)
comparison of our results with previous
reported data, (4) adsorption and
diffusion selectivities for the studied
systems,
level information for all the systems
obtained from the preferential siting of
the molecules.

and  mixtures, (2)

and (5) providing molecular

Methods and models

We use Monte Carlo (MC) and
Molecular Dynamics (MD) simulations
to study adsorption and diffusion of
carbon dioxide and methane molecules
as pure components and mixtures in
Cu-BTC. The adsorption and diffusion
selectivity values, and the mixture

selectivity for carbon dioxide are
analyzed. The bulk partial pressure
ratios of CO, : CH; were (1 - 0.1 n) :
(0.1 n), where n spans from 0, to 10.
Simulations were performed at room
temperature using a single unit cell (a =
b= c=26.343 A, a=p=y=90°) of Cu-
BTC. The unit cell contains 624 atoms
of which 48 are copper, 192 oxygen, 96
hydrogen and 288 carbon. The carbon
atoms are classified in three groups
depending on the neighbouring atoms,

Ca: next to two atoms of oxygen, Cb:
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between three atoms of carbon, and Cec:
linked to one atom of hydrogen. The
different environment of the
neighbouring atoms lead to different
charges for each carbon atom and are
listed in Table 1. Detailed information
about the crystallographically different
atoms used in this work can be found
elsewhere!*10:19,

Table 1. Lennard-Jones parameters
and point charges used for Cu-BTC

framework and adsobed molecules!®#55
39-40

Atom &/ks o (A)  Charge
types (K) ()
Cu-BTC
MOF-Cu 2.518 3.114 1.248
MOF-Ob 48.19 3.03 -0.624
MOF-Ca 47.86 3,47 0.494
MOF-Cb 47.86 3.47 0.13
MOF-Cc 47.86 3.47 -0.156
MOF-H 7.65 2.85 0.156
Adsorbates
C_CO2 29.933 2.745 0.651
O_CO» 85.671 3.017 -0.326
CH4 158.5 3.72 -

The model that we wuse for carbon

dioxide consists of three Lennard-Jones
sites with charges centered at each
atom. The carbon-oxygen bonds are
rigid and the Lennard-Jones parameters
have been fitted by Harris and Yung
using Gibbs ensemble Monte Carlo
simulations to reproduce the vapor-
liquid 2829, For
methane we use a united atom model®

coexistence curve
that considers the CH, group as single
with  their
effective potentials. Details about the
use of this type of models in MOFs and

interaction centers own
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porous can be
31-34

extensively found in literature’

related materials

The Cu-BTC framework is considered
rigid. The use of rigid frameworks has
been proven to be accurate enough
when studying the adsorption of small
molecules in this structure at room
temperature!*16192035  Note that the
development of reliable flexible models
for MOFs is still extremely complex and
that diffusion results when flexibility is
included tend to depend on the used
Moreover, in general, the
flexibility is usually effectively included

model.

in the parametrization of rigid models.
Therefore, if there are no large
structural changes of the framework it is
often desirable to use a rigid framework
instead of a flexible model5-33.

To model the interactions between the
adsorbates and the framework we use
van der Waals interactions. For carbon
dioxide Coulombic interactions are also
taken into account. The Lennard-Jones
parameters are taken from the
DREIDING?® force field except those for
Cu, that were taken from the UFF%
force field. Lorentz-Berthelot mixing
rules were used to calculate mixed
parameters and the
atomic charges for the MOF were taken
from Castillo et al'®. The Lennard-
Jones potential is truncated and shifted
to zero at 12 A. We obtained a helium
void fraction of 0.76 for Cu-BTC. The
crystal structure of Chui et al. includes
axial oxygen atoms weakly bonded to
the Cu atoms that correspond to water
ligands. Our simulations have been
performed on the dry Cu-BTC with
these removed. The

Lennard-Jones

oxygen atoms

complete set of parameters and charges
used in this work for adsorbates and
adsorbents is listed in (Table 1).

Monte Carlo and molecular dynamics
calculations were performed using the
RASPA  code developed by D.
Dubbeldam, S. Calero, D. E. Ellis, and
R.Q. Snurr as basis. This code has been
extensively tested and validated with a

large number of experimental and
Silnulation data14715‘19‘21)‘35‘3&41744
The self-diffusion coefficients were

obtained by calculating the slope of the
mean-squared displacement at long
these
velocity-Verlet algorithm was used to
integrate Newton’s Law of motion. We
performed MD simulations of 107 cycles
in the NVT ensemble (Nose-Hoover
chain thermostat) at 298K using a time
step of 0.5 fs and keeping the atoms of
the framework fixed. We wused 10
equilibration cycles and we took the
initial positions of the molecules from
previous MC simulations.

times®. In simulations the

The
computed using Grand Canonical Monte
Carlo (GCMC) simulations at 298 K.
Pressure was converted into fugacity
using the Peng-Robinson equation of
state. The MC moves were performed in
cycles and in each cycle one of the
following trial moves was selected at

adsorption isotherms  were

random for a given molecule:
translation, rotation, reinsertion at a
random position, insertion, deletion, and
identity change. We used at least 10°
Monte  Carlo Coulombic

interactions were computed using the

moves.



Ewald
precision of 10°°.

summation with a relative

The Ideal Adsorbed Solution Theory
(IAST) of Myers and Prausnitz’ was
developed to predict the properties of
adsorbed using  single
component isotherms as input. The
main advantage of this model is that it
does not require any mixture data and
it is independent of the actual model of
physical adsorption. TAST calculations
are accurate enough for mixtures of
light gases in MOFs*4™° but they fail
differs

strongly in chemical characteristics™.

mixtures

when the studied mixture

In this work we applied the isotherm
equation proposed by
Seaton for type I adsorptions’:

Jensen and

. -1/¢

n(P) = KP| 1+ (—KP J
a(l + xP)

where we first fitted the four parameters
of the equation (K, ¢, a, and «) to the
pure
isotherms and then we applied IAST to
obtain the adsorption
isotherms.

components excess adsorption

mixture

Results and discussion

Figure 2 shows the agreement between

the  computed and  experimental
adsorption isotherms for carbon dioxide
and methane in Cu-BTC at 298 K!6:2352
61, The adsorption isotherms are
obtained as a function of the pressure
and they are given in mol of adsorbed

molecule per gram of structure and also
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in molecules adsorbed in a given unit
cell. Our simulations provide absolute
adsorption, which can be compared with
experimental isotherms if it is corrected
for excess The
adsorption is the average number of
molecules in the pores minus  the
number of molecules that would occupy
the free pore volume at bulk-gas
conditions®™%. The excess (ne) and the
absolute adsorption (n..) are related by
the expression (Ne= Naps-VEPE), where VE

adsorption. excess

is the pore volume and p* is the gas-
phase density. The pore volume was
Monte Carlo
The obtained value is

computed from
simulations®.
0.848 cm?/g, in very good agreement
with the experimental value of 0.828

cm?/g reported by Liu et al%

Figure 2 shows some discrepancies on
adsorption between different groups.
These discrepancies have been
attributed to the differences between
simulation and experimental surface
areas and pore volumes and therefore
implicitly to the quality of the MOF
samples. The adsorption isotherms
obtained using tend to
overpredict the experimental amount
adsorbed. This is expected
simulations use  perfect,

structures,

simulations

since
infinite
whereas  the
quality of the experimental sample
depends on the synthesis and the
activation processes that can result in
partial collapse,

mination with catenations, or
blockage by
molecules.

crystalline

conta-
pore
solvent and unreacted

framework
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Figure 2. Ezcess adsorption isotherms
of (top) carbon diozide and (bottom)
methane in Cu-BTC at 298 K. The
values obtained in this work are
compared with previous experimental
and simulation data!®#%5%-60.70,

Previous works reported that the
adsorption of polar molecules such as
water is very sensitive to the set of
charges used for the structure®%7. In
this work methane has been modeled as
a non-charged molecule, and therefore
its adsorption is not affected by the set
of point charges used for Cu-BTC.
the adsorption of carbon
dioxide can be affected by the selection
of the point charges, since this molecule
is modeled with point charges to
reproduce its quadrupole moment. To
analyze the sensitivity of the adsorption
of carbon dioxide to the set of charges

However,

the
compare

selected  for structure
additionally our computed
values —obtained with the set of charges
reported in reference 15— with previous

simulation data obtained with different
16,21,23,52-

we

%, The comparison
shows that the adsorption is not very
sensitive to the set of charges used for
the structure at this temperature. This

sets of charges

was observed for the adsorption
isotherms of carbon dioxide obtained in
both, pure component simulations

(Figure 2 top) and equimolar mixtures
(Figure 3).
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Figure 3. Excess adsorption isotherms
for the equimolar mixture obtained
from GCMC (symbols) and from IAST
(curves) at 298 K in Cu-BTC. The
values work are
compared with previous experimental

and simulation data®7%%

obtained in this

Figure 3 shows the computed adsorption
isotherms for an equimolar mixture of
carbon dioxide and methane in Cu-BTC
at 298 K. The agreement between the
IAST and the
isotherms was found to be good for the
equimolar mixture in Cu-BTC*. We
have performed TAST calculations not
only to check the agreement with our
computed equimolar mixture (Figure 3),

calculated mixture
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Figure 4. Absolute adsorption isotherms obtained from GCMC (symbols) and from
IAST (curves) for the miztures with bulk partial pressure ratios of CO,:CH, were
(1-0.1n):(0.1n), where n spans from 9, to 6 (from left to right and top to

bottom) in Cu-BTC at 298 K.

but also to verify that similar agreement
can be obtained for mixtures with other
bulk compositions (Figures 4 and 5).
The adsorption isotherms show the
expected trends, i.e. except for the
0.1:0.9 CO,:CH,; mixture, the adsorption
of carbon dioxide is always higher than
the adsorption of methane, and it
becomes larger as the carbon dioxide
the bulk
Detailed isotherms showing this trend
can be found in the Appendix 4
(Figures A4.1a and A4.1b).

composition in increases.

According to our simulation results for
all mixtures of methane and carbon
dioxide, the latter molecule
preferentially adsorbs in Cu-BTC. This

is due to the stronger interactions
between this molecule and the structure.
The adsorption sites of carbon dioxide
and methane in Cu-BTC obtained from
our simulations are in agreement with
those reported in the literature!®'62, At
low pressures these molecules are
preferentially adsorbed in the interior of
the octahedral cages and only a few
molecules adsorb in the neighbourhood
of the metal of the framework. The
octahedral cages are first saturated with
carbon dioxide molecules, followed by
adsorption around the exposed metal
sites and organic linkers. At the highest
pressures the large central cages become
filled with both types of molecules. The
siting of methane and carbon dioxide
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molecules during adsorption of the
equimolar mixture follows similar trend
that when they are computed as pure
component'®, The octahedral cages and
the region that separates these cages
from the large ones are the preferential
adsorption sites. At higher pressures
and once the octahedral cages are full,
the large central become
preferential adsorption site. Figure 6
depicts the average occupation profiles
obtained for the single components and
for the equimolar mixture at a total
pressure of 3000 kPa. Similar average
profiles were obtained for the mixtures
at bulk composition other than 50:50.
These profiles were obtained from the
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configurations) of the projections of the
centre of mass coordinates over the x-y
plane. Due to the symmetry of the
system, the profile over the x-y plane is
the the
projecting the coordinates over the x-z
or y-z planes.

same as profiles obtained

The adsorption selectivity for CO,
relative to CH, is defined as (xcoz/yco2)/
(xcm1/ycus), where Xco2 and xcus are the
molar fractions in the adsorbed phase
and yco: and ycus are the molar
fractions in the bulk phase. Selectivities
were computed for the 50:50 (Figure 7)
and for all CO,/CH, bulk compositions

considered in this work (Figure A4.2 in

the Appendix 4). In all cases the
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Figure 5. Absolute adsorption isotherms obtained from GCMC (symbols) and from
IAST (curves) for the miztures with bulk partial pressure ratios of CO,:CH, were
(1 -0.1n): (0.1 n), where n spans from 4, to 1 (from left to right and top to
bottom) in Cu-BTC at 298 K.
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Figure 6. Average occupation profiles
of carbon dioxide (top) and methane
(bottom) in Cu-BTC at 298 K and 10°
kPa. The profiles were obtained from

of pure
equimolar

the molecular simulations
components  (left) and
miztures  (right). The same color
gradation (from dark to light) is
employed in all figures, although the
total number of molecules present in
the wunit cell is different for each

calculation.

adsorption of carbon dioxide is higher
than the adsorption of methane due to
the stronger interactions between the
dioxide and the
adsorption surfaces. Previously reported
data?2352:53:55.68 —only available for
the 50:50
added for
reasonable agreement if we consider the
scattering in data reported by the
different groups. It is also important to
note that very small deviation in the

carbon molecules

equimolar mixture— were

comparison, showing a

number of adsorbed molecules may
result in a larger deviation in the
adsorption  selectivity. = The  high

selectivity in favor of carbon dioxide
increases with increasing pressure due to
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Figure 7. Adsorption selectivity for
the equimolar mixture of carbon
dioxide and methane obtained from
GCMC (asterisks) and from IAST
(curves). Awailable experimental and
simulation data are included for
co,rnparison21—24,52—53455‘

the combination of two effects: the
electrostatic between
carbon dioxide and the framework, and
the strong confinement effects in the
octahedral cages of Cu-BTC',

interactions

Figure 8 shows the adsorbed fractional
content of both, methane and carbon
dioxide, against the same fraction in the
external gas phase computed at room
conditions (298 K and 1 atmosphere of
pressure). The curves indicate that the
ratio carbon dioxide/methane in the
adsorbed phase is higher than in the gas
phase. At these conditions, an adsorbed
fractional content of 0.5 is reached for
mole fractions of methane and carbon
dioxide in the external gas of 0.816 and
0.184, respectively. The methane mole
fraction increases slightly with the
increase of pressure and it varies from
0.786 at 10* Pa to 0.9 at 10" Pa (Figure
9). These values were taken from the
adsorbed
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Figure 8. Adsorbed fractional content
of molecule plotted as a function of the
fraction in the external gas phase
computed at ambient conditions.

fractional content against the same
fraction in the external gas phase
computed for the whole range of

pressures, and the obtained figures are
collected in the Appendix 4 (Figures
A4.3-A4.5).

The computed self-diffusivities values
for the equimolar and non-equimolar
mixtures as a function of pressure are
shown in Figure 10 and Figure A4.6 of

the Appendix 4, respectively. Self
diffusivity values for
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Figure 9. Mole fractions of methane

and carbon dioxide in the external gas
corresponding to an adsorbed fractional
content of 0.5 at 298 K.
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Figure 10. Self diffusion coefficients
computed as a function of pressure at
298 K in Cu-BTC for the equimolar
mixture  of and
methane.

carbon  dioxide

methane-carbon dioxide mixtures with a
total loading of 60 and 110 molecules
per unit cell are also depicted in Figure
11. In all cases the diffusion coefficients
obtained for methane are higher than
those
However, in the systems with a fixed
of adsorbed molecules, the
diffusion of methane decreases when

obtained for carbon dioxide.

number

increases the methane mole fraction
while the diffusion of carbon dioxide
remains almost constant with loading.
To diffusion we
calculated diffusion selectivity as the
ratio of the diagonal Fickian diffusivities
computed by the SSK method®. The
diffusion selectivity is shown in Figure
11, where we have also added for
comparison the reported by
Keskin et al. at the same simulation

quantify  mixture

value

conditions?. As shown in the figure, the
diffusion selectivity values are almost
constant for the systems with 60
molecules (around 2.25), whereas for the
with they
decrease from 2 (for the system with 96

systems 110  molecules

molecules of methane and 14 molecules
of carbon dioxide) to 1.5 (for the system



with 14 molecules of methane and 96
molecules of carbon dioxide). Hence, at
high loadings, the molecules adsorbed in
the structure reduce the diffusivity of
the more mobile component in an
adsorbed Additional
comparison of our simulation data and
previous simulation results reported by
Keskin et al. for the situation where the
feed gas is an equimolar mixture is
included in the Appendix 4 (Figure
A4.7).

mixture.

Figure 12 indicates the contribution of
the adsorption and the diffusion of the
overall selectivity of the structure. The
mixture selectivities were obtained from
the product of the adsorption and the
diffusion selectivity for all feed gas
mixture compositions. According to our
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Figure 12. Mixture selectivity of
miztures containing carbon dioxide and

methane in Cu-BTC at 298 K

results, the mixture adsorption is always
in favor of carbon dioxide, though it
remains almost constant for a wide
pressure range. This is attributed to the
fact that adsorption selectivity favors
carbon dioxide over methane, whereas
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Figure 11. Diffusion coefficients (top) and diffusion coefficient selectivity (bottom)
as a function of the number of carbon dioxide and methane molecules adsorbed in
Cu-BTC for a total loading of (a) 60 molecules per unit cell and (b) 110 molecules

per unit cell.
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diffusion selectivity follows the opposite
trend. At the highest pressures, carbon
dioxide adsorbs strongly in the
structure, reducing the diffusion rate of
methane and leading to an increase of
the mixture selectivity in favor of the
less mobile specie.

Conclusions

We have used molecular simulations
and Ideal Adsorbed Solution Theory to
study the separation behavior of carbon
dioxide and methane mixtures in Cu-
BTC. This behavior is directly related
to the differences in polarizability of
each molecule. The diffusion selectivity
while the
favors

is in favor of methane,
strongly
dioxide over methane. The comparison
of the and  adsorption
selectivities indicates that the overall
performance of this MOF for separation
of carbon dioxide from the carbon
dioxide/methane mixtures is dominated

by the adsorption.

adsorption carbon

diffusion
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We use molecular simulations to analyze the preferential adsorption
sites of molecules that differ in size, shape, and polarity in Cu-BTC
Metal Organic Framework. The cage system of the framework can be
exploited to enhance adsorption of small gases. We find that non polar
molecules adsorb preferentially in the small tetrahedral cages while
alcohols and water molecules adsorb close to the copper atoms in one
of the big cages. Blocking potentially enhances selective adsorption
and separation and we therefore investigate how to block these cages
in a practical manner. We propose to use ionic liquids for it and we
find that the addition of these components reduces the adsorption of
polar molecules near the open metal centers. For this reason the
presence of ionic liquids reduces the attack of the molecules of water
to the metallic centers improving the framework stability.

Juan José Gutiérrez-Sevillano, José Manuel Vicent-Luna, David
Dubbeldam, and Sofia Calero

On the Molecular Mechanisms for
Adsorption in Cu-BTC Metal Organic
Framework

Introduction and thus tailor the affinity towards
reactants and host molecules.

Metal organic frameworks (MOFs) are

hybrid materials where atoms or small
clusters of metal sites are linked by
multi-functional organic linkers forming
one-, three-dimensional

structures.

two-, or
The
inorganic metals and organic synthetic
linkers results in a large diversity of
MOFs. In many cases it is possible to
remove solvent molecules from internal

combination of

voids, leaving open microstructures with
high porosities and surface areas. Such
porous materials have large potential as
new adsorbents and catalysts, since -in
principle- it should be possible to use
conventional

organic procedures to

introduce a variety of functional groups,

Among MOFs, Cu-BTC is a reference
material widely studied both
experimentally'™ and theoretically™?.
This structure, also known as HKUST-
1, was firstly synthesized by Chui et
al’® It has paddle-wheel type metal
corners connected by benzene-1,3,5-
(BTC) linkers. FEach
metal corner contains two copper atoms
that are bonded to the oxygen atoms of
four BTC linkers forming

connected square-planar vertexes. The

tricarboxylate

four-

advantage of this system is that it can
The
sites,
usually referred to as open metal sites'®

be synthesized quite easily.

remaining axial  coordination
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% are stable after exposure to liquid

water™ and can be particularly
suitable for the adsorption and
separation of gasses®™® and for
catalysis®. In addition, the partial

positive charges on the copper metal
sites in Cu-BTC have the potential to
enhance adsorption properties, offering
extra binding sites to the guest gas
This is
important for the adsorption of small
molecules such as hydrogen!®*** and to
selectivities  for
separating mixtures with molecules of
different polarities, especially at low
pressures® 343,

molecules. particularly

improve adsorption

A schematic representation of Cu-BTC
is shown in Figure 1. This structure is
formed by two types of large central
cavities of 9 A in diameter (L, and Lj)
surrounded by small cavities (T,) of 5 A
in diameter. In addition we define two

more sites that correspond to the
triangular ~ shaped  apertures  that
connect T; and L; (Ty) and the

windows connecting the large cavities L
and Ls (Ly)*. The accessibility of these
sites has been proven both
experimentally*®* and with molecular
simulations®.

The cavities L, and Ly are similar in size
and shape but only Lj; has open copper
sites pointing into the pore. This
implies that the
adsorption properties of Cu-BTC could

characteristic

be given by both, unspecific van der
Waals interactions that play a relevant
role at high coverage, and specific
interactions due to the copper atoms
that might offer extra binding sites to
the  adsorbed

35-36,41

molecules at low

coverages

J
v

®e5)

o
&

P

g‘

6o

landscape and
showing the
preferential adsorption sites of Cu-

BTC.

Figure 1. Energy
atomic structure

The combined presence of sites
overlooking the cages and a framework
topology characterized by cages of
different sizes seems to be the key point
to show very promising adsorption
properties on a large
adsorbates. The interest in this area is
broad, ranging from industrial
applications on gas separation to
environmental applications on gas
capture®?. For this reason great efforts
are being made to improve the synthesis
and activation of Cu-BTC

experimentally**** and from molecular

variety of

simulations®%, In spite of these efforts,
the role played by the open metal sites
during  adsorption is  not  fully
understood and more research is needed
to address details of the adsorbate-
adsorbent low,
medium and high coverage regime. In
this regard we report a theoretical
analysis of the preferential adsorption
sites of Cu-BTC for

interactions at the

molecules that



differ in size, shape, and polarity. Our
theoretical approach elucidates the
adsorption mechanisms that take place
in this particular MOF for a wide
variety of gases and leads to practical
strategies for control of pore, windows
sizes, and structural tuning.

Methods and Models

We used Monte Carlo (MC) simulations
in the NVT ensemble and in the Grand
Canonical (GC) Ensemble. Simulations
were performed at 295 K. The volume
of the structure is 18280.2 A3 that
corresponds to a simulation cell of a = b
= ¢ = 26.343 A, with computed helium
void fraction 0.76. The pore volume and
the surface area obtained for this system
are 0.8482 cm?/g and 23444 m?/g
respectively, in good agreement with
experimental values given by Liu et

al.47. Simulations were carried out for
methane, ethane, propane, butane,
propene, argon, nitrogen, oxygen,
carbon dioxide, methanol, ethanol,

propanol, and water. For each type of
molecules we performed 29 NVT MC
simulations by fixing the number of
molecules with values that span from 4
to 192 molecules per unit cell. Monte
Carlo simulations consists on at least of
2-10° equilibration cycles and 2 -10°
production cycles. In each cycle one of
the following trial moves is randomly
selected: regrow, rotation, and trans-
lation. Additionally, in the Grand Cano-
nical ensemble moves of insertion and
We
Lennard-Jones and electrostatic cutoffs
of 12.0 A. Coulombic interactions were
computed using the Ewald summation

deletion are performed. used
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technique with a relative precision
of 10°.

Additional MC simulations in the
Grand  Canonical ensemble  were
performed to obtain the saturation
value for all the systems. MC
simulations with ionic liquids were

performed in the NVT keeping ionic
liquids confined in L; cages.

The framework was modeled based on
the crystal structure of Chui et al's.
Cu-BTC shows five preferential sites of
adsorption (Figure 1): small tetrahedral
cages that we define as spheres with 9.5
A in diameter (T,); large cages defined
as spheres of 12 A in diameter centered
at the pore with
conformed by the benzene rings (L), or
located at the pores with the copper
atoms of BTC pointing into the center
of the pore (Lj); that
communicate cages T; and L3, as a
crown surrounding sites T; with radius
of 1.8 A larger than T, (Ty). The rest of
molecules would be considered as
located  at  the that
commuunicate the big cages (Ly).

inner surface

windows

windows

For methane, ethane, propane, butane,
methanol, ethanol, and
propanol we used united atom models
that consider the CH,, CHj;, CH,(sp®),
CH,(sp?), and CH(sp?) as single
interaction centers with their own
effective potentials?®**’. To reproduce the
dipole moment of propene we use a

propene,

point charge model with two positive
charges located in the CHy(sp?) and
CH(sp?) and a third negative charge
located in a dummy atom. Following
the work of Chen et al.’’ for methanol,
ethanol, and

considered  the

propanol  we also

oxygen atom  as
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additional single interaction center and
we placed point charges on the atoms of
oxygen and hydrogen of the OH groups.

For carbon dioxide, oxygen, nitrogen,
and argon we use full atom models. To
reproduce the quadrupole
moment of carbon dioxide we placed
charges centered at each atom?®%. The
quadrupole moments of nitrogen and
oxygen were reproduced by placing
negative point charges in the atoms,
and a positive point charge in the center
of mass of the molecules™ . For water
we used the Tip5pEw model that was
parameterized for use with the Ewald
summation method®?, Details about
in the

molecular

these models can be found
Appendix 5 (Table A5.1).

We have used full atom models for the
ionic liquids (Figure 2). The cation is
composed by a rigid ring attached to
flexible ethyl and methyl groups. In the
imidazole ring the atomic positions are
fixed and the intramolecular
interactions in the ethyl and methyl
groups are given by harmonic potential
for bonds and bends. We used dihedral
potentials for torsions. The anion of the
ionic liquid is fully flexible, and the
interactions were defined with the same
potential for bond, bend, and torsions
that the cation:

defined with

F2 ‘j / &E
s2 -
o3 ﬁ)

Waals

van der and

(51

O
Figure 2. Schematic representation of
[TFHN] bis[(trifluoromethyl)sulfonyljimi-
de anion (left) and [EMIM?*] 1-ethyl-3-
methylimidazolium cation (right).

The Cu-BTC
framework is considered rigid with
Lennard-Jones parameters taken from
the DREIDING? force field
those for Cu, that were taken from the
UFF% field. Lorentz-Berthelot
mixing rules were used to calculate
mixed Lennard-Jones parameters and
the atomic charges for the MOF were
from Castillo et al%. The
Lennard-Jones potential is truncated
and shifted to zero at 12 A. Simulations
were carried out for dry Cu-BTC. We
used the crystallographic
reported by Chui et al.”’ removing the
axial oxygen atoms weakly bonded to
the Cu atoms that correspond to water
ligands. The complete set of Lennard-
Jones parameters and charges used in
this work for adsorbates, ionic liquids,

Coulombic interactions.

except

force

taken

structure

dint = Z:k:b(r—ro)2 + Zke(H—HO)Q + Zkl[1+cos(n;(—5)]

bonds angles
The forcefield parameters for the ionic
liquid were adopted from Kelkar and
Maggin®”.

The

ionic

interactions between adsorbates,
liquids, and framework were

dihedrals

and adsorbents can be found in Table
A5.1 of the Appendix 5.

Simulations were performed using the
RASPA code developed by D.
Dubbeldam, S. Calero, D. E. Ellis, and



R.Q. Snurr. The code and most of the
forcefields and models used in this work

have been extensively tested and
validated with a large number of
experimental and simulation

data34‘3”‘4("‘("”'63

Results and discussion

We analyze the preferential adsorption
sites of the Cu-BTC metal organic
framework for molecules that differ in

size, shape, and polarity. Our
simulations identify T, as preferential
adsorption site for argon, carbon

dioxide, nitrogen, and oxygen. For all
loadings studied the percentage of site
filled by these four non-polar molecules
is higher for T, than for the other four
preferential Besides, the
percentage of molecules adsorbed in this

sites.

site increases for the lowest values of
molecular loading. Considering that site
T, is located at the smallest cages and
that argon, carbon dioxide, nitrogen,
and oxygen lack of dipole moment, it is
the combination of both, quadrupole
moment and molecular size that induces
these molecules to adsorb in the small
tetrahedral cages. Altogether, carbon
dioxide shows the higher percentages of
site T, occupation, followed by nitrogen
and finally by argon and oxygen. This

trend can be explained from the
quadrupole  moments and Kkinetic
diameters. The quadrupole moment
hierarchy for these gases is

CO;3 > Ny > O, with values of -4.3- 10
-0.4 - 102

% -1.4-10%, and esu,
respectively™”. The kinetic diameters
follow the trend CO,; < O,

< Ny, < Ar with values of 3.30, 3.46,
3.64, and 3.70 A, respectively®™?’. As
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Figure 3. Adsorption of argon (squa-
res), carbon dioxide (circles), nitrogen
(triangles), and oxygen (down trian-
gles). Top: number of molecules adsor-
bed as a function of loading on sites T,
(full symbols) and T, (empty symbols).
Center: ratio of occupation for each
site. Bottom: fraction of the total adsor-
bed molecules in the structure.

shown in Figure 3, the larger the
quadrupole moment the higher is the
adsorption in site T, except for oxygen
and argon, where the effect on the
adsorption due to the small quadrupole
seems to be

lager

moment  of
compensated by
diameter of argon.

oxygen

the kinetic

In all sites but T,, the adsorption of
argon and oxygen exhibits linear trend
when increasing the total number of
adsorbed molecules in the structure. We
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use the slope of the adsorbate
percentage occupation data curve to
deduce the preferential adsorption sites
of a given molecule at different loadings.
Based on this slope, carbon dioxide
adsorbs preferentially on the T, sites up
to ~ 40 molecules per unit cell. The fact
that at higher loadings the percentage
occupation on T, increases on par with
other sites implies that the molecules
adsorb indistinctly on the big cages and
on the remaining free space of the
tetrahedral cages. It is interesting to
observe that the maximum occupation
percentage for T, is ~ 25% for carbon
dioxide and ~ 30% for nitrogen (Figure
3). This is about 10-12 molecules of
nitrogen and 8-10 molecules of carbon
dioxide adsorbed in the windows. The
maximum amount of molecules that can
be adsorbed in the tetrahedral cages
(T,) and their windows (Ty) is ~ 32-40,
i.e. ~4-5 molecules per tetrahedral.

At high values of total loading we
observe that the number of molecules of
argon, nitrogen, and oxygen adsorbed in
the cage L, is equal. For
example, independently of the type of
gas, when the simulations
performed at a total loading of 192
molecules per unit cell we found that
the 33% was adsorbed on L, sites
(Figure 4). This corresponds to 16
molecules adsorbed in each cage L,. The

almost

were

percentage of occupation of the site
varies with the type of gas as the
molecules  with quadrupole
moment pack more efficiently in the

lower

cavity. Since the interaction of non-
polar molecules with the open metal
centers is weak®™, the adsorption of
carbon dioxide, nitrogen, oxygen, and
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Figure 4. Adsorption of argon
(squares), carbon dioxzide (circles),
nitrogen (triangles), and oxygen (down
triangles). Top: number of molecules
adsorbed as a function of loading on
sites L, (full symbols) and L, (empty
symbols). Center: ratio of occupation
for each site. Bottom: fraction of the
total adsorbed molecules in  the
structure.

0

argon is similar in L, and L; cages
(Figure A5.1).

Simulations performed for lower total
loading (up to 80 molecules per unit
cell) show similar variations on the
percentage of occupation of site L, but
differences in the preference of the non-
polar gases for this site. Figure 4
shows, for example, that for a total
loading of 24 molecules per unit cell
sites L, are occupied by 5% that



corresponds  to around 30%  the
molecules of oxygen, nitrogen or argon,
but less than 15% of the molecules of
carbon dioxide. = The percentage of
occupation for site L3 at low loadings is
than for L,, although the
number of molecules of oxygen,
nitrogen, and argon adsorbed in the
former are slightly lower than in the
latter. This, and the fact that carbon
dioxide - the molecule with the smallest

similar

kinetic diameter- adsorbs better in the
Ly windows point to subtle size entropy
effects.

Size entropy effects play a more
important role in the adsorption of
larger non-polar molecules, such as

methane, ethane, propane, and butane.
Methane, with kinetic diameter of 3.8
A, adsorbs
nitrogen. However, the larger alkanes
exhibit different behavior. Up to 24
molecules per cell T; is the
preferential adsorption site for ethane,
propane, and butane. This corresponds
to one molecule per tetrahedral cage. At
higher  loadings, the  occupation
percentage of T, remains constant, but
the number of molecules adsorbed in the

in a similar way than

unit

T, windows increases up to four
molecules per tetrahedron (one molecule
in Ty and three molecules in Ty,). Hence,
in the simulations performed with eight
molecules per unit cell for the larger
alkanes we find one molecule on each
one of the eight sites T; of the unit cell
(Figure 5). Once the sites T, are full
the molecules populate the windows T\,
and the big cages L, and L3 as shown in
Figure 5 and Figures A5.2-A5.4 in the
Appendix 5. It is interesting to highlight
that the percentage in occupation of site

T, remains constant for propane and
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Figure 5. Adsorption of methane
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on the sites of Cu-BTC as a function o]
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T, (empty symbols); (b) sites L, (full
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butane up to the total loading of 100
molecules per unit cell. The molecule of
ethane is shorter and more linear than
the molecules of propane and butane.
These differences in shape and size lead
to the slight increase of molecules of
ethane. The preferential adsorption sites
for the hydrocarbons change from the
tetrahedral cages and windows to the
big cage L, for total loadings higher
than 32 molecules per unit cell (Figure
5). Simulations performed for more than
100 molecules per unit cell show a clear
decrease on the occupation of the T,
This is due to the rapid
increase on the number of molecules in

windows.

L3, exerting pressure over the molecules
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and L; (bottom empty symbols) as a
function of loading.

originally located at T, and displacing
these molecules to the tetrahedral cages.
The percentage of molecules entering Ly,
is low and quite similar for the four
alkanes (Figures A5.3 and A5.4).

percentage of
and

Figure 6 shows the
molecules of propane,
propanol adsorbed in sites T, L., and
L;. The adsorption trend observed for
propene is very similar to this observed
for propane, 1i.e., the preferential
adsorption is in T; and once the
tetrahedral cages are full the molecules
adsorb preferentially in L, and finally in
L;. This trend indicates that the

propene,

adsorption is mainly dominated by the
size and shape of these two molecules,
and that the effect of small dipole
moment of propane (0.366 D) on the

adsorption is only observed on the
slightly higher adsorption of this
molecule in L;. However, molecules

similar in shape and size but with a
higher dipole moment such as propanol
(1.68 D) are affected by the copper
paddle-wheel configuration in such a
way that the tetrahedral cages are no

longer  considered as  preferential
adsorption sites for them. The dipole
moment of propanol favors the

adsorption close to the copper atoms on
the biggest cages Lj inhibiting molecular
confinement in the tetrahedral cages. As
shown in Figure 6, only the 20% of the
adsorbed molecules can be found in the
tetrahedral cages independently of the
total loading. The percentage of
occupation in the Lz is around 35% for
total loadings lower than 60 molecules
and it is around 10% in L,. For higher
loadings the percentages of occupation
in L, increases and the one in Ls;
decreases. This percentage tends to
converge to 20% in T,. (Figures Ab5.5-
A5.7).

The analysis of the adsorption sites for
methanol, ethanol, and propanol in Cu-
BTC evidences competition between
entropic and dipole effects (Figure 7).
The size entropic effect that favors
adsorption in T; increases for the longer
molecules while the dipole effect that
favors adsorption in L3 decreases for
them. This competition also implies that
the big cage in which the copper atoms
are not accessible (L) remains empty at
low and medium loadings. The initial
attemps for filling this cage require mo-
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Figure 7. Adsorption of methanol (squares), ethanol (circles), propanol (triangles),
and water (down triangles) on sites Ty (top left), T, (top right), L, (bottom left),
and Lj (bottom right) as a function of loading.

re than 50 molecules of ethanol and
propanol, and more than 100 molecules
of methanol adsorbed per unit cell of
Cu-BTC. The effect that dipole moment
exerts on the adsorption near the copper
paddle-wheel
remarkable for water that combines low
molecular weights with large dipole
moments (Figure 7). Besides Lj, the
other preferred sites for the adsorption
of water are the that
communicate Ly and T; (Ty). This can
be attributed to the combination of an
adequate size of the windows (that
favors water confinement in them) and
the effect created by the presence of
other molecules of water near the
copper atoms in Ls. In contrast to the

unit is  particularly

windows

high adsorption of water in Ty, the

adsorption in  the that
communicate cages L, and Lj (site L)

windows

is negligible. Additional information on
the percentages of occupation can be
found in Figures A5.8-A5.10.

We carried out an additional study to
identify not only which cage a gas may
adsorb first but also the relative
strength of the
interactions. In particular, we performed
NVT Monte Carlo simulations at 295 K
to compute isosteric heats of
adsorption, Henry coefficients, Gibbs
and Helmholtz free energies, Internal
energies, and entropies of adsorption.
These values were computed for all the
adsorbates in Cu-BTC and in T, L., Ls,
and windows. All the values are listed in
Tables A5.2-A5.7 in the Appendix 5.
The computed Henry coefficients show
that the hierarchy of adsorption is
propanol >butane > propene > propane

adsorbate-adsorbent
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> ethanol > water > methanol >
ethane > carbon dioxide > methane >
oxygen > argon > nitrogen. As shown
in Figure A5.12, alcohols and water
compete Ls, the
competition of the rest of the adsorbates
is for site T;. On the other hand, the
isosteric heats of adsorption of the
studied alcohols and water in Cu-BTC
quite A5.13).
However, the similarity is broken when
we analyze these values for the different
sites. The heat of adsorption of water is
much higher in L; than in the other

for site whereas

are similar  (Figure

cages. Methanol also exhibits the
highest values for Ls but the difference
with the value obtained for T,

decreases. For the longer alcohols this
difference is almost negligible due to
steric effects. This is corroborated by
the high values of entropy obtained for

0

these molecules (as well as for the
hydrocarbons) in the tetrahedral cages
(Table A5.7).

recent works we have
theoretical methods
adsorption selectivity of a given mixture
by blocking the tetrahedral cages®® .
Based on this idea and with the aim to
analyze water distribution when the site
L; is partially blocked or shielded, we
have performed additional simulations
adding ionic liquids to the Cu-BTC
cages. Composites of ionic liquids
supported on IRMOF-1, with formula
Zn40(1,4,-benzenedicarboxylate)s, have
been recently reported by Jiang et al. as
a method to enhance carbon dioxide
capture this
framework®-™,

In reported

to enhance the

using metal-organic

The ionic liquids (ILs) considered in this
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Figure 8. Fraction of adsorbed molecules of water on sites T, (top left), L, (top
right), Ly (bottom left with full symbols), T, (bottom left with empty symbols), and L,
(bottom right) as a function of loading. Adsorption without ILs in Cu-BTC pores

(down triangles), with 8 (triangles) and 12 (diamonds) molecules of IL per unit cell

respectively.



work are formed by the cation 1-ethyl-3-
methylimidazolium, and by the anion
bis[(trifluoromethyl)sulfonyllimide. Due
to their high polarity L;is the preferred
site for these molecules. On the other
hand, the size and molecular weight of
the ionic liquids limit the number to
two or three per cage L, i.e. 8 and 12
ion pairs per unit cell of Cu-BTC. These
molecules partially block the L3 cages
while screening some of the copper
metal centers. The effect exerted by the
presence of ionic liquids on L3 is shown
in Figure 8. Though L; remains as
prefe-
rred site for

polar
reduces the adsorption of water on this

adsorption
presence of bulkier

water, the
molecules

site and forces the molecules of water to
move to the other two cages (sites T,
and L) and also to the windows that
communicate these cages with Ls. This
finding leads to explore

the potential
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to enhance the water
resistance of the Cu-BTC structure.
Previous works pointed out that water
molecules attack the copper atoms of
the framework collapsing the structure.
As the copper atoms are accessible only
from L3 cages the blockage of these
cages might improve the stability of the
MOF by preventing the
adsorption on these sites. The average
occupation profiles obtained for 100
molecules of water in the bare Cu-BTC
and adding 8 and 12 ILs per unit cell -
that corresponds to 2 and 3 ILs per L;
cages, respectively- are shown in Figure
9. The effect of the ILs in the structure

use of ILs

water

is twofold: the ILs (1) favor the
dispersion of the molecules of water in
L; and (2) reduce the number of

molecules of water adsorbed near the
metallic center from 4 molecules per
copper (bare structure) to 1 molecule of
water per copper (structure with 12

W Without IL.
W With8-IL
With 12-IL

O

Figure 9. Average occupation profiles obtained for 100 molecules of water in the
bare Cu-BTC (top left), in the structure with 2ILs (bottom left) and 8 ILs per Ly
cage (bottom right). The figure shows the average values of the projections of the
center of mass coordinates over the z—y plane (cubic symmetry). The relation
between colour and occupation (from black to red) is shown in the bar situated on

the right side of the figure.
depicted (top right).

The percentage of molecules of water per site is also
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ILs). This behavior is also observed for
the computed adsorption isotherms of
water in the three structures (Figure
A5.11). The adsorption of water on sites
Ls, Ty, Ly, and Ty is unaffected by the
presence of ILs in L;. However, these
molecules increase the total loading of
water in the structure at low and
medium pressure and decrease this
loading at the highest values of pressure
due to the partial blockage that they
exert in Ly

Conclusions

The preferred adsorption site of a given
molecule in Cu-BTC depends on the
size, the shape, and the dipole moment
of the molecule. Hence T; will be the
preferred site for non-polar molecules
with size and shape able to confine in
the tetrahedral cages. Larger non-polar
molecules that are unable to enter the
tetrahedral cages adsorb in the cages L,
and Ly The adsorption in cages with the
copper atoms pointing into the pore (Ls)
is mainly determined by the dipole
moment of the molecule, and it is the
competition between confinement and
polarity that favor adsorption in T,
(when confinement dominates dipole
moment) or in Ly (when dipole moment
dominates confinement). This work
reinforces the idea that Cu-BTC is a
good material to separate molecules
differing in size, shape, or polarity and
suggests that selective blockage using
ionic  liquids might enhance its
resistance to water and its performance
in separation processes.
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Metal Organic Frameworks with open metal sites such as Cu-BTC
have the potential to improve separations of molecules of differing
polarities. In the Cu-BTC structure, molecules with high dipole
moment such as water are preferentially adsorbed in the cages
containing the open metal sites, while less polar molecules such as
alcohols can be adsorbed in the other cages. We combine Monte Carlo
simulations and ab dndtio calculations with the aim of tuning the
adsorption properties of Cu-BTC (a) via selective blockage of cages or
(b) poisoning the open metal centers. The simulation results propose
selective blocking and screening of the active sites as the best
strategies to enhance the alcohol/water selectivity in the gas and
liquid phase as well as the water resistance of the structure.

Juan José Gutiérrez-Sevillano, David Dubbeldam, Luca Bellarosa,
Nuria Loépez, Xin Liu, Thijs J. H. Vlugt, and Sofia Calero

Strategies to Simultaneously Enhance the
Hydrostability and the Alcohol-Water
Separation Behavior of Cu-BTC

Introduction

The wuse of
separation of alcohol-water vapor and
liquid mixtures is important from an
industrial point of view!3. Water is
typically present at various levels in
streams of bioethanol, a renewable
energy vector and possible candidate to

molecular sieves for

substitute fossil fuels. This biofuel can
be obtained by fermentation from
agricultural feedstock or by
transesterification of the oils contained
in algae, but to be usable as a fuel the
majority of the water must be removed.
Most water can be eliminated by
distillation but the formation of a low-
boiling water-ethanol azeotrope limits

the purity of ethanol and makes the

purification processes expensive and
particularly challenging to implement.
Whether or not there is an azeotrope,
distillation is always
The global demand for
energy-saving technology is fostering
other methods that replace distillation
altogether for dehydration. Out of these
methods, separations wusing molecular
sieves hold many advantages for their
low energy requirements. The process
that is usually applied for a liquid feed

very energy-

intensive.

This is a suitable
process to separate organic liquid
mixtures and  close-boiling  point
mixtures, but the molecular sieves are
in direct contact with the liquid mixture
and they can be swollen or shrunk by it,
lowering the separation performance. An

is pervaporation®®.
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alternative is to carry out the alcohol-
water separation in the vapor phase’,
where the feed solution is vaporized first
and then permeated through the
structure. This has
disadvantages such as the dependence of
diffusion and separation on the feed
pressure  or  the  possibility  of

technique also

condensation”.
In both pervaporation and vapor
permeation processes, the separation

factor is governed by the way in which
the molecules adsorb and diffuse in the
molecular sieve. Therefore, the key to
success for such processes is to find
porous materials with high permeability,
selectivity, and stability. Several types
of porous structures have  been
separation of
alcohol mixtures and, depending on the
affinity of the structure for water, the
separation process can enrich ethanol in
either the feed (hydrophilic structure) or
the adsorbed (hydrophobic structure)
sides. Among porous materials, some
recent works are reporting insights for
the design of water stable Metal-
Organic Frameworks (MOFs)*!® and
also for the applicability of MOFs in
alcohol-water separations!'!3, In
particular, the hydrophilic Na-rho-
ZMOF exhibits preferential adsorption
of water over ethanol and methanol
whereas hydrophobic MOFs such as
ZIF-71, and the paddle-wheels Zn(thip)
and  Zn(BDC)(TED)ys; show  the
opposite behavior'*'”. The latter MOF's
were also found to exhibit substantial

considered for water-

adsorption of alcohols ranging from 3 to
9 mol/kg of ethanol'*'S. Unfortunately,
there is a drawback that hinders the
industrial applications of this type of
MOFs. When exposed to humid

conditions, the molecules of water
disrupt the framework by hydrolyzing
the carboxylate groups coordinated to

the metallic centers'®?!. To overcome

this drawback some recent works
advocate the introduction of
hydrophobic groups at the most

adjacent sites of the coordinating atoms
of the organic ligands®® or the
substitution of zinc by other metals??.
However, these initial findings also
indicate that the multiple coordination
spheres of Zn and their avidity for
might prevent the
implementation of these zinc-containing
structures.

water

Other MOFs such as Cus(bte),
(BTC=benzene tricarboxylic acid, Cu-
BTC) have been prepared on the basis
of unsaturated (open) metal centers
that are formed after the removal of
axial ligands of metal atoms by thermal

activation or other methods®?. The

advantage of these structures is that
they offer extra binding sites to the
adsorbed molecules?®? and exhibit

stability in moist air?**=,

Compared with MOFs without open
metal sites, Cu-BTC exhibits high
selectivity for ethanol®. The chemical
structures of water and alcohol are quite
similar, i.e. the dipole moments are 1.85
and 1.69 D, respectively. Thus, the open
metal sites would also have a strong
affinity for water that could disrupt the
structure and also reduce the adsorption
capacity for the alcohol. Preventing
water from entering Cu-BTC could be
an approach to improve its performance
in humid media, but it is difficult to
fully exclude water from adsorbing in
the structure for long exposure times.



Thus, instead of preventing water
adsorption we suggest strategies to limit
water attack to the open metal sites so
that the structure remains stable even
after water has entered the pores. This
knowledge could be used as design
criterion for a new generation of MOFs
with better separation properties and
higher stability to the feed mixture.

This work explores at a molecular level
the influence of the open metal centers
on the mechanisms governing
ethanol /water separation. Our strategy
cousists on (1) the use of simulations to
tune adsorption using simple methods
and (2) to investigate how the tuning
can be realized in practice. We show
that the effect of the metal centers goes
beyond binding positions
provide atomistic guidelines toward the
topology composition of the
structure to improve the separation
factor of the alcohol while enhancing the

and we

and

water resistance of the structure.

Computational Details

Monte Carlo (MC) simulations were
performed using a single unit cell (a = b
=c=26343 A, o = B = v = 90°) with
the crystal structure of Chui et al®,
removing the axial oxygen atoms weakly
bonded to the Cu that
correspond to water ligands. Lennard-
Jones  parameters for  guest-host
interactions were taken from
DREIDING? force field except those for
Cu that were taken from the UFF*
force field. To calculate mixed Lennard-

atoms

Jones we used Lorentz-
Berthelot mixing rules and the atomic

charges for the MOF were taken from

parameters
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Castillo et al® Water was modeled
using the Tip5pEw model parameterized
for use with the Ewald summation® and
ethanol using the TraPPE?* force field.
All sets of charges and Lennard-Jones
parameters in this work are
compiled in the Appendix 6 (Table

A6.1).

used

Adsorption isotherms were computed
using Grand Canonical Monte Carlo

(GCMC) simulations where
temperature, volume, and chemical
potential are kept fixed. Partial

pressures are directly related with the
chemical potential wusing the
Robinson equation. Configurational Bias
Monte Carlo (CBMC) technique was
used for the insertion and deletion of

Peng

molecules in and from the system. The
MC moves were performed in cycles
allowing one of the following trial moves
in each cycle: rotation,
translation, insertion and deletion. In

regrow

the case of mixtures, identity change
moves were also allowed. Heats of
adsorption and Henry coefficients were
obtained from MC simulations in the
NVT ensemble. We used the Widom
particle-insertion method to obtain the
chemical potentials and adsorption
energies. These simulations consist on at
least of 2-10° equilibration cycles and
2 -10° production cycles. In each cycle
rotation, or translation trial

moves were randomly selected. We used

regrow,

Lennard-Jones and electrostatic cutoffs
of 12 A. Coulombic interactions were
computed using the Ewald summation
technique with a relative precision of
10%. More details on these simulation
techniques can be found elsewhere®.
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MC simulations were performed using
our in-house code RASPA¥. This code

has been extensively tested and
validated with a large number of
experimental and simulation data

concerning the computation of adsorp-
tion and diffusion properties of gases in

confined systems**3,

Density theory  (DFT)
calculations were carried out to evaluate
the distances of these molecules to the
copper atoms and the adsorption
energies of water, acetone and dimethyl
ether in Cu-BTC. The Cu-BTC lattice
was represented through a cluster model
Cu,(COOH), that has been proved to be
reliable to examine solvent adsorption
on this MOF®. The geometry
optimizations have been carried out
with the program package Gaussian 09*
using the B3LYP  functional*.
Optimizations were performed with the
6-31G(d) basis set for all the atoms®*
whereas the LANL2DZ pseudopotential
with associated basis set was employed
for the description of the
centers™.

functional

copper

Results and discussion
The adsorption isotherms for an
equimolar water-ethanol mixture at 298
K, 323 K, and 373 K obtained with MC
simulations are shown in Figure 1.
These isotherms are
practical application but difficult to
measure experimentally. Therefore, our
data act as an efficient tool in
predicting the adsorption of this type of
mixtures. Although water uptake into
Cu-BTC is less than the ethanol uptake
up to 5-10° Pa (at 298 K), 10* Pa (at
323 K), and 10° Pa (at 373 K), the

important for
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Figure 1. Adsorption isotherms for an
equimolar mizture of ethanol (orange)
and water (blue) in Cu-BTC at 298 K
(circles), 323 K (diamonds) and 375K

(squares).

simulations show that this material is
not able to separate the two compo-
nents of the mixture.

Water has a large affinity for the metal
center in Cu-BTC* and consequently,
the molecules of water preferentially
in the mneighborhood of the
atoms

adsorb
copper
molecules of ethanol for this adsorption

competing with the

site. Based on this finding, we introduce

two  strategies for  simultaneously
enhancing the alcohol selectivity and
the water resistance of the structure.
These approaches consist on fine-tuning
the adsorption via selective blockage of
the MOF cages or via
screening of the open metal centers. To
illustrate these strategies we
performed  adsorption  studies  of

mixtures containing water and ethanol

selective

have

in the gas and in the liquid phase.

A. Tuning adsorption via selective
blockage of cages

Cu-BTC

cavities

is formed by large central

of about 9 A in diameter



Figure 2. Schematic picture of the
cages of Cu-BTC. The big cages with
inner surfaces formed by benzene rings
from the BTC with their 6-fold
pointing towards the center of the pore
are blocked with ionic liquids formed by
the cation 1-ethyl-8-methylimidazolium,
and the anion bis[(trifluoromethyl)
sulfo-nyllimide.

surrounded by small cavities of about 5
A in diameter (Figure 2). The large
cavities are similar in size and shape but
only the ones that are communicated by
windows with the small cavities have
open copper sites pointing towards the
pore®. In recent works we have reported

strategies to improve carbon
tetrachloride removal from air by
blocking the small cavities of Cu-

BTC?™2, Using a similar idea, and with
the aim of reducing water uptake we
generated artificial spheres of 12 A in
diameter centered in the cages with the
copper atoms of BTC pointing to the
center of the pore to block these sites.
Figure 3 compares the adsorption
isotherms obtained for the equimolar
mixture at 323 K in both, the bare and
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the blocked Cu-BTC. Note that the
mixture, as in Figure 1, could be a
vapor or liquid phase under the pressure
range. Although the blockage reduces
the adsorption capacity of the MOF it
also hinders water uptake up to 10* Pa.
This enhances the water resistance of
the structure up to this pressure, and at
the same time provides higher
adsorption selectivity for ethanol at 10*
Pa when compared to the bare structure
at 5 - 10° Pa.

Ethanol (

180 Water () (0]

|Ethanol Blocked Cu-BTC il
- Water Blocked Cu-8TC [l
o 160 Ethanol 2-iLs @ ()
=2 Water 2-1Ls @
8 140 Ethanal 4415
° Water 4-1Ls 4 .
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B 100 E N
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Pressure (Pa)
Figure 3. Adsorption isotherms for the
equimolar mizture of ethanol (orange)
and water (blue) at 323 K in the bare
(empty circles) and the blocked
(squares) Cu-BTC, and in the
structure containing 2 (filled circles)
and 4 (diamonds) ionic liquids per
cage.

To realize this concept of blocking in a
practical way we used ionic liquids (ILs)
instead of spheres. Composites of ILs
supported on the structure Zn,O(1,4,-
benzenedicarboxy-late)s,
recently reported as
enhance carbon dioxide capture using
this metal-organic framework®®2, The
ionic liquid selected to block the cages is
formed by 1-ethyl-3-methyl-imidazolium
cations and bis[(trifluoromethyl)
sulfonyl]imide anions. We use all atom

have  been

a method to
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models for the molecules (Figure 2).
The  bis[(trifluoromethyl)sulfonyljimide
anion is considered flexible and the 1-
ethyl-3-methylimidazolium  cation is
modeled with a rigid imidazolate ring
bonded to flexible ethyl and methyl
groups. The bonded interactions are
described by bond bending, bond
stretching and torsional terms, and the
Waals
electrostatic interactions are described
by the sum of Lennard Jones and
Coulomb  potentials®. For
Lennard-Jones parameters we applied
Lorentz-Berthelot mixing rules. A table
containing the parameters and charges
used in this work can be found in the
Appendix 6 (Table A6.1).

non-bonded van der and

mixed

The cages of Cu-BTC with open metal
centers pointing towards the center of
the pore are preferred adsorption sites
for the ILs, due to the high polarity of
these molecules. The size and molecular
weight of them limit the number to a
maximum of four per cage, i.e. sixteen
ion pairs per unit cell of Cu-BTC. This
reduces the pore volume of the structure
from 0.863 (cm®/g) to 0.373 (cm?/g)
(Appendix 6 table A6.2).

The effect exerted on the adsorption by
the presence of six units of the ionic
liquid per cage is shown in Figure 3.
Instead of a reduction on the water
uptake we observe the opposite
behavior. Detailed of the
average occupation profiles in Figure 4
reveals that filling the cages with ionic
liquids inhibits water to enter these
cages but also creates new preferential
adsorption sites at the windows. These
sites favor the nucleation of water inside
the big cages that are not filled by the

analysis

ionic liquids and also inside the small
cages, leading to the increase on the
water uptake observed in Figure 3.

. BNy |
Figure 4. Average ots
showing the adsorption of water for the
equimolar feed mixture of alcohol and
water at 10° Pa and 323 K in the bare
Cu-BTC (top left), the blocked Cu-
BTC (top right), Cu-BTC with 2 ILs
per cage (bottom left) and with 4ILs
per cage (bottom right).

The  additional
generated by filling the cages with ILs
disappear when we partially block the
cages, i.e. when we reduce to 2 the
number of ionic liquids per cage (Figure
4). In this case, the open metal centers
remain as preferred adsorption sites for
water. However, the presence of ILs
favors the dispersion of the water
molecules in the cage improving the
hydroresistance  of  the  structure.
Although our simulations show that it
could be possible to separate ethanol
from water at low values of pressure via
selective blockage of cages using ionic
liquids, it is not a suitable route for the
blockage.  However, the obtained

adsorption sites



insights may help to find other blocking
molecules able to provide more effective
response in this regard. In any case,
further and theoretical
work needs to be carried out to confirm,
extend, and improve this concept. As
for the water stability of Cu-BTC, we
have proved that it can be enhanced to
some extent because the blockage
hinders water adsorption. However,
using the selective blocking strategy it is
difficult to fully exclude water from
adsorbing in the cages that contain the
open metal centres.

experimental

B. Tuning adsorption poisoning
the open metal centers

To screen the interaction of water with
the copper atoms of the framework we
use helium as a proof-of-principle
molecule to modify Cu-BTC such that
these open metal centers are poisoned
inhibiting the preferential adsorption in
this site. The site poisoned Cu-BTC
consists on the former Cu-BTC unit cell
where 48 fixed helium atoms have been
added at specific positions. To define
these positions we first identified the
preferential adsorption sites for water in
Cu-BTC. Based on these
obtained the average distance between
the atoms of copper and the molecules
of water (2.34 A). This distance was
obtained from the radial distribution
function copper-oxygen computed in a
NVT Monte Carlo simulation at room
temperature with one water molecule
per Cu atom of the framework. The
figure with the
function (Figure A6.1) is provided in
the Appendix 6.

sites we

radial distribution
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Figure 5. Adsorption isotherms for the
equimolar mizture of ethanol (orange)
and water (blue) at 323 K in the bare
(empty circles) and the site poisoned
(squares) Cu-BTC, and in the
structure containing acetone (filled
circles) and dimethyl ether (diamonds).

As shown in Figure 5, at 323 K the site
poisoned Cu-BTC  inhibits
adsorption up to 10* Pa while at this
pressure the ethanol uptake is 6.4
mol/kg, i.e. 62 molecules per unit cell.

water

In Cu-BTC the adsorbed polar
molecules are not  homogenously
distributed within the pores but

competing for the open metal centers.
The poisoning of these centers displaces
the preferential adsorption
ethanol to other cages while inhibiting
the adsorption of water. The average
density plots taken from the simulations
of the equimolar mixtures at 10° Pa
show that only the cavities with the
open metal centers are partially filled
with water while the others are almost
consistent with the

sites of

empty. This is
copper distribution (Figure 6). In the
site poisoned structure, the preferential
adsorption site for water disappears and
only a few molecules remain in the cages
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Figure 6. Average density plots showing the adsorption of water for the equimolar
feed mizture of alcohol and water ot 10° Pa (top) and 10+ Pa (bottom) and at 323
K in the site poisoned Cu-BTC (left), Cu-BTC with acetone (center), and Cu-BTC

with dimethyl ether (right).

The modification using atoms of helium
proof of principle. In
experiments it might be possible to tune
the structure adding functional groups
or to first adsorb shielding species near
the metal®®>. As we did with the
blockage, to opt for a more realistic
approach to screen the copper atoms we
are going to use acetone and dimethyl
ether. We designed new
adding 48 molecules to acetone (Cu-
BTC-CO(CHj),) or with 48 molecules of
dimethyl ether (Cu-BTC-O(CH;),) at
specific positions. To analyze the
specific adsorption at the Cu sites we
have employed DFT on a Cu-BTC
substructure modeled via a Cu, dimer
coordinated to 4 COOH units through
the oxygen atoms (Figure 7). All the
structures correspond to triplet states.

acts as a

structures

Figure 7. Front and lateral views for
the complex Cu-BTC-acetone (a, b)
and Cu-BTC-dimethyl ether (¢, d). The
hybridization of the O atom s
responsible for the reduced symmetry
of Cu-BTC-acetone with respect to Cu-
BTC-dimethyl ether. Color code: Cu:
orange; C: gray; O: red; H: white.
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Figure 8. Adsorption energies for
water (blue arrows), acetone and
dimethyl ether (red arrows) on Cu-
BTC. Green dashed arrows represent
the process of exchange one adsorbed
molecule for another.

Figure 8 depicts a diagram of the
adsorption. The energy of the Cu-BTC
cluster without any molecule adsorbed
is set to be the reference. The process of
adsorption is indicated through a blue
arrow when it refers to water and red
when it deals with either acetone or
dimethyl ether, given that the energies
for OR (OR=acetone and dimethyl
ether) lie within 1 kJ/mol. For a more
detailed description of the energies, refer

to Tables A6.3 and A6.4 in the
Appendix 6, where tests with larger
basis sets and van der Waals
contributions are also presented®.

Dashed green arrows represent the
process of displacement of one adsorbed
molecule for another. Adding a water
molecule to naked Cu-BTC is an
exothermic process that releases about
80 kJ/mol; adding a second water
molecule to the free Cu further
decreases the energy of the system of 70
kJ/mol, for a total gain of 150 kJ/mol
with respect to the native Cu-BTC.

This implies that, even at low pressures
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of water, all the molecules are adsorbed
on the Cu centers.

The presence of acetone/ether (OR)
affects the water adsorption. In this
case, the process is slightly less
exothermic: the first adsorption of OR
decreases the energy of about 70
kJ/mol, and the second by 50 kJ/mol,
with a total gain of 120 kJ/mol with
respect to the free Cu-BTC. When OR
is already coordinated to the cluster,
Cu-BTC-20R, the site is blocked for the
incoming
coordination positions are available. The

water molecules as no
energy gain by the displacement Cu-
BTC-20R by H,O is between 0 and -15
kJ/mol to be compared of the large
exothermic value for Cu-BTC-20R. In
addition, the terminal groups of OR
would push away water molecules and
the rotation of these terminations would
sweep away the incoming water
molecules. Therefore, compared to Cu-
BTC, Cu-BTC-20R would not interact
with water at low humidity contents
and higher water pressures would be
necessary to substitute the adsorbed
OR.

The adsorption isotherms obtained by
MC the
mixture in the structures containing
acetone and dimethyl-ether are shown
in Figure 5. The introduction of the
organic molecules at the nearest sites of

simulations for equimolar

each open metal center could shield
these sites from the attack of incoming
water molecules, and thus enhances
water the
significantly. Among the two molecules
dimethyl ether shields more efficiently
the copper atoms. Differences between
the isotherms obtained when poisoning

resistance of structure
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with helium and this with organic
molecules can be attributed to the fact
that the organic molecules partially
block the cages while screening some of
the copper metal centers (Figure 6). On
the other hand Cu-BTC-O(CHjs),
structure  has  better  adsorption
selectivity for the alcohol than the Cu-
BTC-CO(CHjs), the
interaction with the copper atom is
stronger for dimethyl ether than for
acetone. Comparison with the adsorp-
tion isotherms obtained for the original

structure since

Cu-BTC shows a decrease in the surface
areas due to the insufficient shielding.
However, this drawback 1is highly
compensated by the much better
selectivity and the much higher stability
of the new structures. A table with the
pore volumes and surface areas obtained
for all the structures can be found in the
Appendix 6 (Table A6.2).

C. Low coverage adsorption

The feasibility of applying these

structures to the purification of ethanol
can be evaluated by estimating the
vapor phase ethanol/water sorption
selectivity. One method to obtain the
ideal selectivity consists on calculating
the ratio of the Henry coefficients for
the two gases, that are computed from
the average Rosenbluth factor of the
molecule™, Besides  the
coefficient and the ideal selectivity we
examined the adsorption energy and
entropy with the aim of gaining
additional insight into why the tuned
structures reduce water adsorption and
favor selectivity towards ethanol (Table
1). These properties were computed in
the low coverage regime.

The Henry coefficients
ethanol are one order of magnitude
lower in the blocked than in the site
poisoned structures, and the adsorption
energies decrease by 8%. On the other
hand, the decrease observed for water is
of three orders of magnitude in the

Henry

obtained for

Table 1. Henry coefficients (mol/(kg - Pa)), adsorption energies (kJ/mol), and

adsorption entropies (J/(K -
structures at 323 K.

mol)) computed in Cu-BTC and in the tuned

Knu Kae/ Kaw -AU -AH -AG -AS
E 2.8 10 43.2 45.9 26.3 60.5

Cu-BTC . 1.33
w 2.1 10° 43.9 46.6 25.3 66.0
E 7.4 10* 39.9 42.7 22.8 61.6

Blocked i 389
w 1.9 10¢ 12.1 14.7 6.7 25.0
E 5.6 81.0 83.7 47.3 112

ILs(2) 9.8
w 5.7 10 66.2 69.0 40.9 86.8
E 8.1 10* 40.0 42.7 23.0 61.1

Poisoned 337
w 2.4 10° 11.6 14.3 7.4 21.3
E 9.8 102 56.9 59.6 36.5 71.3

Ketone ) 33.7
w 2.9 10 41.9 44.6 26.4 56.1
E 3.4 10% 53.3 56.0 33.6 69.3

Ether 51.5
w 6.6 10+ 35.7 38.4 22.4 49.3



Henry coefficients, and by 70% in the
energies. This contrast between the
behavior for water and ethanol clearly
indicates the influence of the nature of
the adsorbent in the
conditions. The selectivity of ethanol
over water is revealing in terms of the
preferred interactions and shed light on
the adsorption results. Compared to Cu-
BTC, all
enhanced

adsorption

the tuned versions show
adsorption selectivity for
ethanol. Both blocked and site poisoned
Cu-BTC structures present the highest

selectivity (300 times higher than for

native Cu-BTC), with the most
hydrophobic cage environment and
similar  adsorption  energies. = The

adsorption energies obtained for the
structures with acetone and dimethyl
ether show different trend to the latter
structures. In particular, the heats of
adsorption obtained for ethanol are
higher than those obtained in the
original structure, implying that the
organic groups are acting as preferential
adsorption sites for the alcohol. On the
other hand, the heats of adsorption
obtained for water in the Cu-BTC-OR
structures are slightly lower than the
the Cu-BTC
structure as a consequence of the partial
screening of the open metal centers.
Therefore, the Cu-BTC-OR structures
exhibit higher ideal selectivity for the
alcohol than the original structure and

values obtained for

simultaneously higher stability to water.
In particular, the adsorption selectivity
can be enhanced by almost a factor of
25 by screening the copper atoms with
acetone and by a factor of 40 by
screening the cooper atoms with
dimethyl ether. As we mentioned above,
selective blockage using ionic liquids
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does not seem a good option for ethanol
The

ionic

purification.
between the

strong interactions

liquids and the
adsorbates lead to higher values on the
heats  of
therefore to

Henry  coefficients and
adsorption,
selectivity in favor of ethanol for the
structure with two ILs per cage, and
even to the inversion of the selectivity
for the structure with four ILs per cage

(Figure 3).

and lower

D. Liquid phase adsorption

The adsorption isotherms of a liquid
feed with a given concentration can also
be computed using GC Monte Carlo
simulations. In a liquid mixture the
partial fugacity of each component (f;)
is obtained from the expression®:

fi = 9" pi"y ex{w}

RT

in which p/* is the saturated vapor
pressure of pure component ¢ and @/ is
the fugacity coefficient of pure
component ¢ in the gas phase at the
saturated vapor pressure. The value of
@ is obtained from the Peng-Robinson
equation of state®” and p# is obtained
from the Antonie equation®™. y is the
activity coefficient in the liquid mixture
and calculated from the experimental
vapor-liquid equilibrium data®™f and ;
is the mole fraction of component 7 in
the mixture. V/* is the molar volume of
pure component ¢ in the liquid phase.
The factor exp [V (p -ps* )/RT] is
very close to 1. Comparison of the
obtained fugacity coefficients with the
experimental values can be found in the
Appendix 6 (Figure A6.2).
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Figure 9. Computed adsorption of
ethanol (orange) and water (blue) as a
function of the molar fraction of water
for miztures in the liquid phase at 323
K and 1 atm. Top: Cu-BTC (open
symbols), blocked Cu-BTC (closed
squares), and structure with 2 ILs per
cage (closed circles). Bottom: Cu-BTC
(open symbols), site poisoned Cu-BTC
(filled squares), and structures with

acetone (filled circles), and dimethyl
ether (filled diamonds).

(=)

As shown in Figure 9, the tuning
separate water

ethanol in the liquid phase for all feed

structures also and
compositions. As for the gas mixture,
the interaction between the water
molecules and the framework strongly
differs in both structures and the
adsorption of water in the tuning

structures is inhibited in the entire feed

range. An interesting aspect in these
figures is that the adsorption of water
when molar fraction is 1 goes to zero for
the blocked and the screened structure,
proving that the hydrogen-bonding of
ethanol and water is needed to allow
water to enter the structure. This is
further demonstrated by the fact that
the isosteric heats of adsorption of
water is enhanced from -14.3 kJ/mol
(empty structure) to -20.2 kJ/mol for
the structure containing 46 molecules of
ethanol per unit cell.

As in the gas phase, the structure
containing ionic liquids is not suitable
for ethanol-water separation (Figure 9).
On the contrary, Cu-BTC-CO(CHj;),
and Cu-BTC-O(CHs;), exhibit promising
separation performance in the liquid
phase. Because of the screening, the
decrease in total adsorption for these
structures compared to Cu-BTC is
pronounced. High adsorption loadings at
high concentrations are typically a
function of large pore volume. However,
the pore volume differences between Cu-
BTC (0.863 cm?®/g) and the Cu-BTC-
CO(CHs;), (0.549 cm?/g) and Cu-BTC-
O(CHs;). (0.589 cm?*/g) structures
cannot totally account for the fact that
Cu-BTC adsorbs a much greater
amount of water than the tuned MOF's.
Clearly, the organic functional groups
are depressing the water adsorption, in
spite of the presence of open metal
centers.
dimethyl ether performs better probably
due to a more efficient coordination

Among the organic groups,

between the open metallic center and
the oxygen of the ether.



Conclusions

This work explores at a molecular level
the influence of the open metal centers
on the mechanisms governing
ethanol /water separation. We show that
the effect of the metal centers goes
beyond binding and we
provide atomistic guidelines toward the
topology  and the
structure to improve the separation
factor of the alcohol while enhancing the

water resistance of the structure.

positions

composition  of

The screening of the metal-site changes
the specific interactions of water and
ethanol. Screening shields the metal
centers from attack by water molecules
while simultaneously, enhances the
separation factor. This finding supports
the idea that one can shield the weakest
point of the structure with hydrophobic
groups to enhance the water stability of
the framework.
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Conclusions

Concerning the development of force fields and sets of charges these are the main
results achieved in this work:

1.

Models of propylene able to reproduce the experimental dipole and the VLE
curve have been proposed. A new force field with specific interactions between
propylene and zeolites with narrow channels has also been developed.

The presence of Ge atoms in zeolite frameworks not only favors the formation
of small rings but also incorporates dynamic flexibility to the framework, which
induces a breathing-like motion of the zeolites. This previously non-described
finding has a direct impact on molecular diffusion, and in the case of the
zeolite framework type LTA it is observed an enhancing of the diffusion
coefficient at least by a factor of two.

Three sets of interatomic potential parameters to model liquid and gas phases
of H,S correctly, based on 3-sites, and 5-sites models have been developed.
Choosing among the models depends on the property to measure.

A complete scalable and transferable set of charges for ZIFs has been
developed. The predicted heats of adsorption of CO, in several ZIFs, are in
good agreement with experimental results.

Regarding the study of mnanoporous materials for applications of enviromental and

industrial interest, we have obtained the following results:

5.

The steric effect explains that only small molecules or properly shaped
molecules such as propylene can diffuse into ITQ-12. Larger molecules such as
propane are excluded from entering the internal pore of this zeolite.
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6. The combination of our diffusion and adsorption results corroborates previous
experimental findings, pointing out ITQ-12 as a suitable structure for propane/
propylene separations.

7. Interactions between H,S molecules and copper atoms from the Cu-BTC
framework are weaker than interactions between water molecules and copper
atoms. The coordination of hydrogen sulfide molecules to the metallic centers
could not be the reason of the Cu-BTC degradation upon adsorption of H,S.

8. The separation of carbon dioxide/methane mixtures in Cu-BTC metal organic
framework is governed by the adsorption process. The adsorption of carbon
dioxide is higher than the adsorption of methane in Cu-BTC. On the other
hand diffusion is higher for methane than for carbon dioxide.

9. The competition between size and dipole effects defines the preferred
adsorption site of a given molecule in the metal organic framework Cu-BTC.
Small molecules prefer to adsorb in the tetrahedral cages due to the isosteric
effect. Larger nonpolar molecules prefer to adsorb in the big cages of the
framework. Molecules with high dipole moment adsorb close to the copper
atoms.

10. To improve the water/alcohol separation and to enhance the water stability of
Cu-BTC, the interactions between water and copper atoms have to be
weakened.

Related to the design of new materials with specific characteristics:

11. Tt is possible to block certain cages of Cu-BTC adding ionic liquids to the
framework, but this addition is not enough to prevent water from entering the
cages.

12. It is possible to screen the copper atoms, preventing the water attack to the
metallic centers, with molecules such as dimethyl ether and acetone.

Molecular simulation can be an extremely useful tool. It not only corroborates
experimental results and predicts the behavior of systems but also tackles problems
from a different approach. The main finding of this thesis is that it is possible to
descend to an atomic level and to study the mechanisms responsible of adsorption
processes. Based on that knowledge we can design specific strategies to solve specific
problems. The application of this methodology to the study of nanoporous materials
leads us to identify key points of a framework. Then we can tailor the structure in
order to achieve a certain goal. We can design materials and test our predictions about
them. In this way we are giving guidelines to pass from theoretical structures to real
materials.
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Resumen y conclusiones

Existen unas doscientas zeolitas registradas en la base de datos internacional de
zeolitas. Hay més de diez mil estructuras Metal-Orgénicas (MOFs) sintetizadas
hasta la fecha y el nimero de nuevos materiales Metal-Orgénicos con estructura
Zeolitica (ZIFs) que se sintetizan no deja de crecer. A pesar de estos nimeros
impresionantes, la mayoria de los materiales no tiene atn una aplicacién
industrial. Todavia es necesaria mucha investigacién para analizar dichos
materiales y sus propiedades. En este estudio se persigue proporcionar nuevos
métodos y herramientas de investigacién para incrementar significativamente
nuestro conocimiento sobre estos materiales. También se pretende estudiar el
posible uso de los materiales nanoporosos cristalinos para afrontar algunos de los
desafios actuales a los que se enfrenta la industria. Finalmente, el objetivo tltimo
es dar un paso mas alld y ser capaces de disefiar estructuras hipotéticas que sean
apropiadas para resolver problemas concretos.

Por tanto, el proposito de esta tesis es triple:

- Desarrollar nuevos campos de fuerza y conjuntos de cargas que permitan
modelar materiales nanoporosos.

- Estudiar los potenciales usos de distintos materiales nanoporosos en
diversos procesos de interés industrial.

- Disefiar nuevos materiales con propiedades especificas para aplicaciones
tecnolégicas.

Para alcanzar estos objetivos utilizamos la simulacién molecular empleando los
métodos, modelos y campos de fuerza que han sido explicados en secciones
anteriores.

Desarrollo de nuevos campos de fuerza v conjuntos de cargas que permitan

modelar materiales nanoporosos. (Capitulos 2, 3, 4 y 5)

En el capitulo 2 se realiza un estudio de los modelos de propileno disponibles en
la literatura y se proponen nuevos modelos. Estos modelos se desarrollan a partir
del ajuste de los parametros a resultados experimentales de adsorcién en zeolitas.
Los pardmetros Lennard-Jones se ajustan para reproducir la curva de equilibrio
liquido-vapor (VLE). En este capitulo se desarrolla también un campo de fuerzas
especifico que es capaz de predecir la difusion y adsorcion de propileno en
zeolitas con canales muy estrechos.

En el capitulo 3 se estudia el efecto de la sustitucion de atomos de silicio por
atomos de germanio en una zeolita. El estudio se centra en la deformacién que se
produce en los anillos de 4, 6 y 8 miembros que forman la estructura. Se calculan
el area superficial y el volumen de poro tanto de la estructura pura silice como
de las distintas estructuras modificadas con germanio. Estos valores se comparan
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entre si a la vez que con datos experimentales. Por tdltimo se calculan los
coeficientes de difusién del metano y el propano en las estructuras consideradas,
usando modelos rigidos para las zeolitas e incorporando flexibilidad a dichos
modelos.

En el capitulo 4 se lleva a cabo una discusién de los modelos existentes de
sulfuro de hidrégeno y se proponen tres nuevos modelos. Se hace una
comparacién entre ellos atendiendo a la precision para reproducir la curva VLE
y la densidad en fase liquida. Los resultados muestran un buen acuerdo entre
modelos. En este capitulo también se calculan las isotermas de adsorcién, calores
de adsorcion y coeficientes de Henry del sulfuro de hidrogeno en tres MOFs.

En el capitulo 5 se desarrolla un conjunto de cargas puntuales escalables y
transferibles para el modelado de ZIFs. Este conjunto de cargas se puede utilizar
tanto para modelar ZIFs ya sintetizados como para ZIFs hipotéticos. En el
capitulo se comprueba también la viabilidad del conjunto de cargas comparando
los calores de adsorcion que se obtienen por simulacion utilizando las cargas
propuestas, con los datos experimentales.

Estudio de los potenciales usos de distintos materiales nanoporosos en diversos
procesos de interés industrial. (Capitulos 2, 4,6 y 7)

En el capitulo 2, usamos los modelos y campos de fuerza desarrollados para
estudiar las propiedades de adsorcién y difusién de propano y propileno en la
zeolita ITQ-12. Los modelos propuestos reproducen las isotermas de adsorcion
experimentales. Utilizando TST se calculan los coeficientes de difusién para
explicar las diferencias obtenidas experimentalmente.

En el capitulo 4, se estudia la adsorcién de sulfuro de hidrogeno en tres MOF's
con diferentes topologias, IRMOF-1, MIL-47 y Cu-BTC. Se calculan los calores
de adsorcién, los coeficientes de Henry y las isotermas de adsorciéon para obtener
un mejor entendimiento del comportamiento del gas dentro de las estructuras.

En los capitulos 6 y 7 se realiza un extenso estudio de la estructura Cu-BTC. Se
estudia la adsorcién de gases de efecto invernadero, como el diéxido de carbén y
el metano en dicha estructura. Se calculan las isotermas de adsorcién de los gases
puros y en mezclas binarias equimolares. Los resultados coinciden con los ya
existentes en simulacién y con los experimentales. El estudio se amplia para
mezclas variando la fraccién molar de cada componente utilizando tanto
simulaciones moleculares como TAST. Se calculan también los coeficientes de
difusién utilizando dindamica molecular y se determinan las selectividades de
adsorcién, difusién y de mezclas. También se identifican los sitios de adsorcién
en Cu-BTC. Conforme a ellos se lleva a cabo un estudio sistematico para
analizar los sitios preferenciales de adsorcién de hidrocarburos, gases de efecto
invernadero, alcoholes, agua y los principales componentes del aire. El estudio se
centra también en los mecanismos que gobiernan los procesos de adsorcién de las
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moléculas anteriores. Utilizando la simulacién molecular en el colectivo canénico
y variando el nimero de moléculas, analizamos la distribucion de las mismas
dentro del sistema de canales de la estructura. Finalmente se explora la
posibilidad de mejorar la adsorcion de determinados gases mediante la adicién de
liquidos i6nicos a la estructura.

Disefio de nuevos materiales con propiedades especificas para aplicaciones
tecnoldgicas. (Capitulo 8)

En el capitulo 8 se desarrolla la idea de modificar la estructura Cu-BTC para
favorecer la adsorcién de ciertos gases y evitar la adsorcién de otros. Tomando
como base los resultados del capitulo 6, se estudia la separaciéon de alcoholes y
agua. Se calculan isotermas de adsorciéon de mezclas equimolares en fase gas y
fase liquida, asi como energias de adsorcion, entropias y coeficientes de Henry. Se
siguen dos estrategias para mejora la separacién: bloquear las cajas de la
estructura y “envenenar” los centros metdlicos de la estructura. Ambas
estrategias se prueban y discuten en el capitulo y se proponen alternativas reales
para llevarlas a cabo experimentalmente. Finalmente, se predice que una de las
modificaciones del Cu-BTC podria incrementar su estabilidad ante la presencia
de agua.

Las principales conclusiones de la tesis, agrupadas segiin los objetivos, son:
Respecto al desarrollo de campos de fuerza y conjuntos de cargas:

1. Se han presentado modelos de propileno que reproducen el dipolo
experimental y la curva VLE. Se ha desarrollado un nuevo campo de
fuerzas especifico para zeolitas con canales estrechos.

2. La presencia de atomos de germanio en la estructura de zeolitas tipo
LTA, no sb6lo promueve la formacién de pequefios anillos sino que
confiere flexibilidad a la estructura. Este hecho repercute directamente
en la difusién. Se observa una mejora de los coeficientes de difusién para
el caso del metano y el propano de al menos el doble.

3. Se han desarrollado tres conjuntos de pardmetros Lennard-Jones, para
modelos H.S de 3 cuerpos y 5 cuerpos, que reproducen la coexistencia de
las fases liquido-gas correctamente. La elecciéon de uno u otro modelo
depende de la propiedad que se desee medir.

4. Se ha desarrollado un conjunto de cargas escalable y transferible para
ZIFs. Los calores de adsorcion predichos con ellas para el CO, en
diversos ZIFs estan en buen acuerdo con los resultados experimentales.

Sobre el estudio de los potenciales usos de distintos materiales nanoporosos en
diversos procesos de interés industrial:
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10.

El efecto estérico explica que solo las moléculas pequenas o con la forma
adecuada, como el propileno, pueden difundir en la zeolita ITQ-12.
Moléculas mas grandes como el propanol no pueden entrar en los poros
internos de la zeolita.

La combinacién de los resultados de difusién y adsorciéon en este estudio
corroboran los resultados experimentales anteriores que situaban a la
ITQ-12 como una estructura apropiada para separar propano y
propileno.

Las interacciones entre las moléculas de sulfuro de hidrégeno y los
atomos de cobre de la estructura Cu-BTC son més débiles que las
interacciones entre las moléculas de agua y los cobres. La coordinacién
del sulfuro de hidrégeno a los centros metélicos puede que no sea la
razén de la degradacién del Cu-BTC.

La separacién de mezclas de diéxido de carbono y metano en la
estructura metal organica Cu-BTC estd gobernada por los procesos de
adsorcién. La adsorcién de diéxido de carbono es mayor que la de
metano, mientras que en el caso de la difusién ocurre lo contrario. La
difusion de metano es mayor que la de diéxido de carbono.

La competicién entre los efectos de tamaiio y los del dipolo definen los
sitios preferentes de adsorciéon para una molécula dada en el Cu-BTC.
Las moléculas pequenas prefieren adsorberse en las cajas tetraédricas,
debido a efectos estéricos. Las moléculas més grandes no polares
prefieren situarse en las cajas grandes de la estructura. Aquellas
moléculas con momento dipolar elevado se adsorben junto a los dtomos
de cobre.

Para mejorar la separaciéon de agua y alcoholes y aumentar la estabilidad
del Cu-BTC al agua, es necesario debilitar las interacciones entre el
cobre y las moléculas de agua.

Relativo al diseno de nuevos materiales con propiedades especificas:

11.

12.

Es posible bloquear algunas de las cajas del Cu-BTC anadiendo liquidos
i6nicos a la estructura. No obstante esta adicién de moléculas no es
suficiente para evitar la entrada de agua en las cajas.

Se puede apantallar los atomos de cobre, evitando asi que el agua los
ataque, utilizando moléculas como el dimetil éter y la acetona.

En este trabajo hemos podido comprobar que la simulacién molecular es una

herramienta extremadamente 1til. Con simulaciones moleculares no sélo

podemos corroborar resultados experimentales y predecir el comportamiento de
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los sistemas, sino que también se pueden abordar problemas desde una
perspectiva distinta. El principal resultado de la tesis es que es posible descender
a niveles atomicos y estudiar los mecanismos responsables de cada proceso.
Basandonos en ese conocimiento, es posible disefiar estrategias especificas para
resolver problemas concretos. La aplicacién de esta metodologia al estudio de
materiales nanoporosos nos lleva a identificar los puntos clave de cada
estructura. Una vez conocidos, podemos modificar la estructura, aprovechando
esas claves, para lograr un objetivo previamente establecido. Podemos disenar
materiales y probar nuestras predicciones en ellos. De esta forma, estamos
proporcionando lineas maestras para pasar de estructuras tedricas a materiales
reales.
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Figure A1.1. X-Ray diffraction pattern of calcined pure silica ITQ-12 zeolite: (a)
experiment, (b) simulation, an (¢) Rietveld analysis of the X-Ray diffraction
pattern of ITQ-12 sample. X-Ray diffraction pattern were obtained on a X'Pert
Pro diffractometer equipped with an Anton-Parr XRK900 high temperature
reactor. The sample was dehydrated at 500 °C prior to the measurement. The
intensity data were collected using Cu K-alpha 1,2 radiation (lambda 1=1.5406,
lambda 2=1.5444 E) at 303 K in a Bragg Brentano geometry (tube voltage and
intensity: 45 kV and 40 mA; divergence slit: fixed (1/16); scan range (2theta): 8-
60°; step size (2theta): 0.0178, time per step: 600 s). The structure was refined
using the Rietveld method with the FullProf program. Rwp=19.6, Rexp=4.87,

RB=16.4,RF=22.3.
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Figure A1.2. Micropore volume
distribution of pure silica ITQ-12
zeolite  obtained  from the Ar

adsorption isotherm at 83 K using the
Horvath-Kawazoe method.
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Figure A1.3. Adsorption isotherms of

ethene in ITQ-12 at 300 K.
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Figure A1.4. Adsorption isotherms
of propylene in ITQ-12 at 300 K.
Simulations performed using
previous (open triangles) and new
(open circles) CH(sp?)-Oyeome Lennard
These
parameters correspond to Lgz and
GSgz models respectively and are
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and taken from the literature (dots)!
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Figure A1.5. Computed adsorption
isotherms for propylene at 300 K
(triangles), 400 K (circles), 500 K
(down triangles), and 600 K (squares)
using the NP-Lgg-Lgz model.
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Figure A1.6. Computed free energy
profiles in ITQ-12 at 300 K for (top)
propane and (bottom) propylene using
NP-Lgg-Lgz model. The reaction
coordinate is choosen along the a-
channel (dot line), b-channel (dash
line) (solid line)

direction.
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Figure A1.7. Computed free energy
profiles in ITQ-12 along the c-axis for
propane at 300 K (solid line), 400 K
(dash line), 500 K (dot) and 600 K
(dash and dot line).
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Figure A1.8. Computed free energy
profiles in ITQ-12 along the c-axis for
propylene (NP-Lgg-Lgz) 300 K (solid
line), 400 K (dash line), 500 K (dot)
and 600 K (dash and dot line).
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Figure A1.9. Kinetic adsorption
measurements  of  propene  and
propylene at 298 K and 30.4 kPa on
pure silica ITQ-12 zeolite. (Top) Long
equilibration  time (12 hours);
(bottom) Short equilibration time (60
min).
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Appendix 2
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Figure A2.1. Adsorption of H,S in
Cu-BTC as a function of the dipole
moment of the molecule, employing
the 5S force field. The temperature is
300 K and the pressure 10 kPa.

Figure A2.3. Snapshots of ab initio
Molecular Dynamics simulations of
H,O (top) and H,S (bottom) adsorbed
on a cluster model of Cu-BTC. The
simulations are carried out employing
the Gaussian 09 code, with the Atom
Centered Density Matrix Propagation
molecular dynamics method. The
level of theory used is HF /LanL2MB.
The calculations were 3 ps long, with
a time step 0.1 fs, and the
temperature 300 K.
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Figure A2.2. the
average occupation profiles of the H,S
centers of mass (at 10 kPa and 300 K)
in Cu-BTC, as the molecular dipole
changes from 0.95 D to 5.7 D. The
force field employed is the five-sites
58S.
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Appendix 3

Figure A3.1. Atomic charges for all the imidazolates studied

im

mim

im mim eim nim
Atom Charge Atom Charge Atom Charge Atom Charge
N1 -0.561 N1 -0.59 N1 -0.591 N1 -0.529
N2 -0.561 N2 -0.59 N2 -0.591 N2 -0.529
C1 0.081 C1 0.25 C1 0.236 N3 0.457
C2 -0.154 C2 -0.15 C2 -0.144 C1 0.229
C3 -0.154 C3 -0.15 C3 -0.144 C2 -0.102
H1 0.107 C4 -0.57 C4 -0.358 C3 -0.102
H2 0.121 H1 0.13 C5 -0.524 H1 0.154
H3 0.121 H2 0.13 H1 0.136 H2 0.154

H3 0.18 H2 0.136 o1 -0.366
H4 0.18 H3 0.154 02 -0.366
H5 0.18 H4 0.177
H5 0.177
H6 0.168

Hr 0.168
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cnim dcim

’ abim1
ica

cnim dcim ica abim1
Atom Charge Atom Charge Atom Charge Atom Charge

-0.574 -0.563 -0.484 -0.560
-0.576 -0.563 -0.506 -0.556
-0.396 0.106 0.077 -0.421
0.182 0.054 -0.120 0.158
0.088 0.054 -0.136 0.038
0.077 0.140 0.359 0.232
-0.196 -0.114 0.081 -0.022
-0.239 -0.114 0.155 -0.274
-0.227 0.156 -0.176
-0.182 -0.582 0.124
0.309 0.135
0.148 0.158
0.201 0.164
0.193

0.192
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abim2 bim cbim dmbim

Atom Charge Atom Charge Atom Charge Atom Charge

NI 0551 -0.569 0.546 -0.603

-0.547 -0.569 -0.542 -0.600
-0.473 0.141 0.157 0.175
0.151 0.039 0.035 0.082
0.065 0.039 0.055 0.085
0.019 -0.153 -0.201 -0.211
0.024 -0.244 0.093 -0.056
-0.027 -0.244 -0.386 -0.055
-0.233 -0.153 -0.127 -0.208
0.123 0.121 0.119 -0.541
0.147 0.149 0.176 -0.540
0.133 0.147 0.186 0.119
0.169 0.147 0.167 0.155
0.149 -0.186 0.155

0.177

0.172

0.172

0.173

0.172

0.177
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mbim brbim nbim
Atom Charge Atom Charge Atom Charge
-0.563
-0.555
0.238
0.207
0.121
0.077
-0.133
-0.245
0.155
-0.184
-0.391
-0.391
0.128
0.165
0.179
0.192
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Appendix 4
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Figure A4.1. Adsorption isotherms of methane (left) and carbon dioxide (right)
obtained from GCMC (symbols) and from IAST (curves) for the different
mixtures.
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Figure A4.2. Adsorption selectivity for the different mixtures of carbon dioxide
and methane obtained from GCMC (symbols) and from IAST (curves).
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Figure AA4.3. Adsorbed fractional content of molecules against the same
fraction in the external gas phase computed at 298 K and 10* Pa (top left),
3+ 10* Pa (top right), 7 - 10* Pa (bottom left), and 10° Pa (bottom right).
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Figure A4.4. Adsorbed fractional content of molecule against the same fraction
in the external gas phase computed at 298 K and 2 - 10° Pa (top left), 3 - 10° Pa
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Figure A4.6 Diffusion coefficients computed as a function of pressure in Cu-
BTC for the 10:90 mixture of carbon dioxide and methane (top left), 20:80
mixture of carbon dioxide and methane (top right), 30:70 mixture of carbon
dioxide and methane (bottom left), and 40:60 mixture of carbon dioxide and
methane (bottom right).
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Figure A4.7. Comparison between diffusion selectivity (left) and Mixture
selectivity (right) of this work and previous Keskin et al. results’.

(1) Keskin, S.; Liu, J. C.; Johnson, J. K.; Sholl, D. S. Microporous and
Mesoporous Materials 2009, 125, 101.
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Table A5.1 Lennard-Jones parameters and point charges for the adsorbent,

adsorbates, and ionic liquids.

Epsilon/ks  Sigma Charge Atom Epsilon/ ki Sigma Charge
Atom types i
(K) (A) (e) types X) (4) (¢)
Adsorbates Ionic Liquid
C CO; 29.933 2.745 0.652 EMIM-C5 25.192 3.207 -0.13487
O COs 85.671 3.017 -0.326 EMIM-C4 25.192 3.207 -0.14717
N N» 38.298 3.306 -0.40484 EMIM-C2 25.192 3.207 -0.09121
N dummy - - 0.8096 EMIM-N1 100.761 3.296 0.05941
O_0> 53.023 3.045 -0.112 EMIM-H3 3.93 2.616 0.22037
O__dummy - - 0.224 EMIM-H2 3.93 2.616 0.20999
Ar 124.07 3.38 - EMIM-H1 23.175 1.604 0.21887
CH;, 158.5 3.72 - EMIM-N3 100.761 3.296 0.19371
CH; sp? 108.0 3.76 - EMIM-C6 10.0761 4.054 -0.2508
: EMIM- , ,
CH:_sp® 56.0 3.96 - o 11.084 2.352 0.14516
H4,5.6
CH,_sp® 93.0 3.685 0.87 EMIM-C7 10.076 4.054 0.10394
CH_sp? 51.0 4.0 0.87 EMIM-H7.8 11.084 2.352 0.0555
CH_ sp?_dummy - - -1.74 EMIM-C8 27.709 3.875 -0.10455
: EMIM- , ,
CHs;_C ol 98.0 3.75 - 11.084 2.352 0.05858
H9,10,11
CHs O ol 98.0 3.75 0.265 THN-N8 85.647 3.25 -0.66
CH: C_ol 46.0 3.95 - Tf:N-S1,2 125.951 .bH 1.02
CH2 O ol 46.0 3.95 0.265 THN-C50,51 33.251 3.5 0.35
O_ol 93.0 3.02 -0.7 TEN- 105.799 2.96 -0.5
- 01,2,3,4
H ol - - 0.435 TEN- 26.702 2.95 -0.16
F12,3,45.6
O water 89.516 3.097 -
H water - - 0.241
Dummy water - - -0.241
Cu-BTC
MOF-Cu 2.518 3.114 1.248
MOF-0O 48.19 3.03 -0.624
MOF-C1 47.86 3,47 0.494
MOF-C2 47.86 3.47 0.13
MOF-C3 47.86 3.47 -0.156
MOF-H 7.65 2.85 0.156
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Table A5.2. -AH (kJ - mol?) of the gases in the structure and in the sites at 295
K. The second columns indicate the statistical error.

Molecules Cu-BTC T1 L2 L3 ‘Windows
argon 143 | 0.1 | 16.8 | 0.1 | 10.0 | 0.1 86 |01 ] 10.1 | 0.1
N» 143 | 0.1 | 175 | 0.1 | 10.1 | 0.1 8.8 | 0.1 9.9 | 0.1
COq 255 1 0.1 (275 |01 ]169 | 0.1 | 183 ] 0.1 | 150 | 0.1
0s 153 | 0.1 | 18.0 | 0.1 | 10.4 | 0.1 85|01 | 10.0 | 0.1
methane 207 1 0.1 228 | 01 | 127 | 0.1 | 11.2 | 0.1 | 13.2 | 0.1
ethane 359 | 0.1 | 365 | 0.1 | 176 | 0.1 | 153 | 0.1 | 16.7 | 0.1
propanc 45.6 | 0.1 | 46.0 | 0.1 | 21.4 | 0.1 | 17.3 | 0.1 | 204 | 0.1
butane 56.4 | 0.2 | 574 | 0.1 | 314 | 0.1 | 25.1 | 0.1 | 27.6 | 0.2
propene 49.8 | 0.1 | 50.0 | 0.1 | 24.9 | 0.1 | 22.5 | 0.1 | 24.5 | 0.1
water 46.2 | 0.7 | 165 | 0.1 | 13.6 | 0.1 | 46.2 | 0.7 | 16.5 | 0.1
methanol | 42.6 | 0.9 | 31.2 | 0.1 | 25.5 | 0.5 | 43.2 | 0.8 | 30.9 | 0.6
cthanol 457 | 0.5 | 43.7 | 0.1 | 27.9 | 04 | 46.6 | 0.6 | 33.4 | 0.9
propanol 52.6 | 0.9 | 535 | 0.1 | 344 | 0.3 | 524 | 1.1 | 39.6 | 0.6

Table A5.3. Henry coefficients (mol - kg' - Pa') of the gases in the structure
and in the sites at 295 K. The second columns indicate the statistical error.

Molecules Cu-BTC T1 L2 L3 Windows

argon 4.6 -109|2.5-107(3.1 - 10°%|4.1 - 10°(1.3 - 10°|1.6 - 10?|8.8 - 107| 1.3 - 10 |3.2 - 107| 1.4 - 107
Ny 4.0-10%16.6 - 107(2.4 - 10¢|7.4 - 10°(1.1 - 10%|1.1 - 10°|8.2 - 107| 8.9 - 10"° |1.4 - 107| 6.3 - 107°
CO2 7.0-10%|1.7-107|5.3 - 10°|1.8 - 107|6.5 - 109(1.6 - 10®|6.8 - 10| 6.1 - 10° 2.3 - 107| 2.6 - 10?
O2 5.3-10916.5-107(3.6 - 10%(7.9-10?|1.2 - 106({1.7 - 10?|8.1 - 107| 7.4 - 10" |1.6 - 107| 6.2 - 101"
methane [1.8-107°(3.6-10%|1.5-10°(3.8 -10%|3.0 - 10%|4.4 - 10°|1.9 - 10°| 3.7 -10* |7.2 - 107| 2.6 - 107
ethane 9.8 -10%*(1.2-10°|9.5-10%[1.2 - 10°|2.2 - 10?|2.4 - 10*{8.8 - 10%| 2.0 - 10* |1.3 - 10| 7.6 - 10”
propane |[1.6-102|1.4-10"(1.6-102|1.4-10"|1.6-10"3.8-107|3.4-10°| 6.4 -10* |2.7-10%| 3.8 -10%
butane [3.6-102(8.4 - 10*(3.5 - 102|8.3 - 10*1.2 - 10°|3.9 - 10%|1.2 - 10*| 3.3 - 107 |1.5 - 10| 4.7 - 10°
propene |2.2-102(2.2-10%2.2-10?%(2.2 - 10*({1.4 - 10*|2.4 - 107]4.7 - 10| 2.7 -107 |3.9 - 10| 2.8 - 10°
water 6.9-10%|1.9-10*1.9-10%4.6 - 10°|1.5 - 105(1.1 - 10®*|6.9 - 10*| 1.9 - 107 |2.3 - 107| 8.2 - 10?
methanol [3.8-10%(1.3-10%|1.6 - 10%(1.3 - 10°|2.6 - 10°|1.3 - 10°(3.7 - 10| 1.3 -10® |1.2-10°| 1.3 - 10°
ethanol |1.4-102(2.7-10%(3.3 -10%|2.4 - 10°|1.1 - 10*|5.1 - 10|1.1 - 102| 2.7 - 10® |1.4 - 10| 4.6 - 10
propanol [8.2-102(3.7-1021.5-102|2.3 - 10*(6.8 - 10*|3.7 - 10°|6.5 - 102| 3.7 - 102 [4.8 - 10®| 3.5 - 10°
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Table A5.4. -AU (kJ - mol!) of the gases in the structure and in the sites at 295
K. The second columns indicate the statistical error.

Mbolecules Cu-BTC T1 L2 L3 Windows
argon 11.8 1 0.1 | 14.3 | 0.1 7.6 | 0.1 6.1 | 0.1 7.7 0.1
N2 11.8 | 0.1 | 15.0 | 0.1 7.6 | 0.1 6.4 | 0.1 7.5 | 0.1
CO2 23.1 101|251 (0.1 145 0.1 159 |0.1| 125 0.1

Oz 12.8 | 0.1 | 15.5 | 0.1 7.9 | 0.1 6.1 | 0.1 7.6 | 0.1

methane 18.2 1 0.1 1203 0.1 103 |0.1 8.8 0.1 10.7 | 0.1
ethane 335 (0.1 [34.0 | 0.1 | 152 | 0.1 | 12.8 | 0.1 | 14.2 | 0.1
propane 43.2 1 0.1 | 435 0.1 19.0 | 0.1 | 148 | 0.1 | 18.0 | 0.1
butane 53.9 1 0.2 | 55.0 | 0.1 | 28.9 | 0.1 | 22.6 | 0.1 | 25.2 | 0.2
propene 473 [ 0.1 | 476 | 0.1 | 22.5 | 0.1 | 20.0 | 0.1 | 22.1 | 0.1
water 43.7 | 0.7 | 14.1 | 0.1 | 11.1 | 0.1 | 43.7 | 0.7 | 14.0 | 0.1
methanol | 40.1 | 0.9 | 28.7 | 0.1 | 23.1 | 0.5 | 40.8 | 0.8 | 28.5 | 0.6
ethanol 433 | 0.5 | 41.3 | 0.1 | 25.5 | 0.4 | 44.1 | 0.6 | 30.9 | 0.9
propanol 50.1 [ 0.9|51.0 | 0.1]319(03|500]|1.1]| 37.1| 0.6

Table A5.5. AG (kJ - mol?) of the gases in the structure and in the sites at 295
K. The second columns indicate the statistical error.

Molecules Cu-BTC T1 L2 L3 Windows
argon -81(01| -71 01| 49|01 -40]01]| -1.5| 0.1
N2 77101 6501 ] 45|01 -39 0.1 0.5 | 0.1
CO2 -14.7 | 0.1 | -141 (0.1 | -89 (0.1| -9.0 0.1 | -0.7] 0.1

02 -84 01| -75 01| 49|01 -3.8]0.1 0.2 | 0.1

methane -11.5 | 0.1 | -11.0 | 0.1 -7.11 0.1 -5.9 | 0.1 -3.5 | 0.1
ethane -21.2 (0.1 |-21.2|0.1|-11.9 01| -9.7|0.1 -5.1 | 0.1
propane -28.0 | 0.1 | -28.0 | 0.1 | -16.8 | 0.1 | -13.0 | 0.1 -6.8 | 0.1
butane -30.1 | 0.1 | -30.0 | 0.1 | -21.6 | 0.1 | -16.0 | 0.1 -5.4 | 0.1
propene 289 10.1|-2891|0.1|-16.5]0.1]-13.8 | 0.1 -7.6 | 0.1
water -259 07| -59 01| -53]0.1|-259]|07]| -0.7| 0.1
methanol | -24.4 | 0.8 | -16.8 | 0.1 | -12.4 | 0.1 | -24.3 | 0.8 | -10.4 | 0.3
ethanol 277 1 0.5 | -24.2 | 0.1 | -15.8 | 0.1 | -27.0 | 0.6 | -10.6 | 0.7
propanol | -31.9 | 0.9 | -28.0 | 0.1 | -20.3 | 0.1 | -31.2 | 1.1 | -13.4 | 1.3
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Table A5.6. AA (kJ - mol?) of the gases in the structure and in the sites at 295
K. The second columns indicate the statistical error.

Molecules Cu-BTC T1 L2 L3 Windows
argon -5.6 |01 -47]01] -25|0.1| -1.6|0.1 0.9 0.1
Ny -53(01| 40|01 | -21|0.1| -1.4 0.1 2.9 | 0.1
CO2 -123 0.1 |-116 0.1 | -65|0.1]| -6.6|0.1 1.7 | 0.1

O2 -6.0(01| -50|01| -24|0.1| -14 0.1 2.6 | 0.1

methane 90|01 -85]01| -46|01| -35|0.1] -1.1| 0.1
ethane -188 [ 0.1 | -187 [ 0.1 | 95| 0.1 | -7.2 0.1 | -2.6 | 0.1
propane -25.6 | 0.1]|-2561|0.1|-144]0.1|-105]0.1| -43]| 0.1
butane -276 | 0.1 |-275 (0.1 |-19.2 | 0.1 | -13.6 | 0.1 | -3.0 | 0.1
propene -26.5 | 0.1 | -26.4 | 0.1 | -14.1 | 0.1 | -11.4 | 0.1 -5.2 | 0.1
water -23.5 07| -35 (0.1 | -281|0.1|-235 0.7 1.7 | 0.1
methanol | -22.0 | 0.8 | -14.4 | 0.1 -99 1 0.11]-21.9 | 0.8 7.9 1 0.3
ethanol 253 (0.5 -21.8 0.1 |-133]0.1|-245|0.6 | -82| 0.7
propanol | -29.4 | 0.9 | -25.5 | 0.1 | -17.9 | 0.1 | -28.8 | 1.1 | -11.0 | 1.3

Table A5.7.AS (J-K'-mol') of the gases in the structure and in the sites at
295 K. The second columns indicate the statistical error.

Molecules Cu-BTC T1 L2 L3 Windows
argon -209 | 0.1 |-327 (0.1 |-174 ] 0.1 | -154 | 0.1 | -29.2 | 0.1
Ny -22.0 | 0.1 | -374 | 0.1 |-188 | 0.1 | -16.8 | 0.1 | -35.2 | 0.1
CO2 -36.6 | 0.1 | -45.6 | 0.1 | -27.2 | 0.1 | -31.5 | 0.1 | -48.3 | 0.3

O3 -23.1 | 0.1 | -35.7 | 0.1 | -18.7 | 0.1 | -16.0 | 0.1 | -34.6 | 0.1

methane -31.2 | 0.1 | -40.1 | 0.1 | -19.2 | 0.1 | -18.0 | 0.1 | -32.7 | 0.1
ethane -49.8 | 0.1 | -52.0 | 0.1 | -19.2 | 0.1 | -18.9 | 0.1 | -39.4 | 0.1
propane -59.7 |1 0.1 | -60.9 | 0.1 | -15.5 | 0.1 | -14.6 | 0.1 | -46.3 | 0.1
butane -89.2 | 0.4 | -93.0 | 0.4 | -33.0 | 0.1 | -30.6 | 0.1 | -75.4 | 0.8
propene -70.8 | 0.1 | -71.6 | 0.1 | -285 | 0.1 | -29.4 | 0.1 | -57.3 | 0.1
water -68.6 | 1.5 | -35.9 | 0.1 | -28.1 | 0.1 | -68.7 | 1.5 | -53.5 | 0.3
methanol -61.4 | 0.7 | -48.7 | 0.2 | -446 | 1.3 | -64.1 | 0.7 | -69.7 | 1.8
ethanol -61.0 | 1.5 | -66.1 | 0.1 | -41.2 | 1.0 | -66.4 | 2.2 | -77.1 | 1.6
propanol | -70.0 | 3.6 | -86.5 | 0.3 | -47.7 | 1.0 | -71.9 | 4.6 | -88.6 | 5.2
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Figure A.5.1. Adsorption of argon
(squares), (circles),
nitrogen (triangles), and oxygen (down
triangles).  Number of molecules
adsorbed as a function of loading in
the sites Ls; (full symbols) and L
(empty symbols) of Cu-BTC (top),
ratio of occupation of the site (center),
and the fraction of the total adsorbed
molecules in the structure (bottom).
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in the sites T; (full symbols) and Ty
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fraction of the total adsorbed
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(squares), propene (circles), and
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Figure A5.7. Adsorption of propane
(squares), propene (circles), and
propanol  (triangles). Number of
molecules adsorbed (top) as a function
of loading in the sites L, (full symbols)
and L; (empty symbols) of Cu-BTC,
ratio of occupation of the site (center),
and fraction of the total adsorbed
molecules in the structure (bottom).
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Figure A5.8. Adsorption methanol (squares), ethanol (circles), propanol
(triangles), and water (down triangles) in the sites T; (top left), T\ (top right),
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Figure A5.10. Adsorption  of
methanol (squares), ethanol (circles),
propanol (triangles), and water (down
triangles).  Number of molecules
adsorbed (top) as a function of loading
in the sites L; (full symbols) and L,
(empty symbols) of Cu-BTC, ratio of
occupation of the site (center), and
fraction of the total adsorbed
molecules in the structure (bottom).
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Adsarption {molec/u.c.)

e =L
Pressure {Pa)
Figure A5.11. Adsorption of water
on empty Cu-BTC (lines), Cu-BTC
filled with 8 pairs of ILs (circles), and
filled with 12 pairs of ILs (squares).
In black the total adsorption, in green
the adsorption in Ljs, in blue the
adsorption in L,, in red the adsorption
in Ty, in cyan the adsorption in T

and in yellow the adsorption in L.
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Figure A5.12. Henry coefficients (mol - kg™ - Pa') of the gases in the structure
and in the sites at 295 K.
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Figure A5.13. -AH (kJ - mol?) of the gases in the structure and in the sites at
295 K.
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Table A6.1. Lennard-Jones parameters and point charges for the adsorbent,

adsorbates, and ionic liquids.

Epsilon/ke Sigma Charge Atom Epsilon/ks Sigma  Charge
Atom types i i
(K) (A) (¢) types (K) (A) (¢)
Adsorbates Ionic Liquid
CH3__ethanol 98.0 3.75 - EMIM-C5 25.192 3.207 -0.13487
CH20__ethanol 46.0 3.95 0.265 EMIM-C4 25.192 3.207 -0.14717
O__ethanol 93.0 3.02 -0.7 EMIM-C2 25.192 3.207 -0.09121
H__ethanol - - 0.435 EMIM-N1 100.761 3.296 0.05941
O_ water 89.516 3.097 - EMIM-H3 3.93 2.616 0.22037
H_ water - - 0.241 EMIM-H2 3.93 2.616 0.20999
Dummy_ water - - -0.241 EMIM-H1 23.175 1.604 0.21887
C_acetone 40.0 3.82 0.424 EMIM-N3 100.761 3.296 0.19371
O_ acetone 79.0 3.05 -0.424 EMIM-C6 10.0761 4.054 -0.2508
EMIM-
CH3__acetone 98.0 3.75 - 11.084 2.352 0.14516
H4,5,6
O_ ether 55.0 2.80 -0.5 EMIM-C7 10.076 4.054 0.10394
EMIM-
CH3s__ether 98.0 3.75 0.25 HT.8 11.084 2.352 0.0555
Helium 10.9 2.64 - EMIM-C8 27.709 3.875 -0.10455
EMIM-
Cu-BTC 11.084 2.352 0.05858
19,10,11
MOF-Cu 2.518 3.114 1.248 Tf2N-N8 85.647 3.25 -0.66
MOF-O 48.19 3.03 -0.624 Tf2N-S1,2 125.951 3.55 1.02
MOF-C1 47.86 3,47 0.494 TE2n- 33.251 3.5 0.35
) ' ’ : 050,51 ' ' '
Tf2N-
MOF-C2 47.86 3.47 0.13 105.799 2.96 -0.5
01,2,3,4
T2N-
MOF-C3 47.86 3.47 -0.156 26.702 2.95 -0.16
F1,2,3,4,5,6
MOF-H 7.65 2.85 0.156
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Table A6.2. Computed helium void fraction, density of the framework
considering the blocking and screening molecules as part of it (p*), and available

pore volume using as framework density the value obtained for the bare Cu-BTC
(PV) and p* (PV*).

HVF p* (g/cm?®) PV (cm’/g) PV* (g/cm?)

Cu-BTC 0.759 0.879 0.863 0.863
Blocked 0.479 0.879 0.545 0.545
ILs (2) 0.523 1.163 0.595 0.449
ILs (4) 0.328 1.447 0.373 0.227
Shielded 0.653 0.896 0.743 0.728
Acetone 0.483 1.132 0.549 0.427
Dimethyl ether 0.518 1.080 0.589 0.480

Table A6.3. Adsorption energies (kJ/mol) plotted in Figure 1 (chapter 8) for
water, acetone, and dimethyl ether. A negative sign corresponds to an

exothermic process.

Cu-BTC Cu-BTC+1H:0 Cu-BTC+2H,0
-78.0 -153.2
Cu-BTC+1CO(CHs): Cu-BTC+2CO(CHs):
-65.5 -122.2
0.0 Cu-BTC+10(CHs): Cu-BTC+20(CHs):
-66.3 -124.1
Cu-BTC+H:0+CO(CHs): Cu-BTC+H:0+0(CHs):
-138.9 -139.7
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Table A6.4. Adsorption energies (kJ/mol) for different adsorbates with
different basis sets, 6-31G(d) and 6-311+G(d), and includig the dispersion
correction, d3. The number in parenthesis refers to the number of adsorbate
molecules for unit cell of Cu-BTC.

Previous results New test
Adsorbate UB3LYP/ UB3LYP/
6-31G(d) 6-3114+G(d)+d3
Acetone (1) -65.5 -67.9
Acetone (2) -122.2 -125.3
Dimethyl ether (1) -66.3 -75.9
Dimethyl ether (2) -124.1 -143.3
H,O (1) -78.0 -74.6
H,O (2) -153.2 -144.8
H,0 and Acetone -138.9 -136.9
H>O and Dimethyl ether -139.7 -145.1
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80 H %\ Water  ®
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9§ 6.0 ‘ 0.20 - i '{;N
.‘E > | Sois -‘W*m;\
Lap | £ 3 a0l
;3‘0 ‘ 010 o m-eCEeY - =
[is | i 0% ik
= \ l\‘\ 005 —
i | s
n: J l‘\//\} /\/\\/ 0.00 o — . ! ;
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0.0 2.0 4.0 ) 6.0 ; 8.0 10.0 12.0 Xovator
Distance (A)
Figure A6.1. Radial distribution Figure A6.2. Fugacities obtained for
function copper-oxygen of water the components that form the mixture

computed at 323 K.

ethanol-water at 323 K and 1 atm in
the liquid phase. Red circles for water
and black rhombus for ethanol. Open
symbols correspond to experimental
data and filled symbols to computed
fugacities using Margules model for
the activity coefficients.
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