To the Graduate Council:

I am submitting herewith a dissertation written by Ruichang Xiong entitled “Molecular
Simulations of Adsorption and Diffusion in Metal-Organic Frameworks (MOFs)”. I have
examined the final electronic copy of this dissertation for form and content and
recommend that it be accepted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy, with a major in Chemical Engineering.

David J. Keffer
Major Professor

We have read this dissertation
and recommend its acceptance:

Paul D. Frymier

Robert M. Counce

Claudia J. Rawn

Accepted for the Council:

Carolyn R. Hodges
Vice Provost and Dean of the Graduate School

(Original signatures are on file with official student records)



Molecular Simulations of Adsorption and Diffusion in
Metal-Organic Frameworks (MOFs)

A Dissertation
Presented for the
Doctor of Philosophy
Degree
The University of Tennessee, Knoxville

Ruichang Xiong
May 2010



DEDICATION

This dissertation is dedicated to my father (Jianhua Xiong) and my mother (Jinhua
Liu) for their guidance and support throughout my life. Without their sacrifice, this would
not have been possible. This dissertation is also dedicated to my wife (Na Wan) and my
sister (Ruijin Xiong) for their love and for always believing in me, encouraging me, and
supporting me in achieving my goals. I am also thankful for my daughter, Agnes Joy

Xiong, for being the best newborn.

i



ACKNOWLEDGEMENTS

This dissertation is a result of several years of work whereby I have been
supported by many people. I am happy that I have the opportunity to express my
gratitude for all of them.

My first and foremost thanks go to my major advisor, Prof. David J. Keffer, for
his continued guidance, generosity, and invaluable advice. Without him, this dissertation
would not have been possible. His energetic working style provided impetus for this
dissertation.

I would also like to thank my other dissertation committee members, Dr. Paul D.
Frymier, Dr. Robert M. Counce and Dr. Claudia J. Rawn for their acceptance to be in my
PhD committee as well as their suggestions and improvements to the dissertation.

I am grateful to my collaborators and dissertation courtesy committee members,
Dr. Donald M. Nicholson and Dr. Miguel A. Fuentes-Cabrera, for their comments and
advice to my research and dissertation.

I am also thankful to my other collaborators, Dr. Andrea Michalkova, Dr. Jerzy
Leszczynski, Dr. James P. Lewis, Dr. Khorgolkhuu Odbadrakh, and Dr. X. Peter Zhang
as well as a former post-doctoral researcher in our group, Dr. Jared T. Fern, for their
partial contributions to this work.

Finally, I would like to thank all other people that have given me support over

these years.

il



ABSTRACT

Metal-organic frameworks (MOFs) are a new class of nanoporous materials that
have received great interest since they were first synthesized in the late 1990s. Practical
applications of MOFs are continuously being discovered as a better understanding of the
properties of materials adsorbed within the nanopores of MOFs emerges. One such
potential application is as a component of an explosive-sensing system. Another potential
application is for hydrogen storage.

This work is focused on tailoring MOFs to adsorb/desorb the explosive, RDX.
Classical grand canonical Monte Carlo (GCMC) and molecular dynamic (MD)
simulations have been performed to calculate adsorption isotherms and self-diffusivities
of RDX in several IRMOFs. Because gathering experimental data on explosive
compounds is dangerous, data is limited. Simulation can in part fill the gap of missing
information. Through these simulations, many of the key issues associated with MOFs
preconcentrating RDX have been resolved. The issues include both theoretical issues
associated with the computational generation of properties and practical issues associated
with the use of MOFs in explosive-sensing system. Theoretically, we evaluate the method
for generating partial charges for MOFs and the impact of this choice on the adsorption
isotherm and diffusivity. Practically, we show that the tailoring of an MOF with a polar
group like an amine can lead to an adsorbent that (i) concentrates RDX from the bulk by
as much as a factor of 3000, (ii) is highly selective for RDX, and (iii) retains sufficient

RDX mobility allowing for rapid, real time sensing.
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Many of the impediments to the effective explosive detection can be framed as
shortcomings in the understanding of molecule surface interactions. A fundamental,
molecular-level understanding of the interaction between explosives and functionalized
MOFs would provide the necessary guidance that allows the next generation of sensors to
be developed. This is one of the main driving forces behind this dissertation.

Another important achievement in this work is the demonstration of a new
direction for tailoring MOFs. A new class of tailored MOFs containing porphyrins has
been proposed. These tailored MOFs show greater capability for hydrogen storage, which
also demonstrated the great functionalization of MOFs and great potential to serve as
preconcentrators.

The use of a novel multiscale modeling technique to develop equations of state

for inhomogeneous fluids is included as a supplement to this dissertation.
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CHAPTER 1

Introduction



During the last several decades, homeland security and international civilian
security have been through a series of acts of terrorism caused by the destructive use of
explosives against a range of targets, including civilian populations, military personnel,
commercial property, transportation systems, energy infrastructure and cultural
symbols[1]. The detection of explosives has been an active area of research against the
threat. Up to now, there are two basic detection systems. One is bulk detection systems,
which rely on a number of X-ray machines, magnetic resonance imagers and chemical
vapor sniffers. These classes of equipment are widely employed in airport security
applications[2]. The difficulties associated with these systems are that they are slow,
inaccurate and expensive[3].

The other basic detection scheme includes vapor and particle detection systems,
which detect the explosives by tracing the quantities of explosive molecules at the
molecular level with a variety of analytical techniques. Although these tracing detection
systems could avoid some of the difficulties in the bulk detection systems, there are still
numerous challenges, both physical and chemical. Most of the challenges come from the
physical constraints of explosives such as low vapor pressures and limited sample size[1].
Many common explosives have extremely low vapor pressures at room temperature,
especially for those with the highest priority for detection. The vapor pressures of some
common explosives[4] are shown in Figure 1.1. Therefore, these tracing detection
systems that rely on sampling of air spaces require accumulation of detectable amount of
explosive molecules from vapor sampling of a large volume of air. The scheme of these
systems can be represented in Figure 1.2. The general process includes some kind of

preconcentration and detection. The preconcentration part is completed by a



precencentrator. Preconcentrators facilitate the detection of explosives. A preconcentrator
receives air (including explosive molecules and other components), separates the
explosive molecules from air, and then when heated, releases them to a suitable detector.
Because of the increased concentration of explosives at the detector, the overall detection
threshold and false negatives/positives are significantly reduced. Unfortunately, the
current generation of preconcentrators is not able to selectively trap explosive molecules:
these preconcentrators separate both explosive and other innocuous molecules[5] from
air. A preconcentrator capable of separating explosives from innocuous molecules will be
much more efficient, because it will release a larger concentration of explosive molecules
to the detector[6]. Such pre-concentrators will constitute a second generation of pre-
concentrators. We refer to them as Smart Nanoporous Preconcentrators (SNPs).

The development of nanostructured porous materials provides great opportunities
for developing SNPs[5]. Traditional nanostructured materials such as zeolites and carbon
nanotubes have showed potential promise for gas storage, but they can only be produced
in a limited range of structures. Metal-organic frameworks (MOFs) are newly developed
porous materials based on metal organic structures, which are considered as a new area
for the development of adsorption materials[7]. Yaghi and coworkers[8-10] have first
synthesized them and established a connection between MOFs and gas storage.
Subsequently a large number of experimental and simulation studies of gas storage
applications such as hydrogen and methane storage[11-15] have been reported in a wide
variety of MOFs. All studies have shown that MOFs have unprecedented potential for gas
storage due to their unique properties such as high porosities and well-defined pore size.

More importantly, MOFs offer the possibility of controlling material tailoring parameters.



They can be chosen a combination of the metal connectors and organic linkers leading to
control the pore dimension and topology to a high degree of freedom[15]. In other words,
MOFs can be tailored to endless number of structures, which makes it possible to
synthesize nanomaterials with the desired structures and properties for each specific
application. Ni et al.[16] have demonstrated an inexpensive process to synthesize many
different MOFs with uniform particle sizes that range from 4.5 microns to 0.1 microns
through microwave activated precipitation. These are also significant advantages of
MOFs over the traditional nanostructured materials. In addition to high storage capacity,
MOFs present high selectivity ability. It has been shown by Dybtsev et al.[17] that one of
MOFs they synthesized selectively adsorbs H, and CO, over other gases. Moreover,
MOFs have high thermal stability, which makes them stable up to several hundreds of
Celsius degrees[9]. All of the above properties support the suitability of MOFs for
building SNPs. It has also been demonstrated by Ni et al.[15] that MOFs are useful as
selective preconcentrators.

Unfortunately, it is extremely difficult to perform real explosive experiments
using MOFs as the preconcentrator since explosives are dangerous and difficult to be
handled; thus, no experimental data are available at this moment. Besides, the
experiments need the research progress on the methodologies. In this regard, without a
doubt, the computational feasibility of simulating MOFs preconcentrate explosives would
be tremendously helpful.

In this work, we study explosive preconcentration in MOFs via molecular
simulation. Specifically, we use RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) as the

model explosive. RDX is an important energetic material, which releases a large amount
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of energy upon bulk decomposition, and it is widely used as rocket propellant and
explosive. RDX is often used as a component of the plastic explosive C-4, which was
used to make a series of explosive assaults. As mentioned above, the concentration of
RDX in air is parts per trillion (parts per billion level under experiment[1]) at ambient
conditions, which makes RDX extremely difficult to be detected. The structure of RDX is
shown in Figure 1.3.

As the development of computer technology, computer simulation has been a
valuable tool in various areas. It has been reported that molecular simulation can predict
the results ahead of experiments and obtain good agreements with experimental
results[18-20]. In addition, it provides us useful molecular-level insight. Basically, there
are two important classes of microscopic molecular simulations: Monte Carlo (MC) and
molecular dynamics (MD)[21,22]. They are two different approaches deriving
thermodynamics properties with different emphasis. MC simulation is a stochastic
approach based on exploring energy surface by randomly probing the geometry of the
molecular system. MD is a deterministic approach base on the time evolution of the
molecular system providing the actual trajectory of the system. We employ both MC and
MD simulations in this work. First we use Grand Canonical Monte Carlo (GCMC)
simulation to compute the adsorption isotherms and obtain some other information such
as adsorption sites. Then we use MD simulation to explore the trajectory path of RDX
inside MOFs and calculate the self-diffusivities. Due to the increased computational
speeds, long simulations via MD/MC can be carried out. These two simulations extract

the complete set of information that we need to know.



In order to test the ability of MOFs preconcentrate RDX, we evaluate five
different MOFs following the concept of tailoring MOFs to adsorb H,[23] and CH4[15].
These five MOFs have the similar structures, which consist of the same metal connectors
(OZny4) and different organic linkers. The MOFs with the same framework topology are
called isoreticular MOFs (IRMOFs). The structures of the unit cells of the five IRMOFs
are shown in Figure 1.4. The atom positions are from experimental X-ray diffraction
data[24]. IRMOF-1 has the simplest structure, shown in Figure 1.4(a). IRMOF-1 has
made of two distinct structural units, the metal cluster and the organic linker. The organic
linkers of IRMOF-1 has the form of 1,4-benzenedicarboxylate (BDC). IRMOF-1 also has
two different cages reflected by the orientation of BDC link, which makes the cages
different pore size and pore volume[24]. In Figure 1.4, the small cages are in the center of
the unit cell. The other four structures take IRMOF-1 as the parent structure, either
changing the pore chemistry with functionalized organic amine group (NH;) or
expanding the pore size with long link. The former is IRMOF-3, shown in Figure 1.4(b),
and the latter is IRMOF-10, shown in Figure 1.4(c). The left two structures are varied
from IRMOF-10 with functionalized amine group at two different positions on the
benzene rings, denoted as IRMOF-10a and IRMOF-10b in this work, as shown in Figure
1.4(d) and Figure 1.4(e), respectively. The organic linkers for the five IRMOFs are
shown in Figure 1.5. The amine groups are disordered over the four sites, as indicated by
the dashed circle in Figure 1.5. It should be noted that IRMOF-10a and IRMOF-10b do
not have experimental data for the atom positions, but it can be synthesized without
doubt[25]. These two structures represent changing both pore size and chemistry based

on their parent structure (IRMOF-1). Moreover, there are thousands of functional groups



available to change the pore chemistry of the MOFs. The presence of amine group serves
as electrostatic anchors for the RDX in this work. The unit cell length, unit cell mass and
free volume for the five IRMOFs are shown in Table 1.1.

Another important achievement of this work is that we evaluate the force field,
particularly the charge distribution, for RDX adsorption in MOFs. We compare different
quantum mechanical (QM) calculation methods and calculate the charge distributions for
RDX and MOFs. This creates a baseline for studying explosives in MOFs theoretically.

In addition to these five IRMOFs evaluated for RDX adsorption, hydrogen
storage is also studied in a kind of new MOFs based on porphyrin as the linker. During
the past ten years, hydrogen has been considered as the new generation energy source
that is renewable and clean. However, the application is still being prevented by the
difficulties from the technical challenges such as lack of safe and efficient hydrogen
storage technologies. MOFs have considered as the promising materials. Unfortunately,
still no materials can meet the goal of U.S. Department of Energy (DOE) Hydrogen Plan
(2010) under ambient conditions. In this work, metal porphyrin frameworks (MPFs) are
proposed. We evaluate H, adsorption in the MPFs via molecular simulation and estimate
the ability of adsorption for this new material. MPFs are actually a new class of MOFs.
The linker of MPFs consists of porphyrin, which makes the material more functional. The
structure of porphyrin linker is shown in Figure 1.6. The porphyrin linker not only has
metal inside, but also it can be functionalized to any form, as indicated in dashed circles
in Figure 1.6. There are a variety of nanoporous porphyrin-based structures that have

been synthesized, see for example [26,27]. The preliminary synthesis work has been



performed[28,29], although MPFs have not yet been well-characterized experimentally. It
has been shown that it is a feasible task to build a prophyrin-based framework[30].

In the mean time to study explosive and hydrogen adsorption in nanoporous
materials, we have developed a multiscale modeling technique that establishes a
connection between the continuum-level of mass, momentum and energy transport
balances in the inhomogeneous field and molecular-level simulation. This connection
captures the important physics at all scales of description.

The overall focus of this work has been the study of the adsorption and diffusion
of explosives in MOFs using molecular simulation and theory. The ultimate goal is to
evaluate the ability and selectivity of MOFs to adsorb explosives as preconcentrators and
understand how explosives interaction with MOFs. The major accomplishments of this
research are constituted from chapter 2 to chapter 4. This work is organized as follows.

In chapter 2, we create a baseline for RDX in MOFs using IRMOF-1 since
IRMOF-1 is the typical MOF that has been studied in a large number of literatures and
the force field for IRMOF-1 is relatively accurate. In this chapter, many interesting and
important phenomena, such as RDX structural changes and the effect of air components
on RDX adsorption, have been observed.

In chapter 3, we study the QM methods for calculating the charge distributions
using IRMOF-10 since the charge distribution is important as one of force fields in
molecular simulation. The effect of charge distributions on RDX adsorption in MOFs has
been found. Despite lack of experimental data, relative “best” charge sets have been

established.



In chapter 4, the overall examinations on RDX adsorption in five IRMOFs have
been made using the force field established in chapter 3. The ability of adsorption
enhanced by the functional group has been validated.

In chapter 5, a new class of MOFs named MPFs is proposed in order to show the
great functionality of this material. The ability of adsorption is observed via hydrogen
storage that is another important application related to MOFs.

In chapter 6, a novel multiscale modeling technique for the connection between
the description of continuum-level and molecular-level inhomogeneous fluids has been

shown as a supplement to this work.



Appendix 1.A: Table and Figures

Table 1.1. The unit cell length, unit cell mass, free volume for IRMOFs studied in this

work.
Structure Unit cell length (A)  Unit cell mass (A) Free volume (%)*
IRMOF-1 25.832 6156.8 79.8
IRMOF-3 25.7465 6516.8 77.9
IRMOF-10 34.2807 7980.8 87.1
IRMOF-10a 34.2807 8340.8 86.1
IRMOF-10b 34.2807 8340.8 86.3

*Free volume calculations are based on the geometry method in the reference [23].

10



102

1073 |
= 10+ |
10 |
106 |
1077 4
108 -
10° |
10-10
1 0—11 i
10-12 .

300 320 340 360 380 400

temperature (K)

TNT (Trinitrotoluene)

vapor pressure (bar

PETN (Pentaerythritol tetranitrate)

!

RD X (hexahydro-1,3,5-trinitro-1,3,5-triazine)
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Figure 1.3. The structure of RDX.

13



Figure 1.4. The super unit cell structures for the five IRMOFs studied in the work.
Hydrogen is not shown. A yellow sphere is included to represent the orientation of
benzene rings shows where the small cage located. (Legend: Zn, violet; O, red; C, green;
N, blue.). (a) IRMOF-1; (b) IRMOF-3; (c) IRMOF-10; (d) IRMOF-10a; (¢) IRMOF-10b.
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Figure 1.5. Five organic linkers for the structure of (a) IRMOF-1, (b) IRMOF-3, (c)
IRMOF-10, (d) IRMOF-10a and (¢) IRMOF-10b, respectively. NH; group is disordered
over four sites, indicated in dotted circles. The unit cells of these five IRMOFs are shown

in Figure 1.4.
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Figure 1.6. The structure for porphyrin-based linker. The porphyrin structure is shown in

the dashed square. The metal in the center is not restricted to Zn atom.
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CHAPTER 2

Molecular Simulations of Adsorption
and Diffusion of RDX in IRMOF-1
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This chapter is a slightly revised version of a paper by the same title published in
Molecular Simulation, 2009 by Ruichang Xiong, Jared T. Fern, David J. Keffer, Miguel
Fuentes-Cabrera and Donald M. Nicholson:

R. Xiong, J.T. Fern, D.J. Keffer, M. Fuentes-Cabrera, D.M. Nicholson, Molecular
Simulations of Adsorption and Diffusion of RDX in IRMOF-1, Mol. Simul. 35 (10), 910 -
919, 2009.

The use of “we” in this part refers to the co-authors and the author of this dissertation.
My primary contributions to this paper include (1) building computational models (2)
development of the algorithm (3) creating programs to perform both GCMC and MD
simulations (4) all of the simulation work (5) all of the figure and table generation and all
of the writing.

Reproduced with permission from, Mol. Simul. 35 (10), 2009. Copyright © 2009 Taylor
& Francis Group, an informa business.

Abstract

In order to test the feasibility of using Metal-Organic Frameworks (MOFs) to pre-
concentrate explosive molecules for detection, molecular simulations of RDX
(hexahydro-1,3,5-trinitro-1,3,5-triazine) within IRMOF-1 were performed. Grand
Canonical Monte Carlo (GCMC) simulations were used to generate adsorption isotherms
for pure RDX, RDX in dry air, and RDX in wet air. In addition to the isotherms, the
GCMC simulations provide adsorption energies and density distributions of the
adsorbates within the MOF. Molecular Dynamics (MD) simulations calculate
diffusivities and provide a detailed understanding of the change in conformation of the
RDX molecule upon adsorption. The presence of dry air has little influence on the
amount of RDX that adsorbs. The presence of wet air increases the amount of RDX that
adsorbs due to favorable interactions between RDX and water. We found a Henry’s law
constant of 21.2 mol/kg/bar for both pure RDX and RDX in dry air. The RDX adsorption
sites are located (i) in big cages, (ii) near a vertex, and (iii) between benzene rings. The
energy of adsorption of RDX at infinite dilution was found to be -9.2 kcal/mol. The
distributions of bond lengths, bond angles and torsion angles in RDX are uniformly
slightly broader in the gas phase than in the adsorbed phase, but not markedly so. The
self-diffusivity of RDX in IRMOF-1 is a strong function of temperature, with an
activation energy of 6.0 kcal/mol.
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2.1 Introduction

There are many technologies for the detection of explosive molecules[31,32],
including mass spectroscopy, ion mobility, surface acoustic wave spectroscopy, Swager-
lasing-polymers, and Micro-Electro-Mechanical Systems (MEMs) devices. These
detection devices incorporate some level of sampling and preconcentration.
Unfortunately, current preconcentrators do not trap explosives specifically.

Metal-Organic Frameworks (MOFs) are a class of nanoporous adsorbents, which
hold promise for preconcentration of explosive molecules. MOFs are composed of two
distinct structural units, the metal connector and the organic linker, shown in Figure 2.1,
which represents the specific example of IRMOF-1. Changing the connector and linker
allows creation of MOFs that share similar structures but have pores with different sizes,
shapes, and chemical functionalities[15]. That the size, shape, and chemical functionality
of the pores can be modified readily has made MOFs a strong candidate for the storage of
hydrogen[10,11,33] and methane[15,34]. A similar concept can be applied to tailor the
explosive selectivity and storage capabilities of MOFs. Nicholson and co-workers[35]
proposed MOFs as preconcentrator materials because of their unique measured and
calculated properties[36]. Recently, it has been reported by Ni et al. that MOFs have
successfully preconcentrated dimethyl methylphosphonate (DMMP)[37]. This
demonstrates that MOFs can be quite useful as a selective preconcentrator, however,
there are no published reports of the use of MOFs in preconcentrators for explosive
compounds.

In this chapter, molecular simulation has been performed to investigate the

capability of IRMOF-1[15] as an adsorbent for explosive preconcentration. Specifically,
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we study the explosive RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine, CAS # 121-82-4),
as shown in Figure 2.2. RDX is an important energetic material, and is widely used as
rocket propellant and explosive. For example, RDX is used as a component of the plastic
explosive C-4.

Classical force field-based molecular dynamics (MD) has proven to be a valuable
tool in the study of RDX [38,39] in the bulk phase. A number of properties of RDX, such
as vibrational frequencies and lattice binding energy and dimensions, can be reproduced
in satisfactory agreement with experimental data[39].

In this chapter we examine RDX adsorption in IRMOF-1. The structure of
IRMOF-1 is shown in Figure 2.1. IRMOF-1 has been studied as a starting point for a
number of theoretical investigations on adsorption, for example, the storage of
hydrogen[13]. IRMOF-1 contains two types of cages, which we will denote as “big” and
“small”. The dimensions of the two types of cages are the same; both are cubic with a
length of 12.92 A[15]. However, the accessible volume in the two types of cages is
different due to the orientation of the benzene rings. Big cages with a size of 14.3 A in
diameter consist of benzene rings in which the benzene planes are normal to a vector
pointing to the center of the cell and small cages with a size of 10.9 A in diameter consist
of benzene rings in which the benzene planes are oriented toward the center of the
cell[24]. The adsorption sites in big and small cages are not equivalent[40]. Figures 2.1(a)
and 2.1(b) show a unit cell, containing 8 cages, with a small cage at the center of the
image. The space filling image in Figure 2.1(b) gives both an indication of the accessible
pore volume as well as a view of the orientation of the benzene rings. All six faces of the

small cage open up to big cages and vice versa.
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In this chapter, classical GCMC simulations are used to investigate the capability
of IRMOF-1 to adsorb RDX. We are only interested in room temperature (300 K) and
low partial pressure (<l bar) since these are the typical conditions under which
explosives detection occurs. (The purpose of preconcentrators is to concentrate material
that may be present only in parts per billion or parts per trillion levels in air. For example,
equilibrium vapor pressure of RDX at room temperature is 6 ppt [4].) Classical force
field-based MD simulations are used to calculate the self-diffusivity of RDX in IRMOF-
1. The GCMC simulations are first performed for pure RDX in order to establish a
baseline. Simulations for adsorption of RDX from dry air (N, and O;) and wet air

(including H,0) are also performed to understand the competitive adsorption.

2.2 Interaction Potential

For any classical force field-based molecular simulation, it is essential and
important to choose an appropriate interaction potential as an input to the simulation. For
the explosive adsorbate molecule, RDX, a number of intramolecular force fields have
been proposed. Wallis and Thompson[38] constructed a new potential energy surface for
MD simulation to study conformational changes of RDX in isolation and in a dense Xe
gas. Chambers and Thompson[41] further refined this potential energy surface. Boyd et
al. [39] generated an empirical nonreactive force field for RDX.

In this work, we employ a non-reactive, fully flexible, atomistic interaction
potential for RDX that takes features from both Wallis and Thompson as well as Boyd et
al.[38,39]. Essentially, we use all of the features of the potential from Boyd et al. except

the non-Coulombic contribution to the non-bonded intramolecular and intermolecular
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interactions. The non-Coulombic non-bonded interactions are taken from Wallis and
Thompson, who used a Lennard-Jones (L-J) form. This allows us to maintain a common
form of the dispersive interaction potential with the other species—N,, O, and H,O—that
are also present in the simulation. The RDX intramolecular force field includes bond
stretching, angle bending, torsion and non-bonded interactions. The electrostatic
interaction is due to a permanent charge distribution, modeled as point charges at each
atom center.

The simulations in dry air include molecular nitrogen and oxygen. It has long
been known that it is important to include the effect of the quadrapole moment in the
adsorption of Ny[42]. Therefore, we used a potential that includes quadrapoles for both
Nz and O,. We used the three-site Transferable Potentials for Phase Equilibria (TraPPE)
force field, which is an optimized potential for vapor-liquid equilibria (VLE)
calculations[43,44]. This has also been used by Yang et al.[45] who successfully
simulated N, O, and its mixture with CO, in Cu-BTC MOF. In this potential, each atom
of the molecule is modeled by a L-J site on which a negative point charge is placed. To
maintain charge neutrality, a positive point charge is placed at the center of mass (COM)
of the molecule. In the published TraPPE force field, bond stretching is neglected. We
add bond stretching to N, and O, with a harmonic potential[46,47].

The simulations of wet air include water. There are many choices for water
potential. In this work , we use a three-site model[48]. The most commonly used three-
site. models are the transferable intermolecular potential with three interaction sites
(TIP3P)[49] , the simple point-charge (SPC) model[50] and their variants. Greathouse

and Allendorf[51] used the flexible SPC model[52] to simulate water interacting with
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IRMOF-1. In this work, we employ a flexible 3-site TIP3P potential[53], which also
maintains a similar level of description in all adsorbate molecules. The H,O molecule is
modeled by a L-J site on the oxygen and a positive charge placed on each hydrogen atom
and negative double charge placed on the oxygen atom to maintain charge neutrality.

There is an understanding that the use of water models parameterized to bulk data
in nanoporous systems has a systematic error associated with it. For example, simulations
of water in the silicalite zeolites[54] or in Cu-BTC MOF][55], require some empirical
adjustment to match experiment. This limitation in potential estimation is addressed later
on.

We have several choices for the treatment of the MOF. The first choice involves
the mobility of framework atoms. Simulations have been performed comparing the
adsorption isotherms of hydrogen in flexible and rigid IRMOF-1. There is a body of work
describing the effect of a rigid lattice on the mobility of adsorbates in crystalline
nanoporous materials. This work shows that for small adsorbates, the effect of frame
rigidity is nominal[56-59]. However, for larger adsorbates, the effect may be
significant[60,61].

Studies of MOFs indicate that framework flexibility may be more important in
MOFs than in zeolites and other nanoporous materials[62]. Nevertheless, in this work we
have assumed a rigid framework, as has been used in other simulations of adsorption in
MOFs([13,24,34,55,63-65]. This choice is also motivated by the fact that there are many
more framework atoms than adsorbate atoms at low loadings, thus the computational

effort is reduced by two or more orders of magnitude by using a rigid framework. In this

23



case, the coordinates of the framework IRMOF-1 are set at their equilibrium coordinates
as determined via experimental x-ray diffraction[15].

There are several potentials that can be used for IRMOF-1, such as universal force
field (UFF)[66], DREIDING force field[67], and OPLS force field[68]. Greathouse and
Allendorf[51] used the CVFF force field for structurally flexible IRMOF-1 to do MD
simulation for H,O adsorption. Later Greathouse and Allendorf[69] provided a detailed
validation for this force field to demonstrate it can predict a number of important
properties of MOFs accurately. Tafipolsky et al.[70] developed an ab initio
parameterized MM3 force field, which is a fully bonded but flexible force field that can
predict IRMOF-1 structure successfully. Here we employ the MM3 force field from
Tafipolsky et al.[70], in which the L-J parameters are taken from Allinger et al.[71,72],
which is the same source for L-J parameters used for RDX. We acknowledge that
Tafipolsky et al.[70] have indicated that, in their determination of the partial charge of
atoms, there is uncertainty on some charges (especially the central oxygen atom). These
charges may have a non-negligible impact in the calculation of thermodynamic properties
such as adsorption isotherms.

For all intermolecular interactions, the mixture parameters are determined via
Lorenz-Berthelot mixing rules[21]. The electrostatic interactions are handled using the
spherically truncated charge-neutralized procedure of Wolf et al. [73]. The L-J potential
and electrostatic potential were truncated at 18 A. Potential parameters for all the
adsorbates and framework can be found in the cited literature and part of them are listed
in Appendix 2.B. Due to the relatively long cut-off distance, no long-range corrections

are applied for L-J interaction, as has been done previously[65]. Standard periodic
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boundary conditions and the minimum image convention are employed in all three

dimensions.

2.3 Simulation Methods

Classical equilibrium MD simulations are performed to obtain configurations and
diffusivities of RDX adsorbed in nanoporous materials. We integrate the equations of
motion using the two-time step r-RESPA algorithm of Tuckerman and co-workers[74].
Intramolecular degrees of freedom were accounted for in the short time loop, with a step
size of 0.2 fs. There are 10 short steps per long time step. The temperature is controlled
using the Nosé-Hoover thermostat[75,76]. We equilibrate the system for 2 ns. Following
equilibration, we simulate an additional 8 ns for data collection. During data production,
positions of the center-of-mass of the RDX molecules are saved every 5 ps and used to
calculate the self-diffusivity via the Einstein relation. Uncertainties in the self-diffusivity
are reported as the standard deviation of the x, y, and z components of the diffusivity.

Also in this work, conventional GCMC simulations are performed to obtain
adsorption isotherms, which relate the loading (i.e. the weight fraction of adsorbate in the
adsorbate/adsorbent system) to the bulk pressure of the adsorbate gas in equilibrium with
the adsorbent. The GCMC simulation technique for molecular systems is from Wang et
al.[77]. We performed GCMC simulation with 4 types of moves: (1) molecular
translation based on center-of-mass, (2) molecular rotation based on center of mass, (3)
molecular insertion with random position and random orientation, (4) molecular deletion

of a molecule in the system. Translation and rotation are accepted or rejected according

to Metropolis procedure[78] based on e *" where AH is the change in the total energy
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as a result of the move. The acceptance ratio is adjusted to 50% based on the maximum
size of position changes or rotational angle changes. The inserted particle is chosen by
randomly picking a configuration from the pool where a large number of ideal gas
equilibrium configurations at specified temperature are stored.

We will show below, using MD simulation, that there is no significant difference
in the distribution of the intramolecular conformations of RDX in bulk gas phase and in
the adsorbed phase at the low loadings of interest. Therefore, intramolecular relaxation of
the RDX is not sampled in the GCMC simulations, increasing the computational
efficiency of the GCMC simulations.

Each of the GCMC moves is attempted with a fixed possibility ratio. The ratio for
making a displacement, rotation, insertion and deletion is set to 4:2:3:3 in GCMC
simulation. The initial positions is randomly inserted into the accessible volume of the
system. The GCMC simulations are allowed to equilibrate with at least 1x10® MC steps
before the data production with another 1x10° MC steps is run to sample the
thermodynamic properties of interest. Details of standard GCMC simulation algorithm
can be found elsewhere[21,22].

In a GCMC simulation, the temperature, volume and chemical potential are
specified. Thus from a single GCMC simulation of the adsorbed phase, one can relate
the amount adsorbed to the chemical potential of the adsorbed phase. Since the chemical
potential of the adsorbed phase is the same as the bulk phase at equilibrium, this is also
the bulk chemical potential. However, in order to generate isotherms in terms of the bulk
pressure, we perform a second set of GCMC simulations of the bulk phase at the same set

of chemical potentials as used in the adsorbed phase simulations. This allows us to
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convert the chemical potential to the more practical bulk pressure. Thus each data point
on the isotherm is generated by two simulations, one of the adsorbed phase providing the
loading as a function of chemical potential and one of the bulk phase providing the
pressure as a function of the same chemical potential. Desbiens et al.[79] have also used
a similar procedure to generate each point on the isotherm from distinct simulations of
the bulk and adsorbed phase. The two molecular simulation programs (MD and GCMC)

have been developed in our laboratory. MD is parallelized using MPI.

2.4 Results and Discussion
2.4.1. Pure RDX

We performed simulations of RDX in IRMOF-1 at 300 K across a set of loadings
that correspond to bulk pressures ranging from 0 (infinite dilution) to 1 bar. In order to
obtain good statistical uncertainties, the simulation box representing the adsorbent varies
from (12 x 12x 12) to (325%325x%325) unit cells (as pictured in Figure 2.1) with the
periodic boundary conditions exerted in all three directions. The size of the system is
based on obtaining a simulation with a sufficient number of adsorbate molecules (at least
1000), required to obtain reasonable uncertainties. Unless otherwise mentioned, the
uncertainties are smaller than the symbol sizes in the figures presented. The resulting
adsorption isotherm is shown in Figure 2.3. The maximum loading studied is less than 3
molecules per 10 cages, half of which are big cages and half of which are small cages.
We observe from the simulation that at 300 K virtually all RDX molecules are located in
big cages. Thus, even at our highest loading we are below 6 molecules per 10 big cages.

In our simulations we do not observe more than one RDX molecule per cage (either

27



type). We do observe significant non-linear behavior in the adsorption isotherm as we
begin to have a substantial fraction of the big cages filled with one RDX.

At low loadings, we observe the linear part of the isotherm, shown as an insert in
Figure 2.3. This linear regime is particularly of interest because this corresponds to the
very low partial pressures of RDX, where it is present at realistic ppb or ppt levels. The
linear regime extends to about 1x10™ bar, which is well above realistic RDX partial
pressures. Thus, all practically relevant systems are in the linear regime. At room
temperature, the linear regime is defined by a Henry’s law constant of 16.3
molecules/cage-bar (21.2 mol/kg/bar) for RDX in IRMOF-1, which is substantially larger
than that of hydrogen in IRMOF-1 of 0.3 mol/kg/bar[10], CO;, in IRMOF-1 of 0.9
mol/kg/bar and CH4 in IRMOF-1 of 0.4 mol/kg/bar [24].

In Figure 2.4, we plot isodensity surfaces for the center-of-mass of RDX in
IRMOF-1 at 300 K and infinite dilution. The volume within these isodensity surfaces is
where the highest probability of finding an RDX molecule exists. We will refer to these
volumes as adsorption sites. Outside the isodensity surface, a lower RDX density exists.
In Figures 2.4(a), (b) and (c) we show the isodensity surfaces with reference to the
framework of the entire cage. A small cage is at the center of the image. All density
surfaces are centered around vertices. Each vertex is part of 8 cages—4 big and 4 small
cages. In Figures 2.4(a), (b) and (c), the four-fold symmetry of the adsorption sites is
readily apparent. These four adsorption sites exist exclusively in the big cages. In other
words, all adsorption occurs in the big cages. This is also the case for the adsorption of

benzene in IRMOF-1[80].
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In Figures 2.4(a), (b) and (c), the value of density at which the isodensity surface
is plotted is increased from (a) to (c). Thus the adsorption sites become smaller, defining
more localized regions of space with the commensurately higher probabilities of finding
RDX molecules. We see that there is an internal structure to the adsorption sites. This
internal structure is better visualized by examining Figures 2.4(d), (e) and (f), in which
we show the same isodensity surfaces with reference to a single vertex. In these latter
three figures, the viewpoint is from the center of the big cage. Here we see that the center
of the adsorption site is not as favorable as an outer ring. Further increase in the density
of the surface shows that there is in fact a three-fold symmetry of sub-sites within the
adsorption site. These sub-sites are located between the three benzene rings that extend
from the vertex and form the adjacent edges of the big cage. Thus we can characterize the
adsorption of an RDX molecule as (i) residing in a big cage, (ii) near a vertex, and (iii)
between benzene rings.

The isodensity surfaces are based on RDX center-of-mass positions. For
information regarding the orientation of the RDX molecule, we examine snapshots from
the simulation. In Figures 2.5 (a) and (b), we show a snapshot of one RDX molecule
residing in this adsorption site from the view of the cage and a single vertex. This
snapshot was judged to be a typical RDX orientation based on an inspection of a set of
snapshots. In this snapshot, we see that there is a strong interaction (Zn-O distance is ~2.0
A) formed between a Zn atom in the vertex and one of the two O atoms of one of the
three nitro groups on the RDX molecule. The second O atom of the same nitro group
forms a weaker interaction (Zn-O distance is ~3.6 A) with another Zn atom in the same

vertex. The other two nitro groups are not interacting closely with the vertex. The
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orientation of the RDX plane (as defined by the three N atoms) is mobile within each
sub-site, moving from being nearly parallel with one benzene ring to nearly parallel with
the other ring. In Figure 2.5(c), we show a particular trajectory where a RDX moves from
small cage (position 1) to big cage (position 3). This diffusion event can be characterized
as a big cage through small cage to big cage motion. However, the RDX molecule ends
up at a different vertex. The diffusion event for benzene in IRMOF-1 is also a big cage
through small cage to big cage motion, but the molecule is reported to end up at the same
vertex[80].

In Figure 2.6, we show a representative plot of selected structural elements of
RDX—the bond distance, bending angles and the torsion—in the ideal gas and in
IRMOF-1 at a loading of 0.0625 RDX/cage at 300 K. The solid lines indicate RDX in
IRMOF-1 while open symbols represent the bulk gas phase. The RDX molecule
undergoes subtle changes in conformation when adsorbed within IRMOF-1 relative to the
bulk gas phase at room temperature. In all three plots of Figure 2.6 we observe that the
breadth of the distribution functions for bond distance, bending angles and torsion angles
for RDX in IRMOF-1 slightly decreases compared to the bulk but the average values
remain the same.

The adsorption energy of RDX in IRMOF-1 at room temperature is shown in
Figure 2.7. As we can see in Figure 2.7(a), the binding energy is about -9.2 kcal/mol,
which is in good agreement with quantum chemistry calculation of -8.8 kcal/mol[81].
The total potential energy in the system increases until 0.2 bar and then changes slightly.
We also observe the adsorbate-adsorbate potential energy increases with increasing

pressure. This is because of an unfavorable RDX-RDX electrostatic interaction shown in
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Figure 2.7(b) and (c), which is likely due to orientations imposed by the framework. The
four adsorption sites of RDX have significant attractive electrostatic interactions with the
RDX.

In Figure 2.8, we show self-diffusivities of RDX and average travelled distances
at different temperatures, which varies from 200 K to 500 K. To determine the self-
diffusion coefficient, the mean square displacement (MSD) as shown in Figure 2.9 is
examined. The diffusion regime starts at about 4 ns, with a slope of 1 in the double
logarithmic plot of the averaged MSD, shown as an insert in Figure 2.9. The self-
diffusivity of RDX in IRMOF-1 is a strong function of temperature. An Arrhenian fit of

the diffusion coefficient ( D = D, exp(-E,/RT)) is also shown in Figure 2.8. The

activation energy, E,, for diffusion is 6.0 kcal/mol, which can be compared with
activation energy for the diffusion of benzene, methane and ethane in IRMOF-1 of 1.0,
2.0 and 2.3 kcal/mol, respectively[80,82].

In Figure 2.8, we also show the mean distances travelled by the end of the
simulation (square root of the final MSD). At 200 K, we do not observe intercage
motion, since the average distance travelled is no larger than the cage dimension. At
room temperature, we find a self diffusivity for RDX in IRMOF-1 of (4.55+0.44)x10™"!
m?*/s, which is two order of magnitude lower than the diffusion of benzene in IRMOF-
1[80].

For the purposes of preconcentrating RDX for sensors, one naturally wonders if
this low RDX diffusivity at room temperature precludes IRMOF-1 as a potential
adsorbent based strictly on the mobility critierion. Crystals of IRMOF-1 vary from 50 to

150 um [83]. Thus an order of magnitude estimate of the time RDX would take to
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diffuse out of an IRMOF-1 crystal at room temperature is from 55 to 454 seconds, which

potentially could lie within an operational timescale.

2.4.2. RDX in Framework with Air

In service as a preconcentrator, the MOF not only adsorbs RDX, but also is struck
by other molecules in the air. In our work, we modeled dry air as a mixture of N, and O,.
The bulk pressure of the dry air is atmospheric pressure. In Figure 2.10, we show
adsorption isotherms for RDX, N, and O, as a function of the partial pressure of RDX in
the bulk phase. This partial pressure of RDX is defined as the product of the mole
fraction of RDX and the total pressure in the bulk simulation. In this series of
simulations, the chemical potentials of N, and O, are held constant, while the chemical
potential of RDX is varied. We see in Figure 2.10, that there is very little interaction
between the three adsorbents. The amount of N, and O, is virtually independent of the
amount of RDX adsorbed. This is because N, and O, don’t have well-defined adsorption
sites[84,85] and are present in fairly small quantities. Furthermore, the RDX adsorption
isotherm from this mixture is virtually the same as that of pure RDX, especially in the
low pressure limit of practical interest (as seen in the insert). The Henry’s law constant
for RDX in dry air is the same as that for pure RDX isotherm.

We also simulated adsorption of RDX in the presence of wet air. We
acknowledged above that in order to quantitatively reproduce adsorption isotherms of
water in MOFs, empirical adjustments are required [54,55]. To avoid this empiricism,
we performed a series of grand canonical Monte Carlo simulations of the RDX, N, and

O, in an adsorbent with a fixed number of water molecules. We performed canonical
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Monte Carlo simulations of the H,O, translating and rotating them, but not inserting or
deleting them. We limit ourselves to low water content, since IRMOF-1 is known to be
unstable at higher water contents (>4 wt%)[51].

In Figure 2.11, we show adsorption isotherms for RDX, N, and O, at a partial
pressure of RDX corresponding to 1 bar as a function of water content in the MOF. We
choose a relatively high partial pressure of RDX in order to have a significant amount of
RDX present in the system without having to simulate billions of water molecules. The
presence of water does not affect the adsorption of N, and O,. However, the amount of
RDX adsorbed increases with increasing water content. In order to explain this result, we
can examine the contribution to the potential energy as shown in Figure 2.12. Both water
and RDX are competing for adsorption sites near the vertices of the big cage. Therefore
as loading increases, we see an unfavorable increase in the RDX-framework contribution
to the potential energy. However, we see a more significant favorable decrease in the
interactions between RDX and other adsorbates, due to attractive -electrostatic
interactions between the water and the RDX. Thus, we see RDX and water molecules
clustered around the vertices, paying a slight energetic penalty for sharing adsorption

sites that is more than compensated for by the enhanced adsorbate-adsorbate interactions.

2.5 Conclusions

MD and GCMC simulations have been performed to understand the adsorptive
and diffusive behavior of RDX in IRMOF-1. We generated adsorption isotherms for pure
RDX, RDX in dry air, and RDX in wet air. We found a Henry’s law constant of 21.2

mol/kg/bar for both pure RDX and RDX in dry air. The presence of water increases the
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amount of RDX adsorbed. The RDX adsorption sites are located (i) in big cages, (ii) near
a vertex, and (iii) between benzene rings. The energy of adsorption of RDX at infinite
dilution was found to be -9.2 kcal/mol. The distributions of bond lengths, bond angles
and torsion angles in RDX are uniformly slightly broader in the gas phase than in the
adsorbed phase, but not markedly so. The self-diffusivity of RDX in IRMOF-1 is a strong
function of temperature, with an activation energy of 6.0 kcal/mol. The path for diffusion
can be considered as a motion from the deep adsorption site in a big cage through a small
cage to another big cage. This path is similar to that shown for benzene in IRMOF-1,
although in that case the destination vertex was the same as the originating vertex, which

is not observed for RDX.
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Appendix 2.A: Figures

Figure 2.1. (a) IRMOF-1 structure with a small cage in the center; (b) space-filling image
of IRMOF-1 (legend: violet-Zn, red-O, green-C, white-H).
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Figure 2.2. RDX structure (legend: blue-N, red-O, green-C, white-H).
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Figure 2.3. Isotherm of RDX in IRMOF-1 from infinite dilution to 1 bar. The inset
shows the linear fitting plot of the infinite dilution data.
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Figure 2.4. Density distribution of RDX in IRMOF-1 with density contour level from low

to high (both full cage and vertex view) at 300 K and infinite dilution.
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Figure 2.5. Snapshots of RDX configuration in IRMOF-1 (both full cage and vertex
view), RDX is currently residing in one of three adsorption sites around the vertex in a
big cage (legend: blue-N, red-O, green-C, white-H).
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Appendix 2.B: Supporting Information

The interaction potential parameters for RDX, N, O, H,O and IRMOF-1 are listed
in Table S-2.1, Table S-2.2, Table S-2.3, and Table S-2.4, respectively. Parameters for
bond stretching of RDX in the intramolecular potential can be found in reference [38].
Parameters for bond bending and torsion of RDX in the intramolecular potential can be
found in reference [39].

We performed a set of simulations to demonstrate that the bulk phase is an ideal
mixture for the entire pressure range studied in this work. This test allows us to use the
pressures obtained from the bulk simulation of the pure components (RDX, N, and O;) as
partial pressures in the mixture. In Table S-2.5, we calculated the pressure from pure
component and mixture simulations for two partial pressures of RDX, 1.0 and 0.86 bar.
The partial pressure of each component in the mixture is the same as that in the pure
component gas within system error.

Detailed information, including chemical potential, simulation volume and number
of molecules, for each simulation of a pure component in bulk and in IRMOF-1 is
provided in Table S-2.6.

Detailed information, including simulation volume and number of molecules of
each component, for each simulation of the mixture in IRMOF-1 is provided in Table S-
2.7.

In Figure S-2.1, we compare the RDX bulk simulations with the ideal gas law.

Deviations to the ideal gas law only occur well above any practical RDX pressure.
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Appendix 2.C: Tables and Figure in the Supporting Information

Table S-2.1. L-J parameters and charges for RDX [38,39].

Atom o (A) e/ky (K) q(e)
C 3.64 15.1 0.058
N 3.24 31.2 -0.137

N (nitro) 3.4 31.2 0.272
0] 2.94 1.0 -0.267

H 2.89 11.1 0.101
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Table S-2.2. Potential parameters for N, and O,.

Atom o (A) g/ky, (K) q(e)
N (in N») [43] 3.31 36.0 -0.482
COM (in Ny) [43] 0.0 0.0 +0.964
O (in O,) [44] 3.02 49.0 20.113
COM (in O,) [44] 0.0 0.0 +0.226
bond 1’ (A) ks (kcal-mol™-A 2)
N-N [46] 1.09 3185.788
0-0 [47] 1.21 1696.206
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Table S-2.3. Potential parameters for water [49,53].

Atom o (A) &/ky (K) q (e)
O (in H,0) 3.15 76.6 -0.834
H (in H,0) 0.0 0.0 +0.417
Bond 1’ (A) ks (kcal'mol ™A )
O-H 0.96 1059.162
Bending angle 0 (deg) ko (kcal-mol'-deg?)
H-O-H 104.5 68.087
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Table S-2.4. The L-J parameters and charges for symmetrically independent atoms on
IRMOF-1 [70].

Atom o (A) &/ky (K) q (e)
Ocent 1.62 29.69 -1.44
Zn 2.04 138.89 1.26
Ocarb 1.62 29.69 -0.67
Cearb 1.73 28.18 0.68
Con (-Cearb) 1.73 28.18 0.06
Con 1.73 28.18 -0.16

H 1.44 10.06 0.16
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Table S-2.5. Bulk gas pressure comparison for simulation in pure component and

mixture.
Specie group 1 group 2
pure mixture pure mixture
N, 0.738+0.023 0.767+0.033 0.738+0.023 0.759+0.032
(0)} 0.183+0.006 0.190+0.017 0.183+0.006 0.189+0.016
RDX 1.028+0.028 0.986+0.033 0.868+0.026 0.836+0.030
Total 1.949+0.037 1.943+0.050 1.789+0.036 1.784+0.049
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Table S-2.6. Pure component in IRMOF-1.

. . . Results

Molecule Specified Simulation volume bulk IRMOF-1
tvpe chemical potential number of
yp (aJd/molecule) bulk IRMOF-1 density (mol/liter) pressure (bar) molecules
adsorbed

N, -6.59x107 20x20%20 11x11x11 0.02960.0006 0.737+0.015 723427

0, -7.25x107 32x32x32 20x20%20 0.0073+0.0001 0.183+0.004 74328

-7.55x107 18x18x18 12x12x12 0.0377+0.0006 1.021£0.019 3845+21

-7.65x107 19x19%19 12x12x12 0.0322+0.0005 0.862+0.016 371123

-7.90x107 22x22%22 13x13x13 0.0209+0.0004 0.545+0.010 4288421

-8.35x107 31x31x31 14x14x14 0.0084£0.0002 0.213+0.004 4417433

-8.65x107 38x38x38 14x14x14 4.3e-3+8.3e-5 0.108+0.002 374127

-8.80x107 43x43x43 15x15%15 3.1e-3+5.8e-5 7.7e-2+1.5¢-3 420626

-8.92x107 47x47%47 15x15x15 2.3e-3+4.5¢-5 5.8e-2+1.1e-3 3875+29

9.25x107 61x61x61 17x17x17 1.1e-3£2.0e-5 2.6e-2+5.1e-4 4340451

RDX -9.65X10‘§ 84x84x84 19x19x19 4.1e-4+8.0e-6 1.0e-2+2.0e-4 3951434

-9.92x10° 104x104x104 22x22x22 2.1e-4+4.2e-6 5.3e-3+1.0e-4 4245+34

-1.00x10™! 111x111x111 23x23%23 1.8e-4+3.5¢-6 4.4e-3+8.5¢-5 4310+44

-1.06x10™! 180x180x180 34x34x34 4.1e-5+8.1e-7 1.0e-3+2.0e-5 4572441

-1.09x10™! 229x229%229 42x42x42 2.0e-5+3.9¢-7 5.0e-4+9.8e-6 4527+43

-1.15x10™! 372x372x372 66x66X66 4.7e-6+9.2e-8 1.2e-4+2.3e-6 4371+64

-1.19x10™! 513x513x513 90x90%90 1.8e-6+3.5¢-8 4.5¢-5+8.7e-7 4300453

-1.25x10™ 831x831x831 145x145x145 4.2e-7+8.2e-9 1.0e-5+2.0e-7 4217444

-1.28x10™! 1058x1058x1058 181x181x181 2.0e-7+4.0e-9 5.1e-6+9.9e-8 3973+45

-1.35x10"" 1858x1858x1858 325x325x325 3.8e-8+7.4e-10 9.4e-7+1.8e-8 4280455

*Simulation volume is given in terms of number of IRMOF-1 unit cells (as shown in Figure 2.1).
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Table S-2.7. RDX, N, and O, mixture in IRMOF-1.

pressure number of number of molecules adsorbed number of molecules adsorbed
(bar) frqmework per cage
unit cells** RDX N, 0O, RDX N, O,

1.021+0.019 17x17x17 10772+41 2669+52 460421 0.274 0.068 0.012
0.862+0.016 17x17x17 10399+50 2672452 460421 0.265 0.068 0.012
0.545+0.010 17x17x17 9488+69 2674451 459421 0.241 0.068 0.012
0.213+0.004 17x17x17 782042 2673£50 458421 0.199 0.068 0.012
0.108+0.002 17x17x17 6614+47 2669+51 458421 0.168 0.068 0.012
7.7e-2+1.5¢-3 17x17x17 6018+53 2671£50 458421 0.153 0.068 0.012
5.8¢-2+1.1e-3 17x17x17 557646 2672451 458421 0.142 0.068 0.012
2.6e-2+5.1e-4 18x18x18 5077448 3174457 543423 0.109 0.068 0.012
1.0e-2+2.0e-4 20%20%20 4574+60 4344465 744427 0.071 0.068 0.012
5.3e-3+1.0e-4 20%20%20 3237446 4352464 744427 0.051 0.068 0.012
4 4e-3+8.5¢-5 20%20%20 2811431 4349461 743427 0.044 0.068 0.012
1.0e-342.0e-5 30%x30%30 3115442 14716117 2507+49 0.014 0.068 0.012
5.0e-4+9.8e-6 35%x35%35 2606+58  23267+158  3983+63 0.008 0.068 0.012
1.2e-442.3¢-6 45%45%x45 1397420 495884224 8464491 0.002 0.068 0.012
4.5e-5+8.7e-7 50%x50%50 730428 67998+245  11600+109 0.0007 0.068 0.012
1.0e-5+2.0e-7 55%x55%55 229+13 90566+296  15439+119 0.0002 0.068 0.012

**Unit cell is shown in Figure 2.1.

54




0.05
—e— ideal gas law
| —=— simulation

)

©
o
=

0.03 1

density (mol/liter

0.0 0.2 0.4 0.6 0.8 1.0
pressure (bar)

Figure S-2.1. Comparison between the RDX bulk simulations and the ideal gas law.
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CHAPTER 3

Effect of Charge Distribution on RDX Adsorption in IRMOF-10
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This chapter is a slightly revised version of a paper by the same title published in
Langmuir, 2010 by Ruichang Xiong, David J. Keffer, Miguel Fuentes-Cabrera, Donald
M. Nicholson, Andrea Michalkova, Tetyana Petrova, Jerzy Leszczynski, Khorgolkhuu
Odbadrakh, Bryant L. Doss and James P. Lewis.

R. Xiong, D.J. Keffer, M. Fuentes-Cabrera, D.M. Nicholson, A. Michalkova, T. Petrova,
J. Leszczynski, K. Odbadrakh, B.L. Doss, J. P. Lewis, Effect of Charge Distribution on
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The use of “we” in this part refers to the co-authors and the author of this dissertation.
My primary contributions to this paper include (1) building computational models (2)
development of the algorithm (3) creating programs to perform both GCMC and MD
simulations (4) all of the simulation work (5) collection and organization of the quantum
mechanical calculation data from co-authors (6) all of the table and figure generation and
all of the writing

Reproduced with permission from Langmuir. Copyright © 2010 American Chemical
Society

Abstract

Quantum mechanical (QM) calculations, classical grand canonical Monte Carlo
(GCMC) simulations and classical molecular dynamics (MD) simulations are performed
to test the effect of charge distribution on hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)
adsorption and diffusion in IRMOF-10. Several different methods for mapping QM
electron distributions onto atomic point charges are explored, including the electrostatic
potential (ESP) method, Mulliken population analysis, Lowdin population analysis and
natural bond orbital (NBO) analysis. Classical GCMC and MD simulations of RDX in
IRMOF-10 are performed using fifteen combinations of charge sources of RDX and
IRMOF-10. As the charge distributions vary, interaction potential energies, the
adsorption loading and the self-diffusivities are significantly different. None of the fifteen
combinations are able to quantitatively capture the dependence of the energy of
adsorption on local configuration of RDX as observed in the QM calculations. We
observe changes in the charge distributions of RDX and IRMOF-10 with the introduction
of an RDX molecule into the cage. We also observe a large dispersion contribution to the
interaction energy from QM calculations that is not reproduced in the classical
simulations, indicating that the source of discrepancy may not lie exclusively with the
assignment of charges.
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3.1 Introduction

The detection of explosive molecules remains a challenge due to the low vapor
pressure of explosive compounds, which in a threat situation may be present in the air at
only parts per trillion concentrations[4]. To enhance the sensitivity and selectivity of
detective sensors, an efficient preconcentration system is crucial for the trace detection
process. The role of a preconcentrator is to trap a sufficient quantity of explosive
molecules for detection by the sensor element from an extremely low concentration in the
local air. To facility continuous operation, the preconcentrator needs to be able to desorb
the trapped molecules easily, specifically at room temperature. Therefore, desirable
features of a preconcentrator are high sensitivity, selectivity and reversibility[5,86].
Currently no preconcentrators available meet the above requirements. Conventional
bulky preconcentrators have slow response times. Recent microfabricated
preconcentrators can enhance sensitivity alone, but still are not ideal[5].

However, the fast development of nanotechnology provides an opportunity for
developing an ideal preconcentrator. Metal-organic frameworks (MOFs) are a new class
of nanoporous materials first synthesized by Yaghi and co-workers[8,9,15] and have been
evaluated for many tasks, including their ability to adsorb methane[15,34] and
hydrogen[10,11,33]. Due to their unique measured and calculated properties, such as
large internal surface area, high thermal stability, high porosity and tailorable pore size
and chemistry, MOFs have been recently considered for their potential to preconcentrate
explosive compounds[35]. Ni et al.[37] have shown that IRMOF-1 is an effective
selective preconcentrator when adsorbing dimethyl methylphosphonate (DMMP). In

chapter 2, we evaluated the ability of IRMOF-1, an iso-reticular metal organic framework
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(IRMOF), to adsorb the highly energetic explosive hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX, CAS # 121-82-4). The structure of RDX is shown in Figure 3.1. In order to
understand how the structure of the IRMOF impacts the adsorption isotherm and thus the
selectivity, we are in the process of examining RDX adsorption in several IRMOFs.

In this chapter, we report on our evaluation of IRMOF-10. The crystal structure of
IRMOF-10 from the X-ray diffraction (XRD) data was given by Eddaoudi et al.[15] as
shown in Figure 3.2. IRMOF-10 maintains the cubic topology of the framework of the
parent structure (IRMOF-1) but substitutes the connecting 1,4-benzenedicarboxylic
acidic (BDC) linker with a 4,4'-biphenyldicarboxylic acid (4,4-BPDC). As a
consequence, the structure of IRMOF-10 is similar to that of IRMOF-1, but is
significantly larger. The unit cell length for IRMOF-1 is 25.832 A and the unit cell length
for IRMOF-10 is 34.2807 A[3]. Like IRMOF-1, IRMOF-10 consists of two different
kinds of alternating cages, denoted as big cage and small cage in chapter 2, which reflects
the orientation of the benzene rings as shown in Figure 3.2.

In order to use classical molecular simulations to examine the ability of IRMOF-
10 to adsorb RDX, a model of the charge distribution in both IRMOF-10 and RDX is
essential as an input to the simulation. There are several reports that evaluate the charge
distribution for IRMOF-1, such as the MM3-based force field[70,80] and the CVFF-
based force field[51,69]. In each of these cases, the classical distribution of charge is
assumed to be point charges located at each atom center. Moreover, the magnitude of the
charges is fixed in time. The MM3 force field[70], which is a fully bonded and flexible
force field, along with the charge distribution, predicts the IRMOF-1 structure

successfully. However, there is less information available for the charge distribution in
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IRMOF-10. Babarao and Jiang[63] reported a set of IRMOF-10 atomic charges that are
estimated from an electrostatic potential (ESP) using a B3LYP density functional theory
(DFT) calculation. ESP is just one of the commonly used methods to estimate atomic
charges. Kawakami et al.[12] have shown the loadings of CO, in a MOF crystal were
affected by the charge densities calculated from different density functional methods.
Moreover, the inclusion of charges on the framework atoms has been shown to shift the
adsorption isotherms but not change the qualitative adsorption behavior for several
adsorbate molecules, such as hydrogen[13] and benzene[87]. A recent review[88] points
out the atomic charges of IRMOF-1 assigned using quantum mechanical (QM)
calculations vary using different charge calculation methods, which may have a
significant impact on the outcome of classical force field calculations in examples where
electrostatic interactions are important.

In this chapter, we examine the effect of different charge distributions on the
binding energies and adsorption isotherms of RDX in IRMOF-10. In each case, we limit
ourselves to the same model for charge distributions that were used in IRMOF-1, namely
that we place point charges on the atom centers and hold the values of these point charges
fixed. We evaluate different charge distributions by comparing the binding energies from
the classical potential with those from the QM calculations. Our goal is to determine the
best choice of methods which should be used to generate charge distributions yielding the
optimal computational results for the IRMOF-10 system. The criteria used for
determining the best method could in general include comparing binding energies,
adsorption isotherms or self-diffusivities from simulation with experimental data.

Unfortunately for the case of RDX, there is no such experimental data available.
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Therefore, we use the QM calculations as the standard. (We accept that there is
uncertainty associated with this standard.) The QM calculations provide binding energies,
but do not provide isotherms or diffusivities. Therefore the criterion used to evaluate the
goodness of the various charge distributions will be comparison with binding energies
obtained from QM.

This chapter is focused on the electrostatic contribution as the source of greatest
uncertainty in the description of the adsorbate-framework interactions in nanoporous
materials. We are motivated by findings in the literature, which indicate polar molecules
are more difficult to correctly simulate than non-polar molecules. For example, the study
of the adsorption of non-polar molecules (such as hydrogen and methane) in MOFs,
where the electrostatic are neglected and the Lennard-Jones (L-J) contributions represents
100% of the interaction, experimental isotherms can be reproduced well without
adjustment to the interaction parameters[13,14]. Moreover, for methane it has been
shown that the isotherm is relatively insensitive to L-J parameters[14]. Furthermore, for
polar molecules (like water), experimental adsorption isotherms in nanoporous materials
can be reproduced by manipulation of the partial charges of the adsorbent
framework[55]. Taken collectively, these findings point to the uncertainty in the charge

distribution as a principle source of error.

3.2 Computational Details
3.2.1. Quantum Mechanical Calculations
It is quite common in classical simulations to use interactions that are

parameterized by point charges associated with atomic positions. The QM calculations
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were found to be useful in defining point charges on MOFs[88]. There is no unique
solution for mapping an electron distribution onto point charges which are assigned to
atomic centers. Thus, to determine a charge distribution which is most appropriate to
IRMOF-10, we evaluate different approaches for assigning charges — the ESP
method[89] and three common non-ESP methods including Mulliken population analysis
(MPA)[90,91], Lowdin population analysis (LPA)[92] and the natural bond orbital
(NBO)[93,94] method. ESP[63,70,95], MPA[95,96], and NBOJ[13,96] methods were
used recently to study the charge population analysis of MOFs.

In the ESP method, atomic charges are fit to the molecular electrostatic potential,
which is a rigorously defined QM property. The molecular electrostatic potential is
calculated with the atomic wave function basis set. In the three non-ESP methods, atomic
charges are determined by partitioning the electron density into atomic contributions. The
weaknesses of both ESP and non-ESP methods are well known. It has been shown by
Sigfridsson and Ryde[97] that the atomic charges computed by the ESP method strongly
depend on how and where the electrostatic potential points are selected. The non-ESP
methods are very sensitive to the choice of basis set[98,99]. Although the ESP method
has proved to be more accurate in the description of inter-molecular properties, the non-
ESP charges remain interesting to show the variation in adsorption and diffusion when
different charges are used.

We have used two ESP charge sets in this work. One of the ESP methods has
previously been applied to IRMOF-10 by Babarao and Jiang[63]. They have fit the
electrostatic potential at grid points located with equal density on different layers around

the molecule. In this work, their calculated charges are indicated as ESP-1.
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In the second ESP method, the effective atomic charges in the MM3 force field
for IRMOF-1 determined by Tafipolsky et al.[70] were calculated by fitting to the
electrostatic potential at a large number of points on or near the van der Waals surface.
We extend this charge distribution to IRMOF-10 since the structure of IRMOF-10 is
similar to that of IRMOF-1. For the atoms common to both IRMOF-1 and IRMOF-10
(Zn, O1, 02, C1, C2, C3, and H3: Figure 3.3(a)) we assign the same charges to IRMOF-
10 that were generated for IRMOF-1[14]. As was done by Babarao and Jiang[63], the
charges of the atoms C4 and H4 are, based on symmetry, set equal to the atoms C3 and
H3, respectively. The charge of the remaining atom (C5) is adjusted to satisfy charge
neutrality of the unit cell. All ten independent atoms (Zn, O1, O2, C1, C2, C3, C4, C5,
H3 and H4) of IRMOF-10 are indicated in Figure 3.3(a). In this work, this set of charges
extended from the MM3 force field is also employed. In order to differentiate the
previous ESP charge set, we denote it as ESP-2.

For the MPA and NBO analyses, three cluster models are employed in this
calculation, which are shown in Figure 3.3. Final charges are the average values of all
symmetrical atoms from all three configurations. The MPA and NBO analyses are
performed at the DFT level[100,101] as implemented in the Gaussian03 program
package[102]. The hybrid Becke’s three parameter with Lee-Yang-Parr correlation term
(B3LYP) functional[103,104] are used. B3LYP functional is chosen in the first place
because it was successfully used in several other theoretical studies of MOFs[70,105-
107] and systems containing zinc complexes[108]. The LANL2DZ basis set[109,110],
which uses an effective core potential on all metal atoms of IRMOF-10, are applied, since

this basis set is generally considered more appropriate for transition metal chemistry.
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The LPA analysis are performed using the FIREBALL code[111], which uses
atomic orbitals to express electronic wave functions with finite cut-off lengths. The entire
unit cell (as shown in Figure 3.2) of IRMOF-10 is used in the LPA analysis with periodic
boundary conditions applied. Details of the methodology can be found
elsewhere[112,113].

In addition to partial charges for IRMOF-10, we also vary the partial charges for
RDX. One of the partial charge distributions for RDX are taken from Boyd et al.[39].
The partial charges were calculated for crystalline RDX by fitting to a set of
experimentally determined crystal properties. We also calculate charge distributions for
ideal gas RDX and RDX in IRMOF-10 from QM calculations using ESP, MPA, NBO
and LPA. These ESP charges are obtained at points selected according to the Merz-
Singh-Kollman scheme[114,115].

We should note that in this work we have varied the method that generates the
charges from the QM electron distribution. The choice of level of theory and basis set
also impacts the QM results that are inputs into the charge generation procedure, and
therefore indirectly affects the charges as well.

In order to evaluate the charge distributions used in the classical simulations, we
compare the binding energy for a given configuration from the classical potential with
that from the QM calculations. The QM binding energies are calculated as the relaxed
energies (energy calculated after RDX is optimized) of the RDX/IRMOF-10
configurations less the relaxed energies of the isolated RDX molecule and IRMOF-10
cluster model. Dangling bonds of the IRMOF-10 fragments are saturated by hydrogen

atoms. The geometry of RDX is fully optimized while the geometry of the IRMOF-10
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fragment is kept frozen (the full optimization leads to a slight change of the crystal
structure of IRMOF-10, elongation of distances and modification of bond and dihedral
angles). The representative cluster models of IRMOF-10 are prepared as cutoffs from the
crystal structure of IRMOF-10[15]. Several different initial orientations of an RDX
molecule and different sizes of IRMOF-10 fragments are tested in order to estimate the
influence of the IRMOF-10 fragment on the binding energies and the intermolecular
interactions. Ultimately, we report binding energies for four configurations corresponding
to global and local minima in the big and small cages, as shown in Figure 3.4.

The interaction energy calculations are performed using the B3LYP-D
functional[116] as implemented in the TURBOMOLE program package[117,118] to
include the dispersion correction into the intermolecular interactions because this type of

correction is missing in regular B3LYP calculations. B3LYP-D includes a dispersion
contribution with an empirical correction (—C,/R®) to the B3LYP functional. It has been

shown that B3LYP-D provides significant improvements comparing B3LYP[119,120].
The B3LYP-D functional was shown to have excellent performance in the study of H/Br
exchange in BBr3 by HSiR3[121]. In addition, the B3LYP-D method was also shown in
an excellent agreement with experimental data for structures and cohesive energies of a
representative set of molecular crystals[122] as well as for anisole:ammonia 1:1
molecular complexes[123].

Additional calculations using B3LYP are performed to compare with B3LYP-D
so that the discrimination between electrostatic and dispersive interactions in the QM
calculations could be analyzed. Moreover, we have calculated the interaction energy

using the B97-D functional, which also includes an empirical dispersion function and was
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suggested as an accurate QM method for large systems where electrostatic interactions
are important[124]. However, B97-D is a reparameterization of the original Becke’s
hybrid-GGA functional, which includes a change in the exchange-correlation
functional[124]; thus it is not just adding the dispersion correction. From comparing
B3LYP-D with B97-D, one can understand the whole picture about the electrostatic and
dispersion interactions.

The interaction energy (E. ) values are corrected by the basis set superposition

int
error (BSSE) using the counterpoise method[125]. The BSSE energy values are denoted

as E,. and the interaction energy values after the BSSE correction are denoted as E

bsse corr *

3.2.2. Classical Simulations

We perform GCMC simulations to calculate the adsorption properties and MD
simulations to calculate the diffusivities for RDX in IRMOF-10. In chapter 2, we have
reported classical simulations (both MD and GCMC simulations) of RDX in IRMOF-1.
The simulations in this chapter use the same procedure and potentials except the charge
distributions within IRMOF-10 and RDX are varied. We use a rigid structure to model
IRMOF-10 in our simulations. The atomic positions of the structure are obtained from
published X-ray diffraction data[15]. The RDX potential is fully flexible. RDX molecules
interact with each other and with the atoms of the IRMOF-10 framework through a
combination of L-J 12-6 potential and Coulombic interactions. The Coulombic
interactions are handled by the spherically truncated charge-neutralized procedure of
Wolf et al.[73]. The RDX-RDX and RDX-IRMOF-10 intermolecular L-J interaction

potentials are truncated at 18 A. Periodic boundary conditions are applied.
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In both GCMC and MD simulations, the temperature are at 300 K and average
~1000 molecules are maintained in each simulation to obtain good statistics. The GCMC
simulations are performed at the ideal gas bulk pressure (~9.4x107 bar) and consist of a
total of at least 3x10® trial moves, the last one third of which are used for data production.
Four types of trial moves (translation, rotation, insertion and deletion) are involved, the
ratios of which are 4:2:3:3, respectively. The MD simulations are performed with the
average loading of RDX in IRMOF-10 at 300 K and ~9.4x10” bar. The MD simulations
are allowed to equilibrate for 2 ns and subsequently mean square displacement (MSD)

data are collected for 20 ns. More detailed information is available in chapter 2.

3.3 Results and Discussion

In this section, we present charges, binding energies, points on the RDX
adsorption isotherm and RDX self diffusivities as a function of charge set. To clarify the
relative performance of different charge distributions we study fifteen different choices
for the charges. The 15 combinations are summarized in Table 3.1. Each set of charges
are obtained with a particular method for a particular configuration. For example, the
states for RDX include the crystal phase, the ideal gas phase, and the adsorbed phase
within IRMOF-10. The states for IRMOF-10 include the case when the pore is empty and
the case when the pore contains one RDX molecule (averaged over 4 positions for the
adsorbed RDX). We shall further discuss the various choice of methods used to generate
charge distributions below. The first five combinations focus on the variation of atomic
charges on IRMOF-10 while fixing the atomic charges of RDX from a fit to experimental

data. The next ten combinations focus on systematic variation of the atomic charges of
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both RDX and IRMOF-10. While there are other possible combinations, the 15 chosen
span the interesting parameter space.

In Table 3.2, we show the charge distribution of IRMOF-10 from the MPA, LPA,
NBO and ESP applied to the empty cage. For all of the atoms involved in the octahedral
zinc carboxylate complex (Zn, O1, O2, and C1 of Figure 3.3(a)) the five sets of charges
provide the same sign of the charge for each atom, although the magnitude varies
significantly. For the atoms in the Zn carboxylate complex, LPA generally gives the
smallest partial charges, while NBO and ESP-1 give the largest partial charges. For the
atoms involved in the benzene ring (C2, C3, C4, C5, H3 and H4), the LPA, NBO, ESP-1
and ESP-2 charges are in generally good agreement, with charges that are an order of
magnitude smaller than the charges of the atoms in the metal complex. The exception is
MPA, which gives significantly larger negative charges to the carbon and larger positive
charges to the hydrogen of the benzene rings.

We can understand the differences in charges as a function of the method in part
by understanding the approximations that go into the charge-generating procedures. In
general, LPA provides the smallest partial charges, which is a consequence of the limited
number of atomic orbitals used in LPA. It has been previously found that LPA charges
are smaller in magnitude than MPA charges[126-128], which is an observation of the
differences between the two methods, rather than a judgment of their relative merits.
MPA tends to overestimate the covalent character of a bond (underestimating the bond
ionicity and the degree of charge separation between electropositive and electronegative
atoms)[129]. Consequently, electropositive atoms like C3 and C4 have larger negative

partial charges in MPA than they do, for example, with NBO. At the same time,
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electronegative atoms like Ol and O2 have smaller negative charges in MPA than in
NBO. The NBO analysis, in contrast, predicts a much more positive charge on
electropositive atoms. This explains the difference between the charges on oxygens and
carbons when comparing the results of NBO and MPA analyses. This fact also causes the
charge on C5 to change sign from positive with MPA to negative with NBO.

In Table 3.3, we show the MPA, LPA and NBO charge sets for IRMOF-10
obtained when one RDX molecule is adsorbed in the cage. These charges are averaged
over the four configurations in Figure 3.4. In these configurations, the charges vary by
about 2% from one configuration to another. The relative change in average charge on
the MOF due to the presence of RDX is 1.9% for MPA, 1.2% for LPA and 7.9% for
NBO. The NBO charges of Zn and O1 have a significant change in the presence of RDX.
All other changes are relatively small. The differences between the partial charges
obtained from MPA, LPA and NBO are due to the same reasons as given above for Table
3.2.

In Table 3.4, we compare the charges calculated for RDX. We include atomic
charges from experimental fitting of mechanical properties of crystalline RDX[39]. We
also include the DFT calculations for RDX in the ideal gas and RDX adsorbed in
IRMOF-10. Even in the ideal gas, there is a great discrepancy between charges from the
four methods, MPA, LPA, NBO and ESP. As was the case in IRMOF-10, MPA gives a
much larger charge separation to the C and H atoms. The NBO and ESP methods give a
large charge separation to the N and O atoms of the nitro group. The ESP method also
gives significant charge separation to the C and N of the ring, not seen in any of the other

models. A comparison of charges for RDX in the ideal gas and adsorbed phase shows a
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relative change in average charge of 33% for MPA, 11% for LPA, 6% for NBO and
158% for ESP.

One method of evaluating the various charge sets is to compare the binding
energy from the classical potentials with the QM binding energy for the four
configurations shown in Figure 3.4. These four configurations of RDX in IRMOF-10
correspond to a global-minimum QM energy structure (the lowest energy found via QM
in this work) with RDX in the small cage (SG=Small, Global; Figure 3.4(a)), a local-
minimum energy structure with RDX in the small cage (SL=Small, Local; Figure 3.4(b)),
a global-minimum energy structure with RDX in the big cage (BG=Big, Global; Figure
3.4(d)) and a local-minimum energy structure with RDX in the big cage (BL=Big, Local;
Figure 3.4(e)). The additional two structures that contain the yellow spheres are included
to help visualize the volume where the RDX is located in the small (Figure 3.4(c)) and
big cages (Figure 3.4(f)).

The QM binding energies of these four configurations are reported in Table 3.5.
The weakest binding is obtained with B3LYP functional whereas the dispersion-corrected
B3LYP-D functional leads to much larger bindings. Despite such differences in the
energy, the general trend regarding the stability of RDX on different IRMOF-10 fragment

remains the same. E, . is much more pronounced at the B3LYP level, ranging from 3.6

bsse

kcal/mol (BG) to 7.8 kcal/mol (SL), which accounts for 47% and 54% of E, , and stems

int >
mainly from the contribution of the IRMOF-10 fragment. The most significant finding is
that noncovalent (dispersion) interactions appear to be a very important contributor to the
total binding energy. This is apparent from the B3LYP and B3LYP-D comparison, which

suggests that dispersion interactions involving a single RDX molecule interacting with
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the small cage site of IRMOF-10 can sum up from 14 to 15 kcal/mol (about 64%-68% of

E.r ). The same effect is observed for a configuration with weaker interaction (BG),

where the RDX binding energy is -11.8 kcal/mol and the dispersion correction is -7.6

kcal/mol (about 64% of E

corr )

Comparison of the energies in Table 3.5 indicates that the dispersion term
changes significantly when the RDX is in the small or big cages. The dispersion
contribution is much larger than was found for the interaction energies of small strongly
H-bonded complexes (about 10-30%)[116]. On the other hand, almost the same trend for
the interaction energy and dispersion contribution were found in the study of transition-
metal triphenylphosphine complexes at the B3ALYP and DFT-D levels of theory[130],
where the authors concluded that the dispersion contribution is large and gradually
increases with the bulkiness of the ligand. Also in the study of Mg(OH),, Ca(OH), and
kaolinite[120], the inter-layer interaction energy increased largely due to the dispersion
contribution obtained from comparison of the B3LYP and B3LYP-D results. The
dispersion correction for anisole-ammonia 1:1 complex was also revealed to be quite
large (about 40%)[123] and in the case of the benzene dimer the inclusion of the
dispersion correction was found to be crucial because the bare B3LYP functional does
not predict bound complexes, in contrast to the experimental observations[131].

For comparison, the B97-D calculation results of the interaction energies for all
studied systems are also shown in Table 3.5. The resulting energy values from this
calculation are only slightly larger than those found from the B3LYP-D and also the

BSSE values do not change significantly.
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The energy analysis of data in Table 3.5 also reveals that the most strongly bound
RDX molecules are those bound to the small cage structure. The most energetically
favorable orientation of RDX (SG) is such that a C-H group of RDX is located at the
midpoint between two oxygen atoms of the ZnO, fragment of the small cage. The
preferred binding to the big cage fragment (BG) occurs when RDX has an oxygen atom
of one nitro group approaching the connector of the big cage fragment. A less stable
structure (BL) is found to be the system containing the big cage and RDX oriented
towards the cage by one N-O group and one C-H group. The binding energies of above
discussed configurations at B3LYP level are close to the values found in ab initio study
of the adsorption of RDX on IRMOF-1[81]. RDX was revealed to interact more
preferably with the 1,4-benzenedicarboxylate site (binding energy value amounts to about
-9 kcal/mol) than with the [ZnsO(CO,)s] site of IRMOF-1 (binding energy is about -5
kcal/mol).

In Table 3.6, the binding energies for the 15 different charge sets used in the
classical GCMC simulations are reported. In the classical simulation, there are three
contributions to the potential energy: intramolecular energy of the RDX (bond stretching,
bending, torsion, etc.), intermolecular interactions between RDX and other RDX and
intermolecular interactions between RDX and the MOF. The binding energy is the
difference in this potential energy between the adsorbed phase and the bulk phase. The
intramolecular energy of RDX is the same in the bulk and adsorbed phase and cancels out
of the binding energy. There is virtually no RDX-RDX interaction in the bulk phase and
no RDX-MOF interaction, so the binding energy is essentially the RDX-RDX and RDX-

MOF interactions in the adsorbed phase. Additionally, some key energy differences are
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reported. What is immediately apparent is that there is significant variation among the
different point-charge sets and that none of them have quantitative agreement with the
QM calculations. The differences are manifested in several ways.

First, the magnitudes of the binding energies are significantly different. The
classical binding energies range from -0.99 to -16.86 kcal/mol, while the B3LYP binding
energies are smaller, ranging from -0.60 to -8.10 kcal/mol, and the B3LYP-D binding
energies are larger, ranging from -11.6 to -22.5 kcal/mol. Second, the energy changes
between two configurations in the same cage, as captured by the change in binding
energies, SG-SL and BG-BL, are different. From the B3LYP analysis there are relatively
large changes in binding energy with small changes in configuration for small (-1.40
kcal/mol) and big (-3.60 kcal/mol) cages. From the B3LYP-D analysis, the relative
changes in the binding energy, -0.20 (both small and big cage), are much smaller. The
classical charge sets result in less sensitivity to small changes in configuration leading to
at most energy differences of 0.29 and 0.12 kcal/mol for the small and big cages
respectively. Third, the sign of the energy change from one configuration to another
within the same cage is universally of the wrong sign for all classical potentials compared
to either of the QM results. Fourth and finally, there is significant variation in the
difference in binding energy between the big and small cages for the various classical
charge sets, ranging from -12.83 to 1.21 kcal/mol. The difference in binding energy
between the small and large cages (SG-BG) from the B3LYP calculations is -3.90
kcal/mol while the same difference for B3LYP-D is -10.7 kcal/mol due to the inclusion

of the dispersion correction. In general, the LPA charge sets give closer agreement for
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this energy difference to the B3LYP results and the NBO and MPA charge sets give
closer agreement to the B3LYP-D results.

We next examine the impact of the choice of charge distribution on the adsorption
of RDX in contributions to the energy as well as on the one-point adsorption isotherm at
a temperature of 300 K and a bulk pressure of ~9.4x10” bar. This low pressure is
relevant since we are interested in concentrating RDX from the gas phase in which the
vapor pressure is very low. We have previously shown in chapter 2 that for RDX in
IRMOF-1, this bulk loading is in the relevant Henry’s Law regime of adsorption. In
Table 3.7, we present the L-J and electrostatic contributions to the potential energy due to
RDX-RDX interactions, RDX-IRMOF-10 interactions and the sum of the both
interactions. Considering all but the NBO charge sets (set 6, 8, 10 and 13), the L-J
contribution to the RDX-RDX interaction is at least two orders of magnitude smaller than
the electrostatic contribution to the RDX-RDX interaction. However, the RDX-RDX
electrostatic contribution is at least two orders of magnitude smaller than the RDX-
IRMOF-10 electrostatic energy. That the RDX-RDX interactions are small is an
indication of the fact that the adsorbate is present in low loadings. For the RDX-IRMOF-
10 interactions, the fraction of the total energy that is due to the L-J contribution varies
significantly, from 2% (set 5) to 41% (set 9), with an average of 14%. Based on the
additional insight provided by the QM calculations above, we observe that the dispersion
correction in the QM calculation results in a significant contribution to the total
interaction energy, as much as 68%. However, the charge sets with large relative
contributions from the L-J interaction have small contributions from the electrostatic

interactions and are therefore in poor agreement with the B3LYP-D energies. This poor
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agreement demonstrates that the inability of this classical simulation to capture the total
interaction energy between RDX and IRMOF-10 could at least in part be due to
shortcomings of the L-J potential or its parameters in this application.

We observe a different behavior for the charge sets that employed NBO. In those
cases, the large positive charge on the N atom and correspondingly large negative charge
on the O atoms of the RDX nitro group resulted in condensation of the RDX within the
IRMOF-10 cage. In this case, the RDX-RDX interaction is actually larger than the RDX-
IRMOF-10 interaction. At this point in time, it is unclear if this condensation is physical.
The system has a low bulk RDX pressure (about 10 bar) and a temperature of 300 K.
There is insufficient experimental evidence to indicate whether condensation should
occur within the nanopore at these conditions. Therefore, we cannot rule out the
possibility that the NBO charge sets capture a real behavior.

The binding energy has a direct correlation to the amount of RDX that is
adsorbed. In Table 3.8, we report the number of molecules of RDX adsorbed per cage.
All GCMC simulations that used NBO charge sets resulted in condensation with at least
14 RDX molecules per cage. These NBO GCMC simulations had not completely finished
equilibrating (there was a very slight rise in density still occurring, as one would expect
due to the low probability of GCMC insertions in high density systems). The lowest
adsorption energy for systems that do condense is -20.8 kcal/mol (system §; NBO RDX
and ESP-2 MOF). The highest adsorption energy for systems that do not condense is -
18.4 kcal/mol (system 5; RDX from ref. [39] and LPA MOF). Thus we can establish a
relatively small range between the two values at which condensation of RDX would

likely occur. At the other extreme (system 9; LPA RDX and ESP-2 MOF) has the lowest
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binding energy and adsorbs the least amount of RDX (about 7 orders of magnitude less
RDX than the condensed systems). For systems with intermediate adsorption energies,
the relative amount of RDX adsorbs tracks very closely with the energy of adsorption.

There is also a challenge in reconciling the average total potential energy reported
in Table 3.7 with the classical energies of the configurations reported in Table 3.6. The
results from group 2, 3, 4, 7 and 9 are consistent with an intuitive understanding that the
average energies from a simulation at 300 K have to be higher than the single-point
energies reported in Table 3.6. These single-point energies correspond to configurations
that were global and local minima in the QM calculations. It is at least qualitatively
reasonable that the RDX molecules experience an average potential energy of -8.81, -
12.03, -12.00, -5.49 and -4.39 kcal/mol at 300 K when the energy minimum is at -10.51, -
13.10, -13.98, -6.97 and -7.50 kcal/mol for the group 2, 3, 4, 7 and 9. However, the
energies in Tables 3.6 and 3.7 for other groups require further investigation.

The average total potential energy of an RDX molecule in the GCMC simulation,
as reported in Table 3.7, is lower than the energies associated with the configurations in
Table 3.6, for the charge sets from group 1, 5, 11, 12, 14 and 15. The only way such a
result is possible is if the configurations evaluated in Table 3.6 (which correspond to
minima in the QM energy landscape) do not correspond to minima in the classical energy
landscapes. We tested this hypothesis by randomly sampling RDX molecules from the
GCMC simulations and performing single-point energy calculations. Indeed, our single-
point energy calculations show that some configurations from the GCMC simulations

provide deeper energies than the QM binding energy.
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The difference between the QM and classical energies is not strictly in the depth
of the well. From the GCMC simulations, we have generated density distributions, which
are shown in Figure 3.5. In Figure 3.5, we have shown density distributions of the RDX
center of mass in IRMOF-10 for the first five charge sets. The ESP-1, ESP-2, and LPA
charge sets are qualitatively similar, placing the primary adsorption site of RDX in front
of the cage vertex in the big cages. The NBO charge set has an adsorption site at the same
location as ESP-1, ESP-2 and LPA but has a deeper adsorption site at the vertex of the
small cages. This additional adsorption site is presumably due to the very large charges
placed on the nitro group by the NBO procedure. The MPA charge set has small
adsorption sites at the vertex and deep adsorption sites in front of the benzene rings in the
small cages. This difference in MPA is due to the large charge separation on the benzene
rings using the MPA procedure.

It is also worth noting that in Table 3.7 the small cage had a deeper binding
energy than the big cage for every charge set except sets 12 and 15. However, from the
density distributions we observe preferential adsorption in the big cages for many of
these charge sets. Of course, the preference of RDX for a big cage is a combination of
energetic and entropic effects and cannot completely be explained by differences in 0 K
binding energies. However, we do see deeper energetic wells in the big cage using the
ESP-1 and ESP-2 charges than are evident in the optimized configurations from the QM
calculations, i.e. the average energies of adsorption in Table 3.7 are greater in magnitude
than the energies of the configurations reported in Table 3.6 that correspond to minima in
the QM calculations. Therefore, the conclusion in the comparison of Table 3.6 and Table

3.7 1s that the configurations associated with minima in the QM energy landscape do not
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necessarily correspond to minima in the classical energy landscape. Therefore, there is no
contradiction between the density distributions in Figure 3.5 and the energies in Table
3.6.

In Table 3.8, we also report the self-diffusivity of RDX from independent MD
simulations run at the loadings generated from the GCMC simulations and reported in
Table 3.8. There is a general correlation between the average energy of adsorption and
the self-diffusivity, in which an increase in the magnitude of the energy of adsorption
corresponds to a decrease in the self-diffusivity. This relationship is not unexpected since
diffusion of RDX in MOFs is an activated process shown in chapter 2, and the activation
energy is the difference in energy between the energy peak along the diffusion path
(transition state energy) and the site energy. The energy of adsorption reported in Table
3.7 is an average over all energies and thus doesn’t necessarily contain the activation
energy. However, we do observe this general correlation, likely indicating that the change
in charge set has a bigger impact on the adsorption site energy than on the diffusional
transition state energy.

When examining the diffusivity as a function of density for a given potential, in
general one expects that the diffusivity should decrease as the loading increases, due to
steric hindrances. However, we cannot make this correlation between the diffusivities and
loadings in Table 3.8, because the potential is different for each case. Thus the depths of
the energy wells are different, which impact the activation energy for diffusion more so

than does the loading.
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3.4 Conclusions

Motivated to understand how RDX is absorbed in IRMOF-10 and how it diffuses
within it, we performed classical GCMC and MD simulations of RDX in IRMOF-10. For
this purpose force fields were evaluated by comparing binding energies obtained from
them with the binding energies obtained from quantum mechanics (QM). We found that
the choice of force-field greatly affects the outcome.

We have shown that four different approaches for generating point charges of
IRMOF-10 from QM calculations, including the Electrostatic Potential (ESP) method,
Mulliken Population Analysis (MPA), Lowdin Population Analysis (LPA) and Natural
Bond Order (NBO) analysis, yield significantly different charges. Fifteen combinations
are formed by applying different methods for charge calculation to different
RDX/IRMOF-10 structures. Comparison of the binding energies for fixed configurations
of RDX in IRMOF-10 show great variation between the fifteen combinations, none of
which agree particularly well with the binding energy from quantum mechanics. The
configurations corresponding to minima in the energy surface from the QM calculations
do not necessarily agree with minima in the energy surface using the classical potentials
with the various sets of point charges.

We examined whether the discrepancies between the QM and classical
distributions might be attributed to the use of charge distributions that do not correspond
to the system being simulated. We therefore generated charges from configurations of
RDX adsorbed in IRMOF-10. These systems also failed to agree well with binding

energies from QM calculations.
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For the charge sets studied, the amount of RDX adsorbed tracks with the binding
energy, but varies over seven orders of magnitude for the fifteen combinations of charges
studied here. The self-diffusivities of RDX in IRMOF-10 for each combination simulated
are also significantly different.

Interestingly, the QM calculations show that the dispersion contribution is a
significant fraction of the binding energy and is substantially larger than any L-J
interaction observed in the classical simulations. Therefore, the inability of the classical
simulations to reproduce the QM binding energies may in part be attributed to
shortcomings of the L-J potential or its parameters in this application and not just the
charge distribution. One could increase the dispersion contribution of the L-J potential to
better match the QM energies in this work by increasing the well depth, characterized by
€. However, this change would impact all of the other properties to which the parameters
were originally fit. Although adsorption isotherms for non-polar molecules like methane
in IRMOFs are relatively insensitive to L-J parameters[14], it appears that this may not
be the case for polar molecules like RDX.

The adsorption isotherm of polar molecules in IRMOFs is certainly sensitive to
partial charges. However, adjusting partial charges to match an experimental isotherm
point, may not address the physical issue underlying the discrepancy, if the reason for the
discrepancy lies with the dispersion contribution to the interaction energy.

Finally, it is difficult due to the scarcity of experimental data to identify a “best”
method for determining charges for polar molecules adsorbed in MOFs. Therefore,
additional experimental data are needed (such as points on the isotherm) which could

help to resolve key questions, especially that of condensation in the pore.
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Appendix 3.A: Tables and Figures

Table 3.1. Different combinations used to generate sets of charges for the classical
GCMC and MD simulations.

run id RDX state RDX method MOF state MOF method
1 crystal Ref. [39] empty ESP-1
2 crystal Ref. [39] empty ESP-2
3 crystal Ref. [39] empty NBO
4 crystal Ref. [39] empty MPA
5 crystal Ref. [39] empty LPA
6 ideal gas NBO empty ESP-1
7 ideal gas LPA empty ESP-1
8 ideal gas NBO empty ESP-2
9 ideal gas LPA empty ESP-2
10 ideal gas NBO empty NBO
11 ideal gas MPA empty MPA
12 ideal gas LPA empty LPA
13 adsorbate NBO w/RDX NBO
14 adsorbate MPA w/RDX MPA
15 adsorbate LPA w/RDX LPA
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Table 3.2. Charge distributions for atoms of IRMOF-10 based on an empty cage.

Atom MPA LPA NBO ESP-1 ESP-2
Zn 1.083 0.788 1.392 1.420 1.260
O1 -1.170 -0.509 -1.443 -1.680 -1.440
02 -0.501 -0.255 -0.795 -0.710 -0.670
C1 0.290 0.136 0.868 0.720 0.680
C2 0.232 -0.120 -0.150 0.130 0.060
C3 -0.388 -0.082 -0.113 -0.210 -0.160
C4 -0.433 -0.081 -0.165 -0.210 -0.160
C5 0.371 -0.032 -0.024 0.130 0.000
H3 0.329 0.102 0.202 0.150 0.160
H4 0.283 0.104 0.179 0.150 0.160
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Table 3.3. Charge distributions for atoms on IRMOF-10 with one RDX in the cage.

Atom MPA LPA NBO
Zn 1.069 0.795 1.720
O1 -1.173 -0.513 -1.715
02 -0.507 -0.257 -0.875
C1 0.308 0.139 0.870
C2 0.229 -0.122 -0.165
C3 -0.384 -0.083 -0.115
C4 -0.423 -0.081 -0.170
C5 0.376 -0.031 -0.022
H3 0.323 0.102 0.204
H4 0.276 0.103 0.183
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Table 3.4. Charge distributions for atoms on RDX.

Ideal gas Adsorbate
Atom Crystal[39]
MPA LPA NBO ESP MPA LPA NBO ESP
C 0.05752 -0.26610 | 0.05921 -0.04850 | -0.21954 | -0.33611 0.03754 | -0.04978 | -0.69571
N -0.13720 -0.06673 | -0.18298 | -0.28847 0.06178 -0.04210 | -0.19203 | -0.32949 | 0.35054
N (nitro) 0.27157 0.13263 0.17411 0.61897 0.73575 0.20935 0.17835 0.60458 0.66307
O -0.26724 -0.19964 | -0.13056 | -0.40409 | -0.45281 | -0.22327 | -0.12318 | -0.38769 | -0.42941
H 0.10081 0.29974 0.10539 0.26309 0.16382 0.31029 0.11289 0.27566 0.30947




Table 3.5. BSSE corrected interaction energies (kcal/mol) of RDX interacting with IRMOF-10 fragments calculated at the B3LYP,
B3LYP-D and B97-D level of theory.

System SG SL BG BL

B3LYP | B97-D B3I]5YP' B3LYP | B97-D B3I]3YP " | B3LYP | B97-D B3I]5YP' B3LYP | B97-D B%YP'
Eint -12.6 | -27.6 -30.7 -14.5 27.4 -30.4 -7.8 -16.8 -18.8 5.1 -16.4 -18.5
Epsse 4.5 4.6 8.2 7.8 4.6 8.1 3.6 4.4 7.0 4.5 4.4 6.9
Ecorr -8.1 -23.0 225 -6.7 22.8 223 42 -12.4 -11.8 -0.6 -12.0 -11.6
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Table 3.6. Classical single point energies compared with quantum binding energies.

corrected QM interaction classical single point energy (kcal/mol)
energy (kcal/mol)
model B3LYP-
B3LYP | B97-D D 1 2 3 4 5 6 7 8

BG -4.20 -12.4 -11.8 -1.70 -2.46 -2.29 -0.99 -5.18 -4.53 -2.74 -4.13

BL -0.60 -12.0 -11.6 -1.73 -2.50 -2.33 -1.06 -5.27 -4.61 -2.77 -4.21

SG -8.10 -23.0 -22.5 -7.31 -10.41 -12.96 -13.82 -4.06 -12.27 -6.86 -13.29

SL -6.70 -22.8 -22.3 -7.39 -10.51 -13.10 -13.98 -4.13 -12.38 -6.97 -13.45
SG-SL -1.40 -0.20 -0.20 0.08 0.10 0.14 0.16 0.07 0.11 0.11 0.16
BG-BL -3.60 -0.40 -0.20 0.03 0.04 0.04 0.07 0.09 0.08 0.03 0.08
SG-BG -3.90 -10.6 -10.7 -5.61 -7.95 -10.67 -12.83 1.12 -7.74 -4.12 -9.16

corrected QM interaction classical single point energy (kcal/mol)
energy (kcal/mol)
model BILYP-
B3LYP | B97-D D 9 10 11 12 13 14 15

BG -4.20 -12.4 -11.8 -2.58 -5.14 -3.79 -3.83 -6.84 -3.43 -3.69

BL -0.60 -12.0 -11.6 -2.62 -5.23 -3.83 -3.89 -6.96 -3.47 -3.75

SG -8.10 -23.0 -22.5 -7.36 -16.66 -13.92 -2.62 -15.83 -13.86 -2.63

SL -6.70 -22.8 -22.3 -7.50 -16.86 -14.21 -2.69 -16.07 -14.09 -2.70
SG-SL -1.40 -0.20 -0.20 0.14 0.20 0.29 0.07 0.24 0.23 0.07
BG-BL -3.60 -0.40 -0.20 0.04 0.09 0.04 0.06 0.12 0.04 0.06
SG-BG -3.90 -10.6 -10.7 -4.78 -11.52 -10.13 1.21 -8.99 -10.43 1.06
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Table 3.7. Potential energies (kcal/mol) from GCMC simulations at 300 K and ~9.4x10”

bar.
RDX-RDX RDX-IRMOF10 | total potential (kcal/mol)

r}iln electro- electro- electro- K tc;;al |
! L-J static L-J static L-J static (keal/mol)
1 |-9.93e-08 | 1.20e-05 -1.37 -8.88 -1.37 -8.88 -10.25
2 | -3.58e-08 | 6.86¢e-06 -1.59 -7.22 -1.59 -7.22 -8.81
3 | -1.31e-06 | 2.58e-04 -1.37 -10.67 -1.37 -10.67 -12.03
4 | -2.64e-05 | 2.38e-03 -0.40 -11.60 -0.40 -11.59 -12.00
5 | -3.76e-03 | 4.87e-01 -0.36 -18.57 -0.36 -18.08 -18.44
6 -1.62 -15.10 -0.53 -5.44 -2.15 -20.55 -22.71
7 | -4.49¢-08 | -3.77e-08 -1.99 -3.49 -1.99 -3.49 -5.49
8 -1.45 -14.00 -0.56 -4.86 -2.01 -18.83 -20.84
9 | -2.60e-08 | 3.83e-08 -1.81 -2.58 -1.81 -2.58 -4.39
10 -1.58 -13.70 -0.30 -7.32 -1.87 -20.98 -22.85
11 | -4.24e-02 | -3.85¢-01 -1.01 -14.87 -1.06 -15.26 -16.31
12 | -1.77e-07 | -5.14e-08 -1.93 -6.94 -1.93 -6.94 -8.87
13 -1.67 -12.40 0.20 -10.26 -1.47 -22.68 -24.15
14 | -2.70e-02 -0.21 -1.34 -13.77 -1.37 -13.97 -15.35
15 | -1.93e-07 | 2.37e-07 -1.96 -6.23 -1.96 -6.23 -8.19
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Table 3.8. Adsorption loading and self-diffusivities at 300 K and ~9.4x10” bar.

o o le/onae). self-diffusivity (m’s)
1 3.41e-05 1.52e-114+4.37e-12
2 2.67e-05 8.36e-10+9.65¢-11
3 5.02e-04 1.71e-10£1.33e-11
4 5.48e-03 2.86e-1049.09e-12
5 4.92e-01 1.28e-14+1.84e-15
6 condense (>14) 7.96e-13+2.23e-13
7 1.20e-06 2.99¢-09+1.86e-10
8 condense (>14) 1.26e-12+4.27e-13
9 8.37e-07 4.46e-09+3.76e-11
10 condense (> 14) 1.15e-12+1.17e-13
11 1.25e-01 1.32e-11£1.04e-12
12 2.29e-05 1.35e-10+1.52¢-11
13 condense (>14) 1.21e-12+1.97e-13
14 6.44e-02 2.16e-11+£6.81¢-14
15 1.17e-05 2.26e-10+£1.31e-11
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Figure 3.1. RDX structure (legend: N, blue; C, green; O, red; H, white).
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Figure 3.2. IRMOF-10 unit cell structure (legend: Zn, violet; C, green; O, red). All
hydrogen atoms are not shown. The yellow sphere is located within the small cage.
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Figure 3.3. Three representative cluster models for calculating charge distribution in
IRMOF-10 (legend: Zn, violet; C, green; O, red; H, white).
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Figure 3.4. Four configurations of RDX in IRMOF-10 for which binding energies were
calculated (legend: Zn, violet; N, blue; C, green; O, red; H, white): (a) SG=Small cage,
Global minimum; (b) SL=Small cage, Local minimum; (c) a sphere indicating where
RDX is located within the small cage; (d) BG=Big cage, Global minimum; (¢) BL = Big
cage, Local minimum; (f) a sphere indicating where RDX is located within the big cage.
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Figure 3.5. The density distributions of RDX in IRMOF-10 for the first five
combinations from vertex view at 300 K and infinite dilution. The density contour level
is from low to high (legend: Zn, violet; C, green; O, red; H, white).
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CHAPTER 4

Evaluation of Functionalized Isoreticular Metal Organic Frameworks

(IRMOFs) as Smart Nanoporous Preconcentrators of RDX
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Abstract

Classical molecular dynamics (MD) and Grand Canonical Monte Carlo (GCMC)
simulations were used to generate self-diffusivities, adsorption isotherms and density
distributions for hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) in five isoreticular metal-
organic frameworks (IRMOFs), which varied in the cage size and in the presence and
location of amine groups. These simulations were performed at room temperature (300
K) and low pressures (up to 1 ppm RDX). The atomic charges required for MD and
GCMC simulations were calculated from quantum mechanical (QM) calculations using
two different charge generation methods - Lowdin population analysis and natural bond
orbital (NBO) analysis. Both charge sets show that the presence of amine groups
increases the amount of RDX adsorbed. The cage size and the location of amine groups
also affect the loading of RDX. The amount of RDX adsorbed is correlated with the
energy of adsorption. The activation energy for diffusion of RDX is not positively
correlated with the energy of adsorption. The density distributions identify the location of
the adsorption sites of RDX-exclusively in the big cage around the metal complex
vertices and between benzene rings. In the absence of amine groups on the framework,
one of nitro groups on RDX interacts closely with the metal complex. In the IRMOFs
functionalized with amine groups, a second nitro group of the RDX interacts with an
amine group, enhancing adsorption. With regard to application as a smart nanoporous
preconcentrator, these IRMOFs are found to concentrate RDX up to 3000 times
compared to the gas phase, on a volumetric basis. From a simple Langmuir estimation,
the selectivity of RDX over butane is up to 5000. The diffusion of RDX is sufficiently
high for real time sensor applications. These results indicate IRMOFs can be tailored with

functional groups to be highly selective nanoporous preconcentrators.
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4.1 Introduction

The detection of explosives has become an important aspect of physical security
systems[5,132]. Many explosives such as cyclotrimethylenetrinitramine (RDX) and
pentaerythritol (PETN) have extremely low vapor pressures (i.e. the concentration in air
is at the parts per trillion level at ambient temperature[4]), which makes their detection
very difficult[133]. In order to enhance sensitivity, a detector incorporates a
preconcentrator, which is basically a filtering device that concentrates a sufficient
quantity of explosives from a large amount of air flow via adsorption and delivers it to
the detector via desorption. However, a major challenge still remains in finding an
adequate preconcentrator with appropriate adsorptive and transport properties[5].

Metal-organic frameworks (MOFs) are a new class of nanoporous materials that
have shown great potential for gas adsorption and separation[15,134] in recent years
because they have high thermal stability, large pore volume and surface area, and can be
tailored easily. A typical iso-reticular metal-organic framework (IRMOF) is a three-
dimensional block structure with periodic cubic unit cell, as shown in Figure 4.1. In a unit
cell, there are two distinct cages, denoted as “big” and “small”, distinguished by the
orientation of the organic linkers, as indicated in Figure 4.1.

A particularly attractive feature of MOFs is the fact that they can be
functionalized by changes in the organic linker. This functionalization affects the
adsorptive and diffusive properties of the material. A predictive understanding of the
relationship between MOF structure and its corresponding adsorptive and diffusive
properties would help match MOFs to a particular application but this understanding does

not currently exist. As such experimental or computational techniques are used to
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establish these structure/property relationships on a case-by-case basis. The storage of
hydrogen[10,13,23] and methane[14,15] in MOFs has generated great interest. For
example, Eddaoudi et al.[15] synthesized 16 isoreticular MOFs (IRMOFs) by tailoring
organic linker based on IRMOF-1 structure. These 16 IRMOFs showed highly different
capacities for methane storage. Frost et al.[23] predicted hydrogen adsorption isotherms
in 10 different IRMOFs and revealed that the adsorption capabilities are strongly
correlated with pore volume and surface area.

A similar approach can be taken to identifying MOFs well suited to selectively
adsorb explosives as a preconcentrator. In fact, Ni et al.[37] demonstrated that MOFs can
be quite useful as selective preconcentrators adsorbing dimethyl methylphosphonate
(DMMP) on IRMOF-1. Apart from that, there are no published experiments working on
preconcentrators for explosives.

Molecular simulation is a useful tool for investigating the structure/property
relationships of MOFs, especially for explosive compounds that are more dangerous to
study experimentally. Molecular simulations of adsorption in MOFs have shown good
agreement with experiments and provided valuable molecular-level insights[13,14,18-
20]. In addition, a recent review of MOFs[88] has concluded that molecular simulations
can be used to test hypothetical structures for particular applications.

In chapter 2, we investigated the adsorptive and diffusive behavior of an
explosive molecule, RDX, in IRMOF-1 via molecular simulation using the MM3
potential for the MOF[70]. RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine, CAS # 121-82-
4) is a highly energetic particle often used as modern plastic explosive. The structure of

RDX is shown in Figure 4.2. It contains three nitro groups that can interact closely with
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metal clusters of IRMOF-1. It was found that RDX adsorbed preferentially near the
vertices of the big cages with a Henry’s law constant of 21.2 mol/kg/bar at 300 K. The
diffusion was activated with an activation energy of 6.0 kcal/mol.

Subsequently, we sought to extend our study from IRMOF-1 to other MOFs. In
doing so we discovered that for the vast majority of MOFs, a charge distribution of the
MOF is not available. Since RDX is a polar molecule, the electrostatic interactions are
important and charge distributions are required. Quantum mechanical (QM) calculation
methods are commonly used to define point charges on MOFs, although it has been
pointed out that there is a significant variation in the charge distribution of IRMOF-1
using different QM calculation methods, which may significantly impact the classical
force field calculations[88]. Therefore, we performed a study on IRMOF-10 in chapter 3,
in which point charges associated with atoms were obtained from different QM methods
including the electrostatic potential (ESP) method[89], Lowdin populationa (LPA)[92],
Mulliken population analysis[90] and natural bond orbital (NBO) analysis[93]. Classical
simulation of adsorption and diffusion of RDX in IRMOF-10 using atomic charges from
each of these methods led to adsorption isotherms and self diffusivities that varied by as
much as seven orders of magnitude. None of the choices for atomic charges resulted in a
good match to the QM binding energy. Clearly, the choice of atomic charge is important
for accurate modeling of the properties of a polar molecule like RDX. Some experimental
work would be required to determine, which if any of these charge distributions best
reflect reality.

The different choices for atomic charge can be divided according to two types of

resulting behavior. The NBO analysis assigned large partial charges to the nitro group of
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RDX, which caused RDX to bind more strongly and condense within the pore of
IRMOF-10. The other methods, including LPA, predicted a low density phase within the
pore. At this time it is not clear whether RDX should condense in a MOF at room
temperature.

Our goal now is to establish structure/property relationships for the adsorptive and
diffusive behavior of RDX in a variety of MOFs. Given the uncertainty in the atomic
charges, we chose to proceed with two charge assignments, LPA and NBO, which in
IRMOF-10, yield low-density and condensed phases, respectively. For both assignments,
we study how changes in MOF structure affect the amount of RDX adsorbed and the
mobility of RDX.

In this chapter, we study RDX in five IRMOFs. These materials have the same
framework topology as IRMOF-1, except that they have different functional organic
linkers, which are shown in Figure 4.3. Figure 4.3(a) shows IRMOF-1, the base structure.
IRMOF-3, which is shown in Figure 4.3(b), is functionalized with an amine group (-NH>)
on each phenyl ring in IRMOF-1. Figure 4.3(c) shows IRMOF-10, which replaces the
phenyl ring with a biphenyl ring, resulting in a larger cage. In Figure 4.3(d) and Figure
4.3(e), IRMOF-10 is functionalized with an amine group on each biphenyl group. Of
these structures, IRMOF-1, IRMOF-3, and IRMOF-10 have been experimentally
synthesized[15]. The last two structures assume that the functionalization that leads from
IRMOF-1 to IRMOF-3 can also be achieved in IRMOF-10. There are two positions for
the amine to be attached in IRMOF-10. We investigated both positions. Experimentally,
1,1'-biphenyl can have an amine attached at either the 2 or 3 position[25]. These final two

structures are designated here as IRMOF-10a and IRMOF-10b, where the amine group is
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placed on the 2 or 3 position, respectively. In IRMOF-3, the amine group is randomly
distributed over four equivalent sites on the phenyl ring[15], which are indicated as
dashed circles for each structure in Figure 4.3. We assume the same disorder in the
biphenyl group with amine substitution.

These five IRMOFs were chosen for a good reason. In our previous simulation of
RDX in IRMOF-1, we observed that the pores in IRMOF-1 are a very tight fit for RDX;
thus, we are now motivated to determine if larger pores would enhance adsorption. We
also observed in chapter 2, that only one of the nitro groups in RDX participates in strong
binding with the Zn in the linker, while the other two nitro groups dangle out into the
pore. Therefore, we now seek to add additional binding sites for the other nitro groups.
Because the nitro groups are polar, we have added a polar functional group to the MOF
structure. Experimentally, it is known that amine groups can be incorporated into MOF
structures, as is the case for IRMOF-3. Thus, we have added amine groups to the MOF in
order to determine if they act as electrostatic anchors for at least one of the other two
nitro groups not interacting with Zn.

This systematic study allows us to perform the following evaluations. We can
evaluate the effect of pore size on RDX adsorption in the absence of any amine groups
through the comparison of IRMOF-1 and IRMOF-10. The effect of adding an amine
group to the framework in small cages can be evaluated through the comparison of
IRMOF-1 and IRMOF-3. The effect of adding an amine group to the framework in large
cages can be evaluated through the comparison of IRMOF-10 and IRMOF-10a or
IRMOF-10b. The effect of placement of the amine group on biphenyl can be evaluated

through the comparison of IRMOF-10a or IRMOF-10b.
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In this chapter, we use grand canonical Monte Carlo (GCMC) simulation to
predict the adsorption of RDX in these five IRMOFs. The proposed application of this
fundamental work is to use IRMOFs that can be tailored to selectively adsorb RDX for
preconcentration. Since the vapor pressure of RDX is at the ppb or ppt level[1] and it has
been demonstrated in chapter 2 that the major parts of air (N, and O,) do not affect RDX
adsorption, we limit ourselves to pure RDX adsorption simulation under 1 ppm (parts per
million) at ambient temperature (300 K). In addition, we present the self-diffusivities and
the activation energy for diffusion of RDX in the five IRMOFs using molecular dynamics

(MD) simulation.

4.2 Simulation Details

The five adsorbent IRMOFs studied are shown in Figure 4.3. The framework
atoms have been kept rigid during calculations as used in other simulations of adsorption
in MOFs[14,55,63]. The atom positions of the frameworks were obtained from published
x-ray diffraction data[15]. It should be noted that there is no experimental x-ray
diffraction data for IRMOF-10a and IRMOF-10b. Those two structures were formed by
adding NH; groups to the IRMOF-10 structure. The super unit cell length and mass for
each of the IRMOFs used in this work are reported in Table 4.1. It has been shown that
IRMOFs are stable to hundreds of degrees Celsius[9] and the effect of the change in
linker length and the flexibility in the smaller framework are relatively small[135]. The
effect of lattice dynamics on the larger molecules has previously been discussed, and may

lower the self-diffusivity from that observed for the rigid framework[80].
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The model for RDX is considered fully flexible, including bond stretching, bond
bending, bond torsion and non-bonded interactions. The non-bonded interactions are
modeled by Lennard-Jones (L-J) potential and Coulombic interactions. The detailed
model expressions were given in chapter 2. We adopt a nonreactive force field for
crystalline RDX from Boyd et al.[39], except for the non-Coulombic nonbonded
interactions, which are taken from Wallis and Thompson[38], who used an L-J form.
Notably, the model used here does not allow for dissociation of the RDX molecule.

RDX-RDX interactions and RDX-framework interactions are modeled by L-J
potential and the Coulombic potential. The L-J potential parameters for both RDX and
framework used in this work were reported in chapter 2, except for the L-J parameters for
the N and H in the NH, group, which are assigned the values for the amine force
field[136], as listed in Appendix 4.B. We use the Lorentz-Berthelot mixing rules to
calculate the L-J interactions between the different atoms in the system. L-J interactions
are truncated at 18 A with no long-range corrections applied. Conventional periodic
boundary conditions are applied during all the calculations. The electrostatic potential is
computed using the spherically truncated charge-neutralized procedure of Wolf et al.[73].

This model places partial charges centered at each atom of RDX and the MOF.
The partial charges were provided in this work by independent QM calculations using
either the LPA or NBO method for point charge generation. This process is an
approximation and no unique technique is available to determine the atomic charges in a
rigorous way. It has also been demonstrated that the change of partial charges
substantially varies the adsorption isotherm[12,88]. Nevertheless, Castillo et al.[55]

demonstrated that experimental isotherms of water in a MOF can be reproduced using
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available force fields as a starting point. Similarly it can be applied to RDX. Since there
is no experimental data for the adsorption of RDX in IRMOFs, we have to choose a set of
partial charges as a starting point. We emphasize the importance of the partial charges in
the interaction potential since Diiren et al.[14] demonstrated that the impact from the
choices of L-J parameters is not as sensitive. In chapter 2, the partial charges for RDX
atoms were chosen from the force field fitting to crystalline RDX[39] and the partial
charges for IRMOF-1 atoms were fit to the electrostatic potential[70]. Charge
distributions are not available for all the other IRMOFs.

In this work, in order to generate a consistent set of partial charges for all
IRMOFs studied, we performed both LPA and NBO methods to generate charges from
QM calculations. These two methods were also applied recently in the charge population
analysis in MOFs[96]. We show later in the paper that, at the interested pressure and
temperature, the LPA partial charges in this work can reproduce relatively well the
previously reported adsorption isotherms and self-diffusivities for IRMOF-1.

The QM calculations were performed using the FIREBALL code[111], which
uses atomic orbitals to express electronic wave functions with finite cut-off lengths. The
entire unit cell structures from the x-ray diffraction were used to perform QM
calculations with periodic boundary conditions applied. Details of the methodology can
be found elsewhere[112,113]. QM calculations were also performed for an isolated RDX
molecule. The partial charges for RDX and IRMOFs from the LPA and NBO calculations
are reported in Appendix 4.B.

Because it still remains unclear whether the use of a cluster-based approach rather

than the full periodic structure plays a significant role on the local atomic charges[88], we
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computed charge distributions for IRMOFs based on isolated fragments of the MOFs (as
compared to full unit cells with periodic boundary conditions), using the NBO analysis in
Gaussian03[102]. These partial charge distributions are also reported in Appendix 4.B.
We found that there were significant discrepancies in the partial charge distributions
between the full cell and fragment calculations. However, not all of the differences can be
attributed to the size of the fragment. We applied the same procedure for an isolated RDX
molecule; the NBO analyses of FIREBALL and Gaussian03 did not generate the same
partial charges, as indicated in Appendix 4.B. The choices of level of theory and basis set
also impact the QM results that are inputs into the charge generation procedure, and
therefore indirectly affect the charges as well. In the GCMC and MD simulations
reported in this work, we exclusively used charges generated from the full unit cells with
periodic boundary conditions via FIREBALL.

The adsorption isotherms of RDX in IRMOFs are computed using GCMC
simulations at 300 K. Each point on the isotherm consists of two simulation points: a
bulk phase simulation of the RDX gas and an adsorbed phase simulation of RDX in the
MOF. Each pair of simulations is performed at the same temperature and chemical
potential and therefore in thermodynamic equilibrium. The gas phase is an ideal gas since
we only considered pure RDX at pressures corresponding to no more than 1 ppm at
ambient conditions.

We selected four types of trial moves in the ratio of 4:2:3:3 during GCMC
simulation: 1) center-of-mass translation, 2) rigid rotation about the center-of-mass, 3)
insertion and 4) deletion. For each simulation the molecule insertions were drawn from a

pool of ideal gas configurations. We have previously shown modest changes in RDX
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structure upon adsorption into IRMOF-1. Detailed information about GCMC method can
be found in chapter 2 and elsewhere[21,22].

We have also performed a series of classical MD simulations in order to obtain
information about RDX mobility within the pore that is not available from the GCMC
simulations. The MD simulations were performed in the NVT ensemble at densities
obtained from the GCMC simulations corresponding to a bulk RDX partial pressure of 1
ppm at ambient conditions. The MD simulations were run across a range of temperatures
so that we were able to obtain not only the self-diffusivity but the activation energy for
diffusion as well. For all frameworks, we have used 1000 RDX molecules in each MD
simulation to yield reliable statistics. Thus the number of cells in each simulation varies
since the density varies from one MOF to another.

The diffusion coefficient was determined by the time evolution of the mean
square displacement (MSD) of the center of mass (COM) of RDX molecule. According
to the Einstein relation[22], the diffusion coefficient is obtained from the MSD curve in
the long-time limit where the exponent relating the observation time to MSD is unity.
This procedure was successfully applied to benzene[80] and RDX diffusion in IRMOF-1
in chapter 2.

We have used two-time step r-RESPA algorithm[74] to integrate the equations of
motion. The short time step is 0.2fs and there are 10 short steps per long time step. To get
the linear regime of the MSD curve, we have run 1.5x10’ long time steps for data
production after 6x10° long time steps for equilibration. The MSD data were sampled
every 2500 long time steps during data production. To obtain the activation energy, the

temperature dependence of diffusion coefficient was fit to the Arrhenius expression,
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which is seen as an empirical relationship[137]. Additional details of the MD method for

RDX in an MOF can be found in chapter 2.

4.3 Results and Discussion

In this section, we present GCMC and MD simulation results for RDX in the five
IRMOFs. We first present results for RDX adsorption and diffusion in all IRMOFs using
the LPA charges. We then present analogous results using the NBO charges. The key
distinction is that the LPA charges predict a low density RDX phase within the IRMOF,
while the NBO charges predict a condensed phase. Unless otherwise depicted, the

uncertainties are smaller than the symbol sizes in the figures presented.

4.3.1. Adsorption Isotherms and Self-Diffusivities Calculated with Partial Charges
from Lowdin Population Analysis (LPA)

In Figure 4.4, we show adsorption isotherms for the five IRMOFs at 300 K and a
pressure range from 1.43x10"° bar to 9.36x10” bar, which is the pressure range of
interest since the equilibrium vapor pressure of RDX is 6 ppt at ambient temperature[4].
The adsorption loadings are shown in two different unit bases, one of which is RDX
molecule per cage of framework (Figure 4.4(a)) and the other is weight percent of RDX
in framework (Figure 4.4(b)). Note that the adsorption loading of IRMOF-1 in this work
is in good agreement with the results obtained in chapter 2, which is shown in Figure
4.4(a) even though the partial charges for both RDX and framework are very different
(the one in this work is from LPA and the other one in chapter 2 is from ESP

calculation[70]). The amount of RDX adsorbed in the MOF is very small, only 1 RDX
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molecule per 6000 cages at the highest loading. This low loading is expected based on the
LPA charge distribution for IRMOF-10 in chapter 3.

Both Figures 4.4(a) and 4.4(b) show the same RDX adsorption trend, with
adsorption as follows: IRMOF-10a > IRMOF-3 > IRMOF-10b > IRMOF-10 > IRMOF-
1. To evaluate the effect of pore size on RDX adsorption in the absence of any amine
groups, we compare IRMOF-1 (small) and IRMOF-10 (big) and observe that IRMOF-10
adsorbs more RDX on both volumetric and weight basis. To evaluate the effect of the
presence of an amine group in small cages, we compare IRMOF-1 (no amine) and
IRMOF-3 (amine) and observe that IRMOF-3 adsorbs more RDX, supporting our
hypothesis that the polar amine group can act as an electrostatic anchor for a second nitro
group of RDX. To evaluate the effect of the presence of an amine group in large cages,
we compare IRMOF-10 (no amine) and IRMOF-10a (amine near the vertex) or IRMOF-
10b (amine away from vertex). We observe that the amine-containing IRMOFs adsorb
more RDX than IRMOF-10, again supporting our hypothesis that the polar amine group
can act as an electrostatic anchor for a second nitro group of RDX. To evaluate the effect
of the placement of the amine group in large cases, we compare IRMOF-10a and
IRMOF-10b, and observe that when the amine group is placed in the 2-position (closer to
the vertex), the amount of RDX is more than doubled. This is a consequence of putting
the amine in the right geometric position to act as an effective electrostatic anchor for the
second nitro group of the RDX molecule. There is more than an order of magnitude
difference in the amount of RDX adsorbed when comparing the best adsorbent (IRMOF-

10a) and the worst adsorbent (IRMOF-1).
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We also notice that almost all the adsorption isotherms are in the linear regime
across the pressure range studied except for IRMOF-10a, which presents non-linear
behavior at ~8x107 bar. The linear regime can be expressed by the Henry’s law constant,
shown in Table 4.2, which is substantially larger than observed for H,, CO, and CH4
adsorption. The Henry’s law constant of IRMOF-1 in this work (16.0 mol/kg/bar) is in
good agreement with that in chapter 2 (21.2 mol/kg/bar). IRMOF-10a has the highest
Henry’s law constant, which is about 10 times larger than that for IRMOF-1. In Table
4.2, we also show how much the framework concentrates RDX from the gas phase, on a
volumetric basis. IRMOF-10a concentrates RDX by a factor of 3000.

The binding energies of RDX in the five IRMOFs at 300 K and 9.36x107 bar are
shown in Figure 4.5. In the classical simulation, there are three contributions to the
potential energy: intramolecular energy of the RDX (bond stretching, bending, torsion,
etc.), intermolecular interactions among RDX molecules and interactions between RDX
and the MOF. The binding energy is the difference in this potential energy between the
adsorbed phase and the bulk phase. The intramolecular energy of RDX in the bulk phase
is virtually the same as that in the adsorbed phase. There is negligible RDX-RDX
interaction and no RDX-MOF interaction in the bulk phase since RDX is in the ideal gas
regime, so the binding energy is essentially determined by the RDX-RDX and RDX-
MOF interactions in the adsorbed phase. In particular, the binding energy is only the
RDX-MOF interactions in the adsorbed phase when the loading of RDX is extremely
low, as is the case with the LPA charges. The binding energy for RDX in IRMOF-1 is -
8.1 kcal/mol, which is in good agreement with the result (-9.2 kcal/mol) in chapter 2 and

the quantum chemistry calculation of -8.8 kcal/mol[81].
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If adsorption of RDX in IRMOFs is dominated by energetic contributions to the
free energy, then we would expect that the amount of RDX adsorbed correlates with the
magnitude of the binding energy. This qualitative trend is completely obeyed for the five
MOFs studied here. IRMOF-1, which has the least RDX adsorbed, has the smallest
binding energy. IRMOF-10a, which has the most RDX adsorbed, has the largest binding
energy.

If we can use binding energy as a measure of amount adsorbed, as indicated
above, then we can also use binding energies to get an appreciation for the selectivity of
the adsorption for different compounds. From an application standpoint, we are interested
in adsorbing RDX at a ppt level at a port where alkanes from fuels may be present in the
atmosphere at much higher levels. The energy of adsorption of butane in IRMOF-1 is 6.0
kcal/mol[138]. Since butane is not polar, it will not be affected by the presence of the
amine to the same degree that RDX is. In IRMOF-10a, RDX has an adsorption energy of
11.1 kcal/mol. Using a simple binary Langmuir adsorption isotherm[139], for a bulk
mixture of RDX at 1 ppt and butane at 1 ppm at T = 300 K and 1 bar, we find a
selectivity of RDX over butane of 5000, where we have assumed an 86% free volume
calculated based solely on the system geometry[23] and that each vertex of the big cage
provides an adsorption site (from density distribution shown later). Complete details of
this Langmuir estimate are provided in Appendix 4.B.

In Table 4.3, we provide some additional data for RDX adsorption in the IRMOFs
at 300 K and 9.36x107 bar. We report the number of cages, the number of RDX adsorbed
and the distribution of RDX in the small and big cages. Most of RDX molecules reside in

big cages of the frameworks. We can see that the highest probability for RDX in the
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small cages of the five IRMOFs is still less than 1%. This can be explained by the more
favorable energetic interaction energies that RDX experiences in the big cage.

In Figure 4.6, we show isodensity surfaces for the center of mass (COM) of RDX
in the five IRMOFs at 300 K and 9.36x10” bar. The COM positions of RDX are sampled
300 times after equilibrium in GCMC simulation at 300 K and ~1 ppm. In each sample
there are about 1000 RDX molecules. In the simulation, RDX molecules are adsorbed in
a large number of framework unit cells since the loading of RDX is so low. For the
purposes of visualization, they are reflected to one unit cell of the framework by the
periodic boundary conditions to calculate the probability density. The isodensity plots are
shown around a single vertex, of which there are 8 in each cage. The density contour for
all IRMOFs has the same value, which is 6.6x107 kg/m’. From these isodensity plots, we
can see the five IRMOFs have similar adsorption sites, which are all in the big cage and
around the vertex. The reason why we see IRMOF-1 has different adsorption sites is
because IRMOF-1 adsorbs much less than the other MOFs at the same contour level. If
we increase the contour level for those other MOFs, we can see the same shape of the
adsorption sites, presenting three-fold symmetry of sub-sites within the adsorption site.
This means the outer rings of the adsorption site have more favorable adsorption
capability to RDX than the center. The same phenomena have been shown previously for
IRMOF-1 using different partial charges in chapter 2.

We have calculated diffusivities using the Einstein Relation. At 200 K for all
IRMOFs and at 300 K for IRMOF-3, IRMOF-10a and IRMOF-10b, the RDX molecules
do not move between cages during the simulation and thus do not travel a sufficient

distance to make it to the linear, infinite time behavior required by the Einstein relation.
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Therefore, the slope of log-log plot for MSD versus time is checked to be unity, as shown
in Appendix 4.B. In order to calculate the activation energy, we use the self-diffusivities
above 400 K, where RDX in all IRMOFs exhibit intercage motion.

In Figure 4.7, we show self-diffusivities for RDX in IRMOFs in an Arrhenius
plot. The self-diffusivity is given in a logarithmic scale. The temperature ranges from 400
K to 600 K. We can see that the self-diffusivity of RDX is lowest in IRMOF-3 and
highest in IRMOF-10. The activation energies for the five IRMOFs are shown in Figure
4.8. The value for IRMOF-1 is in good agreement with the result in chapter 2.

In Figure 4.9, we show the travelled distance obtained from the square root of the
final MSD. At 250 K RDX does not leave the cage. At 300 K, RDX is able to move
between cages in the IRMOFs with small activation energies. As temperature increases
further, RDX starts to travel between cages in all IRMOFs.

There is a concern that in tailoring an MOF to preferentially adsorb one
compound that one could make the binding energy so large that the adsorbate becomes
immobile. This concern is valid if the activation energy for diffusion (the difference
between the transition state energy and the adsorption site energy) correlates strongly
only to the adsorption site energy. If the transition state energy also changes as
functionality is introduced then the relationship between binding energy for adsorption
and activation energy for diffusion is not a simple one. Therefore, we now explore this
relationship.

Although the adsorption energy of RDX in IRMOF-10a is substantially larger
than that of RDX in IRMOF-1, the activation energy for diffusion of RDX in IRMOF-

10a is lower than that of RDX in IRMOF-1. This implies that there is not a positive
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correlation between binding energy and activation energy. Moreover, for a practical
application, this means IRMOF-10a not only has a higher adsorption capacity for RDX at
equilibrium but also adsorbs/desorbs it more quickly. For cages of a given size, there
does appear to be a qualitative relationship between stronger binding and higher
activation energies.

We can perform a simple calculation to get an estimate for the timescale involved
in loading or unloading RDX in an IRMOF crystal. The maximum production crystal size
of IRMOF-1 is ~150um[83]. If we estimate the time for RDX to diffuse out of the
framework at 300 K using this crystal size, it would take 428, 4004, 157, 606 and 363
seconds for IRMOF-1, IRMOF-3, IRMOF-10, IRMOF-10a and IRMOF-10b,

respectively. For smaller crystals, these times would be reduced.

4.3.2. Adsorption Loading and Self-Diffusivities Calculated with Partial charges
from Natural Bond Orbital (NBO) Analysis

In this section, we repeat a portion of the simulations described above using the
NBO charge distribution. As a reminder, the NBO charges are much larger on the N and
O of the nitro groups of the RDX molecule. Consequently, the binding energies are much
higher and the amount of RDX adsorbed is much greater. We report these results for both
LPA and NBO since it is not clear, which charges better reflects reality.

In Figure 4.10, we show one-point from the RDX adsorption isotherm for the five
IRMOFs at 300 K and 1.43x10™" bar, which is the lowest pressure in the studied pressure
range. It is immediately clear that the loadings can be as high as 3 RDX per cage using

NBO charges, as compared to a maximum loading of 1 RDX per 4x10'° cages at the
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same state point using the LPA charges. This increase in amount of material adsorbed by
9 to 11 orders of magnitude is a direct consequence of the binding energies. With the
LPA charges, the binding energy ranged from -8 to -11 kcal/mol, while, with the NBO
charges, the binding energy ranges from -25 to -33 kcal/mol.

As was the case with LPA, there is a monotonic correspondence between the
binding energy and the amount of RDX adsorbed. However, at these high loadings, the
binding energies are no longer completely dominated by RDX-IRMOF components. The
RDX-RDX component can be significant and in IRMOF-3 is ~6.0% of the total binding
energy, as shown in Table 4.4. While this is a small fraction, it is still large enough to
make IRMOF-3 adsorb the most RDX. (On the basis of the RDX-IRMOF contribution to
the binding energy alone, IRMOF-3 is third.)

We can explore how the changes to structure in the IRMOF impact the amount of
RDX when NBO charges are used, as we did when the LPA charges were used.
Essentially, this analysis will provide some information as to whether the same
qualitative structure/property relationships are observed at high loading as were observed
at low loading. To evaluate the effect of pore size on RDX adsorption in the absence of
any amine groups, we compare IRMOF-1 (small) and IRMOF-10 (big) and observe that
IRMOF-10 adsorbs more RDX on a per cage basis, as was the case at low loadings. To
evaluate the effect of the presence of an amine group in small cages, we compare
IRMOF-1 (no amine) and IRMOF-3 (amine) and observe that IRMOF-3 adsorbs more
RDX, again as was the case in low loadings, although the effect is more pronounced at
high loadings. To evaluate the effect of the presence of an amine group in large cages, we

compare IRMOF-10 (no amine) and IRMOF-10a (amine near the vertex) or IRMOF-10b
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(amine away from vertex). We observe that the amine-containing IRMOFs adsorb more
RDX than IRMOF-10, again as was the case at low loadings. To evaluate the effect of the
placement of the amine group in large cases, we compare IRMOF-10a and IRMOF-10b,
and observe that when the amine group is placed in the 2-position (closer to the vertex),
the amount of RDX is slightly reduced, which is in contradiction to what was observed at
low loading. However, from the isodensity distributions for IRMOF-10a and IRMOF-
10b, as shown in Figure 4.11, we can see clearly that IRMOF-10b has more adsorption
sites than IRMOF-10a at the same density contour level, which are located in small cages
as indicated in the dotted circle. The effect of the location of amine group in IRMOF-10a
and IRMOF-10b is different using the two charge sets, since in NBO, when the cage is
full of RDX, an amine group placed away from the vertex can still interact with an RDX
nitro group.

There is more than three orders of magnitude difference in the amount of RDX
adsorbed when comparing the best adsorbent (IRMOF-3) and the worst adsorbent
(IRMOF-1) with the NBO charges. If we quantify the adsorption capability when NBO
charges are used on the basis of how much the framework concentrates RDX from the
gas phase on a volumetric basis, as we did when LPA charges were used, the best one
concentrates RDX by a factor of 4x10'* and the worst one by a factor of 4x10'".

In Figure 4.12, we show self-diffusivities for RDX in the IRMOFs in an
Arrhenius plot when NBO charges are used. The self-diffusivity is given in a logarithmic
scale and the temperature ranges from 400 K to 600 K as was in the LPA case. We can

see that the self-diffusivity of RDX in NBO case is two orders magnitude lower than that
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in LPA case. This is the consequence of higher binding energy in NBO case, where RDX
is more difficult to move between cages.

In Figure 4.13, we show the activation energies for RDX in IRMOFs when NBO
charges are used. We see again that there is not a positive correlation between binding
energy and activation energy. For example, IRMOF-3 has the highest biding energy in
this case, but the activation energy of IRMOF-3 is much lower than that of IRMOF-10,
IRMOF-10a and IRMOF-10b. The relative trends in activation energy are different when
using the NBO and LPA charge sets. The activation energies for diffusion in the
materials with large pores (IRMOF-10, IRMOF-10a and IRMOF-10b) are lower
compared to those with small pores (IRMOF-1 and IRMOF-3) in the LPA case, but
become higher in the NBO case. We believe that at low loadings (with LPA charges), the
molecules diffuse faster in the large pores where there the windows between cages
present less of a barrier. However, at high loadings (with NBO charges), this advantage
due to the pore structure is lessened or even reversed due to RDX-RDX interactions.

To summarize the comparison, we observed the following RDX adsorption trend
with the LPA charges: IRMOF-10a > IRMOF-3 > IRMOF-10b > IRMOF-10 > IRMOF-
1; and we observed the following adsorption trend with the NBO charges: IRMOF-3 >
IRMOF-10b > IRMOF-10a > IRMOF-10 > IRMOF-1. In both cases, the three IRMOFs
with an amine group adsorb more than the two IRMOFs without an amine group. At high
loadings, there appears to be a cross-correlation between cage size and amine presence

that was not evident at low loadings.
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4.4 Conclusions

In this chapter, we used molecular-level simulations to generate a fundamental
understanding of the relationship between the structure of a nanoporous material and its
ability to serve as a smart nanoporous preconcentrator (SNP) for the explosive molecule
RDX.

We performed classical GCMC and MD simulations to investigate the potential of
IRMOFs to adsorb and desorb RDX. These IRMOFs were examined by varying cage size
and the presence and location of amine groups, which can serve as electrostatic anchors
for RDX. The purpose was to show how much the functional groups can increase the
adsorption of RDX and affect the selectivity. We applied two different charge generation
methods—Lowdin Population Analysis (LPA) and Natural Bond Orbital (NBO)
Analysis—to calculate the atomic partial charges for the five IRMOFs. We chose these
two methods out of many choices of charge generating techniques to show the lower
adsorption phase and higher adsorption phase. In both cases, the conclusion is in a good
agreement, which shows the presence of amine groups increase the amount of RDX
adsorbed and the cage size and the location of amine groups also affect the loading of
RDX.

For the LPA charges, we generated adsorption isotherms, binding energies,
density distributions and self-diffusivities for RDX in these IRMOFs. The adsorption
isotherms are in the linear regime defined by the Henry’s law constants. The IRMOF
with larger cage size and the amine group close the vertex, IRMOF-10a, increases the
Henry’s law constant 10 times when comparing to IRMOF-1. The adsorption isotherms

show the loading of RDX increases greatly with amine group. In addition, the positions
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of amine group do affect the adsorption loading. The energies of adsorption of RDX at
infinite dilution are found to be -8.1, -10.4, -9.3, -11.1 and -10.1 kcal/mol for IRMOF-1,
IRMOF-3, IRMOF-10, IRMOF-10a and IRMOF-10b, respectively. The adsorption
loading 1is correlated to the energy of adsorption, which is IRMOF-
10a>IRMOF10b>IRMOF-3>IRMOF-10>IRMOF-1. The IRMOF with the largest
adsorption loading concentrates RDX up to 3000 times compared to the bulk, on a
volumetric basis. The probability density contour shows the adsorption sites of RDX
located exclusively in big cages, near a vertex and between benzene rings. One of the
nitro groups interact closely with the vertex and the second nitro group interacting with
amine groups increases the adsorption. The self-diffusivities of RDX in IRMOFs display
an Arrhenius temperature dependence, with activation energies of 6.0, 6.8, 4.6, 5.8 and
5.1 kcal/mol for IRMOF-1, IRMOF-3, IRMOF-10, IRMOF-10a and IRMOF-10b,
respectively. The activation energy for diffusion is not strictly positively correlated to the
adsorption energy. From a simple Langmuir estimation, the selectivity of RDX over
butane at a specific condition is about 5000.

Using the NBO charges, we found that RDX condensed in the pores of the
IRMOFs. Simulations using the NBO charges show a much deeper binding energy and
consequently orders of magnitude higher adsorption than do comparable simulations
using the LPA charges. Despite the fact that the loading was orders of magnitude higher,
we found the same general trends for adsorption as a function of cage size and presence
of amine for the NBO and LPA charges. The addition of the amine group substantially
enhanced adsorption. The effect of the location of amine group in IRMOF-10a and

IRMOF-10b is different using the two charge sets, since in NBO, when the cage is full of
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RDX an amine group placed away from the vertex can still interact with an RDX nitro
group. The adsorption loading is IRMOF-3 > IRMOF-10b > IRMOF-10a > IRMOF-10 >
IRMOF-1.

We have shown that tailored IRMOFs can have attractive characteristics for smart
nanoporous preconcentrators of explosives, including high concentration factor and high
selectivity while maintaining mobility of the RDX within the IRMOF. While the
uncertainty in the atomic charges precludes a definitive statement on the quantitative
performance of the IRMOFs as smart nanoporous preconcentrators, the trends are

independent of charge set and the results span the regime of reasonable expectations.
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Appendix 4.A: Tables and Figures

Table 4.1. Unit cell lengths and masses of the cubic structures of the IRMOFs[15].

Structure Super unit cell length (A) Super unit cell mass (g/mol)

IRMOF-1 25.832 6156.8

IRMOF-3 25.7465 6516.8
IRMOF-10 34.2807 7980.8
IRMOF-10a 34.2807 8340.8
IRMOF-10b 34.2807 8340.8

120



Table 4.2. The Henry’s law constants and concentration factors on a volumetric basis for
the IRMOFs studied, using LPA charges.

Henry’s law constant ~RDX concentration factor on
Structure

(mol/kg/bar) a volumetric basis
IRMOF-1 16.0 236
IRMOF-3 100.6 1580
IRMOF-10 32.7 621
IRMOF-10a 148.6 3033
IRMOF-10b 66.9 1336
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Table 4.3. The small cage and big cage properties at 300 K and 9.4x10” bar using the
LPA charges. N; is the cubic root of the number of the framework unit cells used; N, is
the total number of RDX molecules adsorbed in N; of unit cells of the framework; N is
the number of RDX molecules adsorbed in the small cages of the framework; Ny is the
number of RDX molecules adsorbed in the big cages of the framework; Us is the RDX-
MOF interaction energy in the small cage; Uy, is the RDX-MOF interaction energy in the
big cage. The unit of energy is kcal/mol.

Structure N1 Nz N3 N4 US Ub

IRMOF-1 221 997+31 7+3 990+31 -3.7+1.0 -8.1+0.05

IRMOF-3 118 1001+£32 8+3 993432  -7.820.9 -10.4%0.06
IRMOF-10 162 1050£28 342 1047£27 -1.9+1.5 -9.4%0.05
IRMOF-10a 95 1031+£28 2+1 1028+28 -4.1£2.9 -11.1£0.06

IRMOF-10b 126 1044432 4+2 1040+32  -4.4+2.1 -10.1+0.06
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Table 4.4. The adsorption loadings and adsorption energies calculated with NBO charges used for the IRMOFs at 300 K and
1.43x10"" bar.

Interaction energy (kcal/mol)

Average loading

Structure RDX-RDX RDX-MOF Total
(molecule/cage)
IRMOF-1 2.8x107+1.1x10™ 2.4x107+2.6x107 -25.5+0.01 -25.5+0.01
IRMOF-3 3.4+0.04 -2.09+0.08 -31.1+0.17 -33.2+0.13
IRMOF-10 9.2x107%43.7x107 -8.2x10*+4.4x107 -27.9+0.09 -27.9+0.09
IRMOF-10a 1.1£0.02 2.6x102+1.9x102 -31.8+0.13 -31.8+0.12
IRMOF-10b 1.8+0.03 0.1+0.02 -32.1+0.07 -32.0+0.08
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Figure 4.1. Schematic illustration of a typical MOF structure. The spheres indicate the
metal connectors and the rectangles represent the organic linkers. Specifically in IRMOF-
1, the spheres are ZnsO and the organic linkers are 1,4-benzenedicarboxylic acidic
(BDC). The dotted lines represent the orientation of organic linkers. A small cage is the
orientation of linkers towards the center of cages, while a big cage has the opposite

orientation.
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Figure 4.2. The structure of an RDX molecule.
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O

Figure 4.3. Five different IRMOFs have the same metal connectors but with different
organic linkers, which represent respectively: (a) IRMOF-1; (b) IRMOF-3; (c) IRMOF-
10; (d) IRMOF-10 with amine group at benzene position 2; (¢) IRMOF-10 with amine

group at benzene position 3. NH, group is disordered over four sites, indicated in dotted

circles.
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Figure 4.4. The adsorption isotherms for the five IRMOFs studied in this chapter when
LPA charges are used. (solid circle: IRMOF-1; open circle: IRMOF-1 in chapter 2; solid
upper-triangle: IRMOF-3; solid square: IRMOF-10; open square: IRMOF-10a; open
lower-triangle: IRMOF-10b.)
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Figure 4.5. The binding energies of RDX in the five IRMOFs studied in this chapter
when LPA charges are used.
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Figure 4.6. Isodensity distributions of RDX in IRMOFs in a single vertex at 300 K and
9.4x10” bar when LPA charges are used. The viewpoint is from the center of the big
cage: (a) IRMOF-1; (b) IRMOF-3; (c) IRMOF-10; (d) IRMOF-10a; (¢) IRMOF-10b. The
density contour for RDX molecule in all IRMOFs is 6.6x10~ kg/m®. (Legend: Zn, violet;
0, red; C, green; N, blue; H, white.)
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Figure 4.7. Arrhenius plot of RDX self-diffusivities for the IRMOFs when LPA charges
are used. The solid line is Arrhenius equation fitting.
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Figure 4.8. The activation energies of RDX in the five IRMOFs studied in this chapter
when LPA charges are used.
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Figure 4.9. Travelled distances for RDX in IRMOFs at temperatures from 250 K to 600
K when LPA charges are used.
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Figure 4.10. One-point adsorption isotherm and energy for RDX in five IRMOFs at 300
K and 1.43x10™" bar when NBO charges are used.
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Figure 4.11. Isodensity distributions of RDX in IRMOF-10a and IRMOF-10b in a single
vertex at 300 K and 1.43x10"° bar when NBO charges are used. The viewpoint is from
the center of the big cage: (a) IRMOF-10a; (b) IRMOF-10b. The density contour is 369
kg/m® for RDX molecule. The dotted circles indicate the adsorption sites in the small
cage. (Legend: Zn, violet; O, red; C, green; N, blue; H, white.)

134



A |RMOF-3
. = |RMOF-10
£ 10™ 0 IRMOF-10a
3 + IRMOF-10b
£ 10m
=
o
=
% 107"
©
7]
10-13 | | ‘
1.6x10° 1.9x10° 2.2x10° 2.5x10°

1T (K"

Figure 4.12. Arrhenius plot of RDX self-diffusivities for the IRMOFs when NBO charges
are used. The solid line is Arrhenius equation fitting.
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Figure 4.13. The activation energies of RDX in the five IRMOFs studied in this chapter
when NBO charges are used.
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Appendix 4.B: Supporting Information

The L-J potential parameters for the amine group[136] on the framework are
listed in Table S-4.1.

In Table S-4.2, we report the atomic partial charges for the five IRMOFs from
LPA calculation in FIREBALL code[111]. The FIREBALL code uses the super unit cells
with periodical boundary conditions to calculate the charge distributions. The labeling of
symmetrically independent atoms on the frameworks is depicted in Figure S-4.1.

In Table S-4.3, we report the atomic partial charges for the five IRMOFs from
NBO calculation in FIREBALL code. The labeling of symmetrically independent atoms
on the frameworks is also depicted in Figure SI-2.

In Table S-4.4, we report the atomic partial charges for RDX calculated in
FIREBALL and GAUSSIANO03[102]. The structure of RDX is shown in Figure 2 in the
manuscript. The atomic positions of RDX are fixed in the ideal gas equilibration during
both calculations. There are large discrepancies (the largest difference is about 160%)
between LPA and NBO calculations and small differences (the largest difference is about
40%) between NBO calculation in FIREBALL and NBO calculation in GAUSSIAN.

In Table S-4.5 and Table S-4.6, we compare the partial charges for IRMOF-1 and
IRMOF-10 calculated in FIREBALL and GAUSSIANO3. We illustrate the difference
from FIREBALL and GAUSSIAN by only looking at IRMOF-1 and IRMOF-10. The
super unit cells of framework with periodical boundary conditions are employed in the
FIREBALL calculation and the fragments of framework employed in the GAUSSIAN

calculation are shown in Figure S-4.2. The atomic positions for the framework are fixed

137



at the experimental X-ray diffraction data during calculations. There are also significant
differences between LPA and NBO and between FIREBALL and GAUSSIAN.

In Table S-4.7 to Table S-4.12, we report the data for simulation results with LPA
charges such as adsorption loadings, binding energies, self-diffusivities, activation
energies and travelled distances that have been reported in the manuscript.

In Table S-4.13 to Table S-4.14, we report the self-diffusivity and activation
energy for self-diffusivity for RDX in the IRMOFs using NBO charges.

Below, we describe the Langmuir analysis used to estimate selectivities. The
Langmuir adsorption isotherm for pure gas, which gives the amount of gas adsorbed as a
function of gas pressure at a fixed temperature, can be expressed by the following

equation[139]:

o= T my=q(reoe

2(T)p
where p is pressure, T is temperature, &(p,T) is the amount of gas adsorbed as a
function of pressure and temperature, K is Boltzmann constant, #°(T) is a standard
chemical potential, which is a integration constant, q(T) is the partition function for a

single adsorbed molecule.

2amkT

h2

3/2
For a monatomic gas, u°(T)=—KT ln{( j kT} , where m is the mass of

gas and h is the Planck’s constant, k is Boltzmann constant and T is temperature.

~Ugo /KT

In the harmonic-oscillator approximation, q(T ) =0,9,9,€ , where q,, q,,

and q, are one-dimensional harmonic-oscillator partition function. For a monatomic gas,
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q,=d,=0, = oo where ® =hv/k and v is the classical frequency, which can be
—€

approximated by v=— where d is the adsorption site diameter and V is the mean

v
2d
. |8KT . : . . .
velocity, V=,—— . The site diameter is approximated by the site volume of the
zm

adsorbent.
Similarly, the binary adsorption isotherm can be expressed by the following

equations:

Zl(T)pl ' (T)/kT
Z T)= : =q,(T)e*
BT = e+ g, T

Zz(T)pz O(T)/KT
0,(p;, P,,T)= s 1, (T)=q,(T *
B 1+;(1(T)p1+;(2(-|—)p2 ’ 2( )e

The mole fraction of component 1 in the smart nanoporous preconcentrator is

6,
6,+0,

1
>(SNP -

The mole fraction of component 2 in the smart nanoporous preconcentrator is

92
6,+0,

2 _
XSNP -

The mole fraction of component 1 in the bulk is (assuming an ideal gas)

Xlu — pl
M+,

The mole fraction of component 2 in the bulk is (assuming an ideal gas)

Xt?ulk = Py
P+ P,
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The selectivity is defined by:

_ Xoe /X
X e / X o
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Appendix 4.C: Tables and Figures in the Supporting Information

Table S-4.1. The L-J potential parameters for amine group[136].

Atom o (A) e/ky (K)
N 1.62 27.68
H 1.18 17.10
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Table S-4.2. The partial charges for the symmetrically independent atoms on the five
IRMOFs from LPA calculation in FIREBALL. The labeling of the atoms is shown in
Figure SI-1. For Figure SI-1(b) and SI-1(c), N is always attached to Cs; For Figure SI-
1(e), N is always attached to Ca.

q(e)
Atom IRMOF-1 IRMOF-3 IRMOF-10 IRMOF-10a  IRMOF-10b
Zn 0.751 0.783 0.788 0.778 0.783
O, -0.520 -0.503 -0.509 -0.495 -0.506
0, -0.243 -0.258 -0.255 -0.264 -0.262
C, 0.158 0.148 0.136 0.142 0.137
C, -0.094 -0.210 -0.120 0.078 -0.148
Cs -0.090 0.087 -0.082 -0.152 -0.125
Cy / -0.113 -0.081 -0.131 0.081
Cs / -0.177 -0.032 -0.048 -0.099
Cs / -0.075 / -0.098 -0.081
Cy / -0.063 / -0.077 -0.089
Cs / / / -0.082 -0.134
Co / / / -0.190 -0.030
H 0.095 0.110 0.103 0.119 0.122
H(amine) / 0.246 / 0.239 0.239
N (amine) / -0.413 / -0.417 -0.416
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Table S-4.3. The partial charges for the symmetrically independent atoms on the five
IRMOFs from NBO calculation in FIREBALL. The labeling of the atoms is also shown
in Figure SI-1.

q(e)
Atom IRMOF-1 IRMOF-3 IRMOF-10 IRMOF-10a ITRMOF-10b
Zn 1.172 1.210 1.166 1.144 1.184
0, -0.908 -0.922 -0.872 -0.866 -0.937
O, -0.569 -0.601 -0.590 -0.592 -0.589
Ci 0.572 0.722 0.632 0.654 0.647
C, -0.066 -0.353 -0.115 -0.300 -0.172
Cs -0.309 0.081 -0.270 0.297 -0.292
Cy / -0.343 -0.256 -0.308 0.273
Cs / -0.253 0.052 0.033 -0.102
Cs / -0.107 / -0.213 -0.182
C, / -0.146 / -0.169 -0.193
Cs / / / -0.183 -0.172
Co / / / -0.173 0.051
H 0.310 0.168 0.258 0.190 0.162
H(amine) / 0.526 / 0.483 0.578
N (amine) / 20.783 / -0.937 -0.988
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Table S-4.4. Comparison of partial charges for RDX from LPA calculation in
FIREBALL, NBO calculation in FIREBALL and NBO calculation in GAUSSIANO3.

atom LPA (Fireball) NBO (Fireball) NBO (Gaussian)
C 0.05921 -0.03672 -0.04850
N -0.18298 -0.29386 -0.28847
N(nitro) 0.17411 0.44076 0.61897
O -0.13056 -0.29123 -0.40409
H 0.10539 0.23614 0.26309
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Table S-4.5. Comparison of partial charges for IRMOF-1 from LPA calculation in
FIREBALL, NBO calculation in FIREBALL and NBO calculation in GAUSSIANO3.

Atom LPA (Fireball) NBO (Fireball) NBO (Gaussian)
Zn 0.751 1.172 1.718
01 -0.520 -0.908 -1.718
02 -0.243 -0.569 -0.883
Cl 0.158 0.572 0.870
C2 -0.094 -0.066 -0.120
C3 -0.090 -0.309 -0.109
H 0.095 0.310 0.188
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Table S-4.6. Comparison of partial charges for IRMOF-10 from LPA calculation in
FIREBALL, NBO calculation in FIREBALL and NBO calculation in GAUSSIANO3.

Atom LPA (Fireball) NBO (Fireball) NBO (Gaussian)
Zn 0.788 1.166 1.720
01 -0.509 -0.872 -1.715
02 -0.255 -0.590 -0.875
Cl 0.136 0.632 0.870
C2 -0.120 -0.115 -0.165
C3 -0.082 -0.270 -0.115
C4 -0.081 -0.256 -0.170
C5 -0.032 0.052 -0.022
H 0.103 0.258 0.194
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Table S-4.7. The average loadings for the five IRMOFs at 300 K and pressure range from

1.43x10" bar to 9.36x10” bar with partial charges from LPA calculation.

Average loading (molecule/cage)

Pressure (bar) IRMOF-1 IRMOF-3 IRMOF-10 IRMOF-10a IRMOF-10b
1.43x10™"° 1.76x10"%  1.19x10""  4.65x10"*  2.27x10™M 1.01x10™
1.79x10™" 220x10"  1.47x10°  5.80x10"°  2.76x10” 1.24x10°°
2.24x10” 2.75x10°  1.82x107  7.20x10° 3.51x107 1.56x1077
2.50x107 3.07x107  2.05x10°  8.00x10” 4.11x10° 1.72x10°
2.80x107 3.46x10°  2.32x10°  9.07x10° 4.45%107 1.94x107
5.78x107 7.10x10°%  4.81x10°  1.85x10° 8.90x107 4.05x107
7.36x107 9.01x10°%  6.02x10°  2.38x10° 1.14x10™ 5.07x107
9.36x10” 1.15x10°  7.62x10°  3.09x107 1.50x10™ 6.52x107
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Table S-4.8. The average RDX-framework interaction potential energy including L-J
interaction, electrostatic interaction and the total energy for IRMOFs studied using LPA
charges. The total energy is essentially binding energy. The unit of energy is kcal/mol.

Structure L-J interaction E‘lectrost.atlc Binding energy
interaction
IRMOF-1 2.2 -5.9 -8.1
IRMOF-3 -2.3 -8.1 -10.4
IRMOF-10 -1.9 -7.4 -9.3
IRMOF-10a -2.1 -9.0 -11.1
IRMOF-10b -2.0 -8.1 -10.1
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Table S-4.9. Calculated RDX self-diffusivities (Dseir) and standard errors (3Dseif) for the
IRMOFs at temperature from 250 K to 600 K using LPA charges.

Self-diffusivity (m®/s)

T (K) | symbol | IRMOF-1 | IRMOF-3 | IRMOF-10 | IRMOF-10a | IRMOF-10b
550 Deir | 6.73x107"% | 2.38x10™" | 1.40x10™"" | 6.94x10"% | 9.61x10™"
8Dserr | 1.08x107" | 1.89x10™"° | 6.28x107"° | 4.03x10"° | 9.07x10™"
300 Deir | 5.25%10" | 5.62x10" | 1.43x10"° | 3.71x10"" | 6.19x10™"
8Dgr | 2.41x1077 | 9.50x10"° | 1.22x107"" | 1.33x10"" | 1.40x10™"
Deir | 2.88x107° | 4.36x10"" | 1.11x107 | 3.13x107"% | 5.24x10™"
330 T 8Dr | 3.01x1072 | 1.05%107 | 1.14x107 | 1.65%10™ | 6.48x10™"
Deir | 9.81x107° | 1.82x10"° | 3.85x10” 1.63x107 2.16x10”
400 8D | 324x107" | 1.98x107 | 2.43x1070 | 1.03x10"° | 2.58x10"°
Dot | 2.02x107 | 4.72x10"7° | 9.85x10° | 4.55x107 5.34x10”
40 7 8Dwr | 21010 | 7.10x102 | 7.94x10™ | 4.95%10"0 | 6.46x10"°
500 Dot | 3.44x107 | 9.93x10"° | 1.65x10° 9.27x10” 9.82x10”
dDgrr | 2.95x107"° | 6.36x10"" | 6.73x10"° | 1.91x10"° | 5.15x10"
550 Deir | 5.09%x107 | 1.63x10° | 2.26x10° 1.36x107 1.39x107
8Dserr | 2.19x107° | 1.99x10"" | 2.32x10° | 3.05x107"° 1.72x10°°
Deir | 6.44x107 | 2.32x107 | 2.64x10" 1.87x10" 1.82x107
600 " 8Dwr | 2.81x10"0 | 1.12x10" | 9.60x10™° | 8.45x10"° 1.29x107
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Table S-4.10. The slope of natural logarithm of MSD versus natural logarithm of time
using LPA charges.

slope of equation of In(MSD) versus In(time)

T (K) IRMOF-1 IRMOF-3 IRMOF-10 IRMOF-10a IRMOF-10b
250 0.42 0.30 0.71 0.49 0.43
300 0.80 0.35 0.91 0.64 0.69
350 1.02 0.79 1.05 0.93 0.98
400 1.05 0.97 0.99 1.00 1.00
450 0.99 0.94 1.04 0.99 0.99
500 1.00 0.99 1.03 1.00 1.00
550 1.02 1.01 1.00 0.99 0.98
600 0.99 0.99 0.97 0.96 0.99
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Table S-4.11. The activation energies for the five IRMOFs using LPA charges.

Structure Activation energy (kcal/mol)
IRMOF-1 6.0

IRMOF-3 6.8

IRMOF-10 4.6
IRMOF-10a 5.8
IRMOF-10b 5.1
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Table S-4.12. RDX travelled distances in the IRMOFs calculated by the square root of
the final MSD at temperature from 250 K to 600 K using LPA charges.

Travelled distance (A)

T (K) IRMOF-1 IRMOF-3 IRMOF-10 IRMOF-10a IRMOF-10b
250 6.3 4.4 7.4 6.0 7.5
300 13.6 6.3 214 12.4 15.7
350 29.2 12.4 56.7 31.5 40.0
400 53.2 23.6 107.9 70.0 80.4
450 78.0 38.4 169.7 117.3 126.6
500 101.7 54.6 220.9 163.7 171.4
550 124.1 69.5 260.7 203.0 208.2
600 139.3 81.3 283.0 236.6 240.1
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Table S-4.13. Calculated RDX self-diffusivities (Dsclr) and standard errors (6Dscir) for the
IRMOFs at temperature from 400 K to 600 K using NBO charges.

Self-diffusivity (m®/s)

T (K) | symbol | IRMOF-1 | IRMOF-3 | IRMOF-10 | IRMOF-10a | IRMOF-10b
Deir | 6.75x107° | 4.75x10"° | 5.82x10"° | 1.42x10"° | 1.15x10"
400 5D | 2.63x10"° | 2.64x10° | 1.59x10° | 1.87x10° | 3.63x10"
Deir | 2.50x107% | 1.05x10" | 3.22x10" | 3.13x10"° | 3.48x10"
B0 T8Dwr | 1.18x10" | 9.97x10™ | 420x10" | 27710 | 2.00x10"°
Derr | 4.78x10" | 7.22x10"° | 1.05x10"" | 2.59x10" | 1.22x10™"
500 13 13 12 -12 -12
3Dgrr | 3.53%x10 3.74x10 2.11x10 1.29%10 1.20x10
Derr | 2.56x107"% | 3.05x10" | 1.56x10™"" | 8.56x107"% | 3.78x10™"
330 8D | 1191072 | 4.66x107 | 167510 | 2.00<10"2 | 3.60x10™"
Deir | 7.79%10"% | 4.61x10"7 | 1.20x10™ | 3.79x10™" | 1.19x10"
6000 8D | 3.14x10™2 | 8.94x10™° | 1.08x10"° | 872107 | 3.58x10">
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Table S-4.14. The activation energies for the five IRMOFs using NBO charges.

Structure Activation energy (kcal/mol)

IRMOF-1 4.8

IRMOF-3 52
IRMOF-10 11.6
IRMOF-10a 13.6
IRMOEF-10b 11.0
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Figure S-4.1. The labeling of symmetrically independent atoms on frameworks as defined
in this chapter. For (¢),(d) and (e), the atoms with similar point charges are assigned the
same names in order to decrease the number of atom names and the point charges of
these atoms are averaged together as well.

155



Figure S-4.2. The fragments for IRMOF-1 and IRMOF-10 used to calculate partial
charges in GAUSSIANO3: (a) IRMOF-1; (b) IRMOF-10. (Legend: Zn, violet; O, red; C,
green; H, white.)
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CHAPTER 5

Molecular Simulations of H, Adsorption in Metal-Porphyrin

Frameworks (MPFs): A Potential New Material Evaluation

157



Abstract
Path Integral Grand Canonical Monte Carlo (PI-GCMC) simulations using

standard force fields were carried out to calculate the adsorption of H, in five Metal-
Porphyrin Frameworks (MPFs), a new class of Metal Organic Framework (MOF)-type
materials. We also calculated the adsorption isotherms of H, in IRMOF-1 and IRMOF-10
as a comparison. These simulations were performed at 77 K and room temperature (300
K). All calculations indicated that all MPFs adsorbed a higher weight fraction of H, than
both IRMOF-1 and IRMOF-10, with one exception (MPF-2). The gravimetric hydrogen
capacities were still well short of practical goals. The MPFs provides additional
adsorption sites due to the porphyrin. A statistical mechanical lattice model predicted the
adsorption well at room temperature. The prediction by this model showed that a weight
fraction of hydrogen of 6 wt% adsorbed in pores of the size found in IRMOF-1 at
ambient temperature and modest pressures required an energy of adsorption about 17

kJ/mole, which was consistent with other findings.
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5.1 Introduction

Hydrogen (H;) as a pollution-free energy source has been well-recognized as a
future energy carrier. The wide utilization of H, in vehicles and potable electronics is
limited by a safe and efficient storage system. System weight efficiency (weight of stored
H,/system weight) of 6.0 wt% and volumetric density of 45 kg/m’ for H, storage are first
required to meet the goal of U.S. Department of Energy (DOE) Hydrogen Plan (2010) for
fuel cell powered vehicles[140]. Note that a change on this target was made in 2009[141].
The targets now are 4.5 wt% and 28 kg/m® by 2010, 5.5 wt% and 40 kg/m’ by 2015 and
the ultimate targets are 7.5 wt% and 70 kg/m’. Compressed gas, liquefaction, metal
hydrides, and physisorption are currently four main technologies for H, storage[142].
Each option has strengths and weaknesses in leading to a storage technology that is a
viable part of a sustainable H, economy. The challenge with physisorption is finding an
adsorbent material that can meet the weight fraction and density requirements.

The adsorption of H, on various materials has been widely studied for H, storage
applications. Activated carbon and carbon-based nanomaterials such as carbon nanotubes
are well known as candidate materials for H, storage, however, their adsorption potentials
are limited due to the material properties and synthesis difficulties. During the past
decade, metal-organic frameworks (MOFs) have been proposed as promising adsorbents
because they have large pore volume and surface areas and can be synthesized in high
purity, high crystallinity, potentially large quantities, and at low cost. Most attractively,
MOFs can be tailored fairly easily by changing metals and organic ligands, leading to
endless variants of structures. Since Yaghi and co-workers first proposed H, storage in

MOFs[10], a large number of MOF structures have been characterized experimentally
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and computationally for their abilities to adsorb H,. The enhancement of adsorption
compared to typical activated carbon and carbon nanotubes is evident, however, none are
currently capable of meeting the DOE targets at room temperature and moderate pressure
according to previous works, both experimentally[143-146] and theoretically[18,107,147-
149]. Hence, there is still a need to develop highly efficient adsorbents that are
specifically designed for H, storage.

Porphyrins and their metal complexes have been used as functional building
blocks in materials that are of interest for many areas due to their synthetic accessibility
and modularity[150,151]. Kosal et al.[152] have demonstrated the feasibility of porphyrin
molecules as building blocks for the rational construction of functional porous solids.
They built a three-dimensional functional zeolite analogue by assembling a porphyrin
building block with a carboxylate cluster. It has also shown in a recent review[29] that
porphyrin combined with metalloligand groups may lead to interesting new materials
with special properties. Very recently, Eddaoudi and coworkers[153] synthesized a new
MOF, rht-MOF, with the largest cage size of 23.287 A, which represents a new pathway
for the hierarchial bottom-up assembly of predetermined highly coordinated
supermolecular building blocks. Taken collectively, one could be able to build MOF
analogue based on porphyrin building block. These new materials, referred as metal-
porphyrin frameworks (MPFs), may have larger pore volume and surface area as well as
greater functionalization than regular MOFs due to the joint of porphyrin, which could
potentially increase the adsorption ability.

In this chapter, we have evaluated several MPFs for the ability to adsorb Ha.

Specifically we focused on the MPFs that have an isoreticular structure analogous to
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IRMOF-1[15], one of MOFs that has been frequently studied. In the MPF, the organic
linker in IRMOF-1 is replaced by a functionalized porphyrin. The simplest porphyrin
linker is shown in Figure 5.1. The metal in the pore center is specifically indicated as Zn,
which is used in this work. The functional groups can be attached anywhere in the
porphyrin. They are not necessarily restricted to the metal bound in the porphyrin core,
but can also be extended to the porphyrin periphery[29]. The dashed circles in Figure 5.1
indicate where the functional groups are attached in this work. The preliminary synthesis
work for these porphyrins has been performed although the MPFs have not yet been well-
characterized experimentally. It has been stated that the ideal procedure for identification
of most promising structures and compositions to maximize H, storage, is to first perform
molecular-level simulations, followed by experimental verification of storage
capability[154]. That is the philosophy adopted in this work. In addition, many previous
works[13,23,65,155] have demonstrated that the good agreement between molecular
simulations and experiments can be reached if the force field is valid. Therefore, a
combined theoretical and computational study was first performed in order to understand
the H, storage characteristics of the MPFs.

In order to validate the force field, we performed calculations on IRMOF-1, as a
standard for comparison. We also used IRMOF-10 as a comparison since it has a
relatively larger cage size that can be compared to the MPF. We then use five different
functional groups attached to the porphyrin shown in Figure 5.1 to compare the
adsorption ability within the same cage size. The Grand Canonical Monte Carlo (GCMC)

simulations are used to calculate H, adsorption isotherms of the MPFs and MOFs at 77K
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and 300 K. We are only interested in the pressures under 10 bar since it is more realistic
in the application fields.

In this chapter, statistical mechanics (SM) modeling was also employed to
describe H, adsorption. The objective of the SM modeling was to determine whether the
GCMC simulation isotherms (which are computationally intensive relative to the SM
model) can be predicted or fit with an SM model that requires negligible computational

resources.

5.2 Computational Details
5.2.1. Simulation Materials

The crystal structure of IRMOF-1 and IRMOF-10 selected was obtained from
crystallographic data of Yaghi and co-workers[15]. Because no crystallographic data
were available for the MPFs, we created the structures from two sources. We took the
structure of the Zn4O units that occur at the carboxylate cluster from IRMOF-1. We
attached porphyrins with crystal structures determined by x-ray diffraction provided by
Zhang and co-workers[28]. Five structure models of MPFs were prepared. In these
MPFs, the Zn4O clusters were located at the vertices, as in the MOF, and they were
connected via the functionalized porphyrins to form a three-dimensional nanoporous
cubic framework with cubic unit cell dimension (cage size) of 2.5561 nm. One of the
structures around the pore space associated with one unit cell is shown in Figure 5.2.
Analogous information for the other structures is provided in Appendix 5.B. The five
functional groups are shown in Figure 5.3. We refer to these MPFs as MPF-1, MPF-2,

MPF-3, MPF-4 and MPF-5, respectively. As a comparison, IRMOF-1 and IRMOF-10 are
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also composed of ZnsO cluster but with 1,4-benzenedicarboxylate (BDC) and 4.,4'-
biphenyldicarboxylic acid (BPDC) respectively as linkers, forming a three-dimensional
network with unit cell dimension of 2.5832 nm and 3.42807 nm, respectively. However,
the unit cell of IRMOF-1 and IRMOF-10 contains total 8 cages (4 big cages and 4 small
cages reflected by the orientation of the linkage); thus, the cage size dimension for
IRMOF-1 and IRMOF-10 is 1.2916 nm and 1.714 nm, respectively. The cage size, unit
cell length, unit cell mass and unit cell volume for the MOFs and MPFs studied in this
work are shown in Table 5.1. The accessible volume for the MOFs and MPFs was

calculated based solely on the system geometry[23], and is shown in Table 5.1.

5.2.2. Simulation Method

The path integral Grand Canonical Monte Carlo (PI-GCMC) simulations[21,22]
were employed to perform H, adsorption calculations in the MPF and IRMOF-1 since it
has been shown to be the most accurate method to calculate H, adsorption at both room
temperature and low temperature[65]. It is well known that when the molecular mass is
small and the temperature is low, quantum effects become non-negligible in the trajectory
of molecules. Even at 300 K, quantum effects lead to an overestimation of adsorption by
several percent[149]. Therefore we have adopted the path integral formalism in the
standard GCMC simulation. The formalism creates an isomorphism between a quantum
particle and a classical closed-ring polymer molecule to account for quantum effects. The
details for the formalism can be found in the Feynman’s theory[156]. Details of the path

integral technique can be found in several references[77,157,158].
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Four types of moves were involved in the GCMC method: (i) translational moves,
(i1) molecule rotation (iii) molecule insertion and (iv) molecule deletion, which were
randomly attempted in a ratio of 4:2:3:3. We used 30 beads per molecule in our
simulation considering computation efficiency and statistics accuracy. This number has
been shown to be sufficient to ensure the convergence of the total energy[13]. The
configurations of ring polymers are generated simultaneously using molecular dynamics
(MD) simulation to increase the efficiency of energy convergence[77,159]. When the
number of beads was set to 1, the classical simulations were reproduced.

For a given choice of chemical potential and temperature, we performed two
simulations: one in the bulk phase and one in the adsorbed phase. We generated
adsorption isotherms by plotting the fractional loading obtained from the adsorbed phase
as a function of the pressure obtained from the bulk phase. We varied the volume of the
bulk and number of unit cells of the framework such that the average number of H; in the
system was sufficiently large to obtain good statistics. In order to compare with
experimental isotherms, we converted the absolute adsorption to excess

adsorption[13,23,65,155]. The conversion was performed as follows:

N®=N* -V p, (1)
In equation (1), N®is the excess adsorption, N®* is the absolute adsorption calculated
from the adsorbed phase, V, is the pore volume of the adsorbent (thermodynamic
definition), calculated as described by Myers and Monson[160], and p, is the bulk gas

density calculated from bulk phase. The pore volume is also shown in Table 5.1.
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The atomic positions on the framework were kept rigid during the simulations.
The non-bonded interactions were modeled by Lennard-Jones (L-J) potential. The L-J
parameters for the atoms on the framework were taken from universal force field (UFF)
force field[66]. The parameters for H, were from the Buch potential[161]. All the L-J
cross-interaction parameters were determined by the Lorentz-Berthelot mixing rules. The
L-J parameters used in this work are listed in Appendix 5.B.

A spherical cut-off was used in the simulation. The cut-off distance is set to 17 A
and no long-range corrections were used. Standard periodic boundary conditions and the
minimum image convention were employed in all three directions. For each state point in
this simulation, 2.5 million configurations were used to guarantee equilibrium and next

15 million configurations were tracked to get the desired average ensemble properties.

5.2.3. Statistical Mechanics (SM) Model
From the principles of SM[139,162], we have an expression for the adsorption

isotherm relating the fractional occupancy to the bulk gas pressure.

{(B ~1+260)1 —e)} 0 _ prseXp(— Uy jexp(_ cw, j )

(B+1-20)0 1-0 kT 2kT

In equation (2), @ is the fractional occupancy, £ = \/1 -40(1-6)(1-a), a= exp(—\liv—_lf) ,

C is connectivity constant (i.e. coordination number). w, is the contribution of
adsorbate-adsorbate interaction. U, is defined as the energetic well depth of the

adsorbate-adsorbent interaction. V, is defined as single site volume. The fractional
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occupancy is defined as 0 = % , where N is the number of molecules adsorbed and

M is the total number of adsorption sites. For the purposes of the SM model only, we

obtained the bulk density (p,) as a function of pressure and temperature from the L-J

equation of state, which is a 32-parameter model fit to simulation data[163]. The quasi-
chemical approximation is adopted in this model. Detailed derivations are provided in

Appendix 5.B.

5.3 Results and Discussion
5.3.1. Force Field Validation

In Figure 5.4, we show simulations of H, adsorption in IRMOF-1 at 77 K and 300
K and pressures up to 10 bar to compare against experimental data in the literature. In
Figure 5.4(a), we compare our simulation results at 77 K with experimental data of
Rowsell et al.[11], Panella et al.[164] and Wong-Foy et al.[165]. The discrepancies from
different experimental data can be attributed to several factors such as different sample
size and sample purity[164]. As we can see, our simulation results are in reasonable
agreement with experimental data except for some slight differences. Our simulations
slightly underestimate the amount adsorbed at low pressure compared to the results from
Rowsell et al.[11], which has also been observed by Garberoglio et al.[13]. (They used
the Zn potential from the DREIDING force field[67], though it is mistakenly not reported
as such, resulting in 0.3 wt% higher adsorption than if the UFF potential had been
used[65]. Essentially our simulations are in excellent agreement with their results.) The

underestimation at low pressure was also observed by Frost et al.[23] using DREIDING
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force field. However, our results are in very good agreement with Langmuir fit to
experimental data from Panella et al.[164] and experimental observations from Wong-
Foy et al.[165] at low pressure, but overpredict the amount adsorbed at high pressure.
The similar phenomena have also been observed by Liu et al.[155]. They used both UFF
and DREIDING force field in their study of H, in a MOF and found both potentials
overpredicted the adsorption at high pressure. They attributed this discrepancy to the
errors in the solid-fluid potential. In Figure 5.4(b), we only compare our simulation
results with experimental data fit from Panella et al.[164] at 300 K since the other two
did not report data at room temperature. As we can see, our simulation results slightly
overpredict adsorption. The largest error at 10 bar is about 0.004 wt% (~10% error to the
experiment). The agreement between simulations and experiments is acceptable. Again,
the overestimation has also been observed by Liu et al.[155] using both UFF and
DREIDING force field.

This work does not intend to optimize the force field although one could improve
it by adjusting the L-J parameters to fit the experimental data for a specific case. For
example, Yang and Zhong[18,107] adjusted the parameters from OPLS-AA force
field[68] to better represent the experimental isotherms of H, in MOFs. We accept the
inability of the simplicity of the model to exactly reproduce the experimental results.
However, based on the overall reasonable agreement with experimental data for our
simulations, we feel that the force field is basically valid to describe the H, interaction
with MOF and the adsorption isotherms are reliable as well as the procedure, with its
assumptions is reasonable. We can now compare the adsorption isotherms for the MPF

and MOF at 77 K and room temperature (300 K).
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5.3.2. Low Temperature (77 K)

The adsorption isotherms in terms of excess weight percent H, (gravimetric
uptake) for IRMOF-1, IRMOF-10 and the five MPFs at 77 K and pressures under 10 bar
are shown in Figure 5.5. We first compare IRMOF-1 and IRMOF-10. At low loadings
(shown in Figure 5.5(b)), IRMOF-10 slightly adsorbs less than IRMOF-1, but at high
loadings (shown in Figure 5.5(a)), IRMOF-10 adsorbs much more than IRMOF-1. This
crossing of the isotherms was also observed by Frost et al.[23] and the reason is well
understood. At low loadings, enthalpic interactions are dominant and small pores increase
the interaction while at high loadings the big pore with larger free volume has more space
for adsorbate molecules and therefore adsorbs more.

In Figure 5.5(a), we also report the 77 K adsorption isotherms for the 5 MPFs
studied here. All of the MPFs except MPF-2 adsorb more hydrogen across the pressure
range than do the two MOFs. That the larger MPFs adsorbs more hydrogen at higher
loading is due to the increased free volume of the MPF. That the larger MPFs also adsorb
more hydrogen at lower loadings where energetic contributions are expected to dominate
indicates that the porphyrin provides more favorable adsorption sites than those that exist
in the IRMOFs. The energies of adsorption at 77 K and the lowest pressure studied (0.01
bar) are respectively for the five MPFs 3.23, 3.57, 3.72, 4.26 and 4.79 kJ/mol. All of
these energies of adsorption are greater than those found for IRMOF-1 (3.13 kJ/mol) and
IRMOF-10 (2.82 kJ/mol) under the same conditions.

The exception for MPFs adsorbing more hydrogen than the IRMOFs is MPF-2.

We attribute this discrepancy to the fact that the functional group on MPF-2, shown in
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Figure 5.3(b) contains two bromine atoms. The bromines have a high molecular weight
and do not provide strong adsorption sites. So when the comparison of hydrogen
adsorption is done on a gravimetric basis as it is in Figure 5.5(a), one observes that high
molecular weight atoms in the framework result in a lower amount of hydrogen adsorbed.

We can further understand the exception by looking at the adsorption on a per
cage basis as shown in Figure 5.6. Whether at low loadings or at high loadings, we see
the same trend that MPF-2 adsorption is larger than IRMOF-1 and IRMOF-10 as well as
MPF-1. The difference between MPF-1 and MPF-2 is that MPF-2 has a different
functional group which has much more weight due to Br. The increase to the adsorption
of H, does not compensate for the weight gain. Therefore, there is no contradiction to the
reasoning used above to explain the relative amounts of adsorption.

On either a per cage basis or a gravimetric basis, MPF-5 with the functional group
shown in Figure 5.3(e) adsorbs the most hydrogen at 77 K. This functional group on
MPF-5 has a high surface area to molecular weight ratio, which is advantageous for
adsorption.

In Figure 5.7, we report the binding energies in various materials studied in this
work at 77 K and under 10 bar. Since the adsorbate-adsorbate interaction is relatively
small (the highest contribution at 10 bar is about 10% compared to the total energy), the
energy of adsorption is essentially adsorbate-adsorbent interaction energy. We find
IRMOF-1 has an adsorption energy of 3.1 kJ/mol, which is in the lower limit of
experimental observation of Panella et al.[164]. We also observe the adsorption energy is
high at low loadings and decreases as the loading increases at 77 K for all materials

studied. The initial high adsorption at low loadings is due to the high energy adsorption
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sites close to metal-oxide cluster. As the loading increases, the adsorption sites in the
larger pore start to be filled. We see IRMOF-1 has a higher adsorption energy than
IRMOF-10 within the whole pressure range studied because IRMOF-1 has a smaller pore
size. All five MPFs have higher adsorption energies than IRMOF-1 under 0.5 bar
although it has much larger pore size than IRMOF-1. This indicates the porphyrin
provides additional adsorption sites initially at low loadings. The change in energy of
adsorption as a function of loading at 77 K can be substantial. For example, for MPF-5 at
77 K, the energy of adsorption is 4.79 kJ/mol at 0.01 bar and 2.87 kJ/mol at 10.0 bar.

In order to make this point more clear, we further look at the isodensity
distribution surfaces of H, adsorbed in these materials at 77 K and 1 bar as shown in
Figure 5.8. The surfaces are shown in a unit cell of the framework. The contour density
level is set to relatively higher so that the deep energy adsorption sites can be seen
clearly. In Figure 5.8, the small cages of IRMOF-1 and IRMOF-10 are shown in the
center of the plots. We see IRMOF-1 and IRMOF-10 have similar adsorption sites, which
are around the metal-oxide cluster in both big and small cage. We observed that IRMOF-
1 adsorbs more than IRMOF-10 on a gravimetric basis at this point of the isotherm.
Correspondingly the adsorption area for IRMOF-10 is smaller than for IRMOF-1. All
five MPFs have the similar adsorption sites, therefore we only show MPF-1 and MPF-5
to make our point. Because of the size of the cage, we show only one vertex of the MPFs.
The MPFs provide more adsorption sites around the center of porphyrin, which increases
the adsorption. This point can be easily seen by comparing MPF-5 with IRMOF-1. MPF-
5 adsorbs about 35% more than IRMOF-1 on a gravimetric basis and more than 500% on

the cage basis at 77 K and 10 bar. We also see the functional groups on the porphyrin
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provide additional adsorption sites, which increases the adsorption capacity. The point
can be also seen clearly when comparing MPF-5 with MPF-1. MPF-5 adsorbs 10% more
than MPF-1 on a gravimetric basis and about 70% more on a cage basis at 77 K and 10

bar.

5.3.3. Room Temperature (300 K)

In Figure 5.9, we show the adsorption isotherms of all materials studied in this
work calculated at 300 K. The isotherms in terms of gravimetric uptake are shown in
Figure 5.9(a). The isotherms in terms of volumetric uptake are shown in Figure 5.9(b).
All of them are in the linear regime, which can be defined by Henry’s law constants, as
shown in Table 5.2. The Henry’s law constant for IRMOF-1 from simulation (0.024
mol/kg/bar) is in very good agreement with the Henry’s law constant (0.022 mol/kg/bar)
from the Langmuir fit to the experimental data of Panella et al.[164].

In contrast to the behavior observed at 77 K, all MPFs adsorb more hydrogen than
IRMOF-10, which adsorbs more than IRMOF-1, on both gravimetric and cage bases.
This is a consequence of the fact that the entropic contribution becomes more dominant
as the temperature increases. In other words, larger cages are favored at all pressures at
high temperature. Within the same cage size, the energy of adsorption is important. In
Figure 5.10, we show the energy of adsorption for all materials at 300 K and pressures up
to 10 bar. Clearly, the loading on the cage basis is correlated to the adsorption energy
among the five MPFs. MPF-5 has the largest adsorption energy and the highest capacity,

followed by MPF-4 and MPF-3. The difference between MPF-2 and MPF-1 is small.
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The isotherms on a gravimetric basis show a more complicated trend since the
isotherms are weighted by the molecular weight of the framework. Thus we see it is
useful to report adsorption isotherms on both the gravimetric and cage basis, since the
former is more easily related to experiment and the latter more clearly reveals
relationships between the amount adsorbed and other properties of the adsorbent, such as
the energy of adsorption.

From Figure 5.10, we observe the energy of adsorption is almost constant at 300
K, in constrast to the observation at 77 K. This indicates that at 300 K, the hydrogen
molecules are not bound to preferential adsorption sites but explore much of the cage.
This observation is reinforced by the fact that the adsorption energies are much lower at
300 K than they are at 77 K.

We now attempt to determine if the SM model is capable of describing the
relative adsorptive capacities of IRMOF-1, as an example. One of the key assumptions in
the SM model used here is that there is one type of adsorption site in the system. In other
words, all sites have the same adsorption energy. Alternatively, the adsorption energy is
constant with loading. Therefore this fundamental tenet of the SM model is violated at 77
K, but it is still valid at 300 K.

There are eight parameters for the SM model that must be specified: 6 parameters

that describe the lattice—c (connectively), | (separation between sites), U ,, (adsorbate-
adsorbent interaction energy), W, (adsorbate-adsorbate interaction energy at low
loading), V. (site volume), M (number of sites per cage)—and the 2 L-J parameters that

describe the adsorbate—ao and €. We set the connectivity, € to 6 and do not vary it and we
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use the L-J parameters for o and €, and do not vary them. The adsorbate-adsorbent well-
depth, Ugo, has also been determined from simulation (-2.13 kJ/mole for IRMOF-1). One

can determine W, by evaluating the L-J potential at site separation, |. Because the

loadings are so low at 300 K, the contribution of the adsorbate-adsorbate energy is

negligible and the isotherm is insensitive to the value of w, . The simulation results also

show that the adsorbate-adsorbate energy at 10 bar is up to 0.05% of the adsorbate-

adsorbent energy. Therefore, there are only two unknowns — V_, M, which need to be

determined. At room temperature the molecules are spread throughout the pore
volume[24], thus the number of adsorption sites can be approximated as the maximum
number of molecules that the pore volume can hold. We can obtain the number either by
dividing the volume of a single H, molecule over the pore volume or adsorbing enough
molecules into the framework to estimate the maximum number of molecules. The
maximum number of molecules is about 1040 calculated using the former method. For
the latter method, it turns out to be slightly larger. In this work, we use the former
method. Then the site volume can be determined by parameter fit to the simulation results
using this SM model. This fit is shown in Figure 5.11. The site volume is 8.12 A®. The
site volume is expected to be lower if the maximum number of molecules increases. This
indicates that the site volumes accessible to molecules at low loadings are small,
indicating highly localized adsorption sites. It should be kept in mind that the SM model
assumes a lattice of sites, each with a fixed site volume. The simulation, however, allows
a continuous distribution of adsorbates through-out the accessible volume. The

discrepancy between continuous and discrete adsorption sites should be responsible for
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any discrepancy between the simulations and SM model. We fit the simulation data by
adjusting the site volumes.

The SM model is also useful because it allows us to determine the adsorption
energy required for a given H, capacity. From the SM model, we can predict that
IRMOF-1 adsorbs 6 wt% H, at 300 K and 1 bar when the adsorption energy is about -17
kJ/mol The energy (absolute value) is slightly lower when the site volume decreases (or
the total adsorption sites increase). This is also consistent with the results from Bhatia
and Myers[166]. They found from thermodynamic viewpoint that the binding energy
should have about 15 kJ/mol when adsorbing significant amount of H, at ambient

temperature and modest pressures.

5.4 Conclusions

In this chapter, we performed path integral GCMC simulations with standard
force fields and assess their performance in the prediction of adsorption isotherms for H,
storage in Metal Porphyrin Frameworks (MPFs), a type of potential nanomaterials. We
calculated H, adsorptions in five MPFs and two IRMOFs (IRMOF-1 and IRMOF-10) at
300 K and 77 K and pressures up to 10 bar. We predict that the adsorption ability of
MPFs have significant improvement with the porphyrin introduced. The advantage is not
just with their larger pore volume, but also the porphyrin provides additional adsorption
sites for H,, leading to energetic advantage. The functionalization of MPFs also can have
a significant impact on hydrogen capacity. At 77 K the best MPF (MPF-5) adsorbs

1.65wt% at 1 bar and 5.81 wt% at 10 bar, which are 68% and 35% larger than IRMOF-1,
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respectively. At 300 K, MPF-5 adsorbs 0.007 wt% hydrogen at 1 bar and 0.07 wt% at 10
bar, which are also 48% and 46% larger than IRMOF-1, respectively.

The SM model is also useful to predict H, uptake at room temperature. In order to
function at low temperature, the SM model would require input to account for the
energetic hetereogeneity of the pore space within the MOF/MPF. From the SM model, 6
wt% H, can be adsorbed in IRMOF-1 at 300 K and 1 bar when the adsorbate-adsorbent

interaction energy is about -17 kJ/mol.
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Appendix 5.A Tables and Figures

Table 5.1. Cage size, cage mass, unit cell mass, unit cell length, volume, accessible volume and pore volume for the materials
studied in this chapter.

. Unit cell Unit cell Unit cell Acce551ble Acce551ble Pore Pore

Cage size  Cage mass volume in  volumein  volume  volume

Structure length mass volume . . . . . .

(A) (g/mol) (A) (g/mol) (A% aunitcell awunitcell inaunit inaunit

& (A%) (%) cell (A% cell (%)
IRMOF-1 12.916 769.6 25.832 6156.8 17237.5 13759.2 79.8 14123.6 81.9
IRMOF-10 17.140 997.6 34.2807 7980.8 40285.5 35106.6 87.1 36196.4 89.8
MPF-1 25.561 2567.8 25.561 2567.8 16700.7 14785.2 88.5 15132.8 90.6
MPEF-2 25.561 3514.6 25.561 3514.6 16700.7 14588.1 87.4 14876.1 89.1
MPEF-3 25.561 3113.8 25.561 3113.8 16700.7 14303.1 85.6 14775.2 88.5
MPF-4 25.561 3563.8 25.561 3563.8 16700.7 13814.6 82.7 14064.3 84.2
MPF-5 25.561 3899.8 25.561 3899.8 16700.7 13371.7 80.1 13563.3 81.2

Accessible volume is calculated based on geometry method as described by Snurr and co-workers[23] and pore volume is
calculated as described by Myers and Monson[160].
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Table 5.2. Henry’s law constant for the adsorption isotherms at 300 K.

Structure Henry’s law constant (mol/kg/bar)
IRMOF-1 0.024
IRMOF-10 0.032
MPF-1 0.036
MPEF-2 0.026
MPE-3 0.039
MPF-4 0.035
MPF-5 0.036
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Figure 5.1. Illustration of structure of the porphyrin-based linker. The metal in the pore
center is Zn in this chapter, but not limited to Zn. The dashed circles indicate where the

functional groups are attached in this chapter, but not limited to these positions.
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Figure 5.2. Illustration of the pore structure of a MPF (hydrogen atoms are not shown). A

yellow sphere indicates the center pore. (Legend: Zn, violet; C, green; N, blue; O, red.)
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Figure 5.3. Five functional groups on the corresponding five MPFs studied in this
chapter: (a) MPF-1; (b) MPF-2; (¢c) MPF-3; (d) MPF-4; (e) MPF-5. The dashed circles
indicate where the functional groups are attached to the porphyrin shown in Figure 5.1.
These functional groups are locally optimized to minimal energy when attaching to the

porphyrin.
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Figure 5.4. Simulated and experimental adsorption isotherms for IRMOF-1 at (a) 77 K;

(b) 300 K. The solid line in both plots are Langmuir equation fit to the experimental data

by Panella et al.[164].
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Figure 5.5. Calculated adsorption isotherms in terms of gravimetric uptake at 77 K. (a)

whole pressure range under 10 bar; (b) low pressure range under 1 bar.
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Figure 5.6. Calculated adsorption isotherms in terms of volumetric uptake at 77 K and

pressures under 10 bar.
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Figure 5.7. Energy of adsorption for H, adsorbed in materials studied at 77 K. The unit of
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Figure 5.8. Isodensity surfaces (white cloud) at 77 K and 1 bar shown in a unit cell for (a)
IRMOF-1; (b) IRMOF-10; (¢) MPF-1; (d) MPF-5. The contour density level is about

2x10 molecule/A°.
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Figure 5.9. Calculated adsorption isotherms of all materials studied in terms of (a)

gravimetric uptake and (b) volumetric uptake at 300 K and pressures under 10 bar.
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Appendix 5.B. Supporting Information

S5.1 Simulation Structures and Force Field Parameters

The illustrations of pore space for the five MPFs are shown in Figure S-5.1. The
porphyrin linkers for the corresponding five MPFs are shown in Figure S-5.2. The
simulation structure coordinates can be obtained in our website[167].

The Lennard-Jones (L-J) parameters for the force field are listed in Table S-5.1.

S5.2 Statistical Mechanics (SM) Modeling
S5.2.1. Lattice Model

Several SM lattice models of adsorption have been successfully used to describe
adsorption in zeolites and other nanoporous materials[168-172]. We use standard
statistical mechanics to develop the partition functions for H,. From the partition
functions, we can directly obtain the desired thermodynamic properties. The nanoporous
environment is determined by (i) adsorption site volume, (ii) adsorption site energetic
well depth, (iii) lattice connectivity, and (iv) lattice spacing.

Consider an arbitrary lattice with connectivity (in other words, coordination

number), ¢, with sites separated by distance, |. The sites have a well-depth of U,

where this is the potential energy due to adsorbate-adsorbent interactions. The sites have

volume, V. The four parameters—c, |, U, and V, —completely characterize the lattice.

The partition function for the system is composed of 3 factors: (i) the

configurational degeneracy g(N,M), (ii) the intrasite partition function q(T), and (iii)
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energetic interactions due to neighboring atoms. While the formalism exists to model a
nanoporous material with multiple types of sites, each with different site volumes,
energetic well depths, and maximum occupancies[168], we limit ourselves to one type of
adsorption site. This is an approximation, the validity of which will be tested in this
chapter. In this case, where we have one type of site with a maximum occupancy of one

adsorbate, the partition function in the canonical ensemble, takes the form:

Q(N.M.T)=g(N,M)q()" exp(-N,, lv—;) (S1)

where N is the number of adsorbates, M is the number of sites, and T 1is the

temperature, N,, is the number of neighboring sites each with occupancy one. N, is the

only term that contributes to intersite interaction energy, since the other neighbor pairs,

namely Ny, N,,,and N,, all contain at least one empty site.

S5.2.1.1. The Adsorbate-Adsorbate Potential Energy

The pure adsorbate is completely characterized by a given potential model.
Generally two potential models have been used to describe H,-H; interactions. Vahan V.
Simonyan et al.[173,174] used the Silvera—Goldman (SG)[172] potential in the molecular
simulation of hydrogen storage. The SG model treats each H, as a spherical center and
includes the effects of three-body interactions via a pairwise correction term. The
semiempirical SG potential has been found to be a good model for liquid and solid
hydrogen at reasonable pressures[172,175]. However, in most cases, particle-particle
interactions between hydrogen molecules are modeled with L-J potential located at the

mass-center of the particles[147,176]. In our case, we also use the L-J 12-6 potential
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U, ()= 4{@ _(Ej } (s2)
r r

In this model, two additional parameters are required : o, the molecule collision
diameter and ¢, the well depth of adsorbate-adsorbate interactions. With this potential
we specify the adsorbate-adsorbate potential energy due to adsorbates in neighboring
sites (an intersite interaction) as this pair potential evaluated at the site separation

distance, i.e. W, =U ,(l). The adsorbate molecule is assumed spherical such that the

volume of the adsorbate is given by V, = %03 .

S5.2.1.2. The Single-Site Partition Function
We assume that the intramolecular modes of the hydrogen molecules are
independent of other adsorbate molecules, allowing us to write the partition function for a

single adsorbed molecule, which is given the form[139]:

q(T) = Qe Xp(=U o/ KT) (83)
where U, is the energetic well depth of the adsorbate-adsorbent interaction and g, is a
site partition function including translational, rotational, vibrational, electronic and
nuclear contributions, g, = Uyans Aot Quib derec dnue - FOT the translational partition function,
we can write[162]

s =0 A= |
rans A3’ 272mkT

(S4)

where V, is the volume of single site. For the electronic partition function, we only

consider the ground electronic state,
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Qetec = @1 €Xp(D, /KT ) =exp(D,, /KT )exp(®, /2T) (S5)

where, for ordinary chemically saturated molecules like hydrogen, o, =1 ,

e

D, =D, +%hv, and ®, =hv/2k . The vibrational partition function, it is written as:

exp(—0, /2T
Qvin = DB, ) (86)
I-exp(-©,/T)

It is well known that the rotational and nuclear degrees of freedom are coupled in

hydrogen, yielding a combined partition function[162]

ot = 2, (23 +Dexp(-©,J(J +1)/T)+3 > (2] +Dexp(-©,I(I +1)/T)  (S7)

J even J odd
where J =0,1,2,3.... In the model above, ®,, ®,, D, are molecular constants which can
be found in the literature [139]. For H,, we have ®,6 =6215K , ®, =85.3K , and
D, =103.2 kcal/mole.

Combining these terms with the explicit energy of adsorption yields the single site

partition function
q(T) = Qiota exp(—U 00 / kT) (SS)

where Oy = Oyrans * Getec,vib * Grot,nuc
S5.2.1.3. The Configurational Degeneracy

The next objective is to obtain the configurational degeneracy, g(N,M) and the
number of neighboring occupied sites, N;;, as a function of the known canonical
ensemble variables—N, M and T-—the 4 parameters that describe the lattice—

C,l,U,, and V,—and the 2 parameters that describe the adsorbate—o and &. There is
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no analytical solution to this problem except at N/M =0.5. Therefore we must use an
approximation.

The first approximation one might use is Langmuir approximation, in which the
adsorbate-adsorbate interaction, ¢, is set to zero. However, previous work on adsorption
in nanoporous materials has shown the importance of adsorbate-adsorbate
interactions[170]. The next approximation is the Bragg-Williams approximation, in
which the adsorbates are reandomly distributed across the lattice and experience a mean
field adsorbate-adsorbate interaction[177]. In mean field models of adsorption, there is no
clustering of adsorbates. Again, clustering of adsorbates within nanoporous materials can
be important [170], therefore we need a more sophisticated model.

The next significantly better approximation but not of unreasonable mathematical
complexity is the quasi-chemical approximation[139]. In the quasi-chemical
approximation, neighboring pairs are counted independently—double counting some
combinations and then reweighted to give the proper total number of states in the
configurational degeneracy. This approximation does yield adsorbate clustering in the
adsorbent, which is critical to obtaining correct isotherms. In this chapter, we invoke the
quasi-chemical approximation. For an adsorbent with one type of site with maximum
occupancy of one, it can be shown that the configuration degeneracy is[139]

(cM j'
1-c — |

M! 2

g(N,M)=( j (S9)
NYM =N g Ny Ny
2

00°*
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ctM +4/(cM)? —=4(1-a)c*N(M - N
where N, = J(eM)? —4(1-aye’N( ) Ny =Smon)-Ln,,
2(1-a) 2 2
c 1 W, .. .
N, =Ny, Nj :EN —3 N,;, and a :exp(—ﬁ). Therefore the partition function in

the canonical ensemble is

(CM j'

1-c I

M! 2 W
Q(N,M,T =( j qT)" exp(-N,, =)  (S10)
( ) N'(M_N)l N 'NOI!NIO!NH! p 11 KT

2

00 2

S5.2.2. Adsorption Isotherm
All thermodynamic properties can be derived from the partition function. To get
the adsorption isotherm, we equate the chemical potential of the adsorbed phase with the

chemical potential of the bulk fluid. The chemical potential is given by

i:—(aanJ (S11)

KT oN
For this system, the adsorption isotherm in terms of the fractional occupancy, 6 = % ,

is related to the chemical potential via[139]

{(ﬂ ~1+20)1- e)r : 0

(B+1-20)0 —6~ eXp(%Jq(T)eXp(_ ;\|I<VT j (512)

where 4 =./1-40(1-0)(1-a).

The adsorbed phase is in equilibrium with the bulk fluid. The pressure of the bulk
fluid is related to the chemical potential via an equation of state, and, through the
equation of state, it is possible to calculate the pressure of the gas that corresponds to a

given chemical potential and vice versa[22].
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The bulk chemical potential of a pure fluid is given by

Houik — _ln[ qt,otal j (S 1 3)
KT N
[ ! ! V u
where qtotal = qtrans : qelec,vib ' qrot,nucl ’ qtrans = [b\;k . (814)

Then the chemical potential can be written as

1
% = —h’l( bu|kA3 ] - 1n(qelec,vib) - 1n(qrot,nucl) (SIS)

Equating the chemical potential of the bulk phase with the chemical potential of the
adsorbed phase yields an expression for the adsorption isotherm relating the fractional

occupancy to the bulk pressure.

{(B (_51:12_92(91); e)} 1 : o " bVSeXp(_ %}exp{— ;LVTJ (516)

For the purposes of the SM model only, we obtain the bulk density, p,, as a function of

pressure and temperature from the L-J equation of state, which is a 32-parameter model

fit to simulation data[163].
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Appendix 5.C. Table and Figures in the Supporting Information

Table S-5.1. L-J parameters used in this chapter, taken from UFF force field.

Atom e/k (K) o (A)
(0] 30.194 3.118
Zn 62.400 2.462
C 52.839 3.431
N 34.722 3.261
H 22.142 2.571
Br 126.310 3.732
H2 34.200 2.960

196



Figure S-5.1. The pore space illustrations for the five MPFs studied in this chapter. (a) MPF-1; (b) MPF-2; (c) MPF-3; (d) MPF-4;
(e) MPF-5 (Legend: Zn, violet; O, red; C, green; N, blue; H; white; Br, maroon).
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Figure S-5.2. The porphyrin linkers for the five MPFs studied in this chapter.

(a) Zinc 5,15-diphenyl-10,20-di(4'-carboxyphenyl);

(b) Zinc 5,15-di(2',6'-dibromophenyl)-10,20-di(4'-carboxyphenyl);

(¢) Zinc 5,15-di(N-diphenylamino)-10,20-di(4'-carboxyphenyl);

(d) Zinc 5,15-di(2',6'-dicyclopanecarboxamidephenyl)-10,20-di(4'-carboxyphenyl);
(e) Zinc 5,15-di[2',6'-di(dimethylcyclopanecarboxamidephenyl)]-10,20-di(4'-
carboxyphenyl) .

(Legend: Zn, violet; O, red; C, green; N, blue; H; white; Br, maroon).
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CHAPTER 6

Self-Consistent Multiscale Modeling

in the Presence of Inhomogeneous Fields
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This chapter is a slightly revised version of a paper by the same title published in
Multiscale Modeling and Simulation, 2009 by Ruichang Xiong, Rebecca L. Empting, Ian
C. Morris and David J. Keffer:

R. Xiong, R.L. Empting, I.C. Morris, D.J. Keffer, Self-Consistent Multiscale Modeling in
the Presence of Inhomogeneous Fields, Multiscale Model. Simul. 8 (1), 193 - 203, 2009.

The use of “we” in this part refers to the co-authors and the author of this dissertation.
My primary contributions to this paper include (1) development of the algorithm (2)
creating programs to perform MD simulations (3) all of the simulation work (4) all of the
figure generation and all of the writing.

Reproduced with permission from Multiscale Model. Simul. 8 (1), 2009. Copyright ©
2009 Society for Industrial and Applied Mathematics.

Abstract

Molecular-dynamics (MD) simulations of a Lennard-Jones (L-J) fluid in an
inhomogeneous external field generate steady-state profiles of density and pressure with
nanoscopic heterogeneities. The continuum-level of mass, momentum and energy
transport balances are only capable of reproducing the MD profiles when the equation of
state for pressure as a function of density is extracted directly from the molecular-level of
description. We show that the resulting density profile from simulation is consistent with
both a molecular-level theoretical prediction from statistical mechanics as well as the
solution of the continuum-level set of differential equations describing the conservation

of mass and momentum.
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6.1 Introduction

The principles of conservation of mass, momentum and energy in classical
systems are equally valid at both the continuum and molecular levels. At the continuum
level, the density and velocity distributions are given by solutions of partial differential
equations (PDEs) describing the mass and momentum balances. It is sufficient for the
purposes of this work to limit the investigation to single-component fluids in an

isothermal system. Therefore, the relevant continuum equations are a mass balance[178],

P —vpv) (1)

where p is the mass density, vV is the center-of-mass velocity and t is time, and a

momentum balance
ov R
pE:—pV-V(V)—Vp—V-T—de) (1.b)

where p is the hydrostatic pressure, 7T is the extra stress tensor and @ is an external field.
These PDEs require a constitutive equation providing the functional form of the extra
stress tensor, T, e.g. Newton’s law of viscosity, as well as a thermodynamic constitutive
equation providing the functional form of the pressure, p. e.g. a mechanical equation of
state such as the van der Waals equation of state (EOS) or the Lennard-Jones (L-J) EOS
(LJEOS)[163]. With a set of boundary conditions, this set of PDEs and constitutive
equations can readily be solved.

At the molecular-level, these same principles apply. In a traditional equilibrium
molecular dynamics (EMD) simulation, there are no gradients in the system and

principles of mass and momentum conservation reduce to the number of particles and
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total system momentum being invariant in time. In a non-equilibrium molecular
dynamics (NEMD) simulation in the presence of an inhomogeneous, external field, it is
possible to generate gradients in the density and velocity profiles. Because of the
resolution of MD simulations, these gradients can easily be on the order of nanometers.
In this case, the mass and momentum balances of equation (1) are completely valid and
should be observed in the simulation. The only issue is that the constitutive equations for
both T and p must now be valid in the presence of nanoscale inhomogeneities.

In general, constitutive equations developed for bulk fluids (both for transport and
thermodynamic properties) are not valid in the presence of nanoscale inhomogeneities.
Therefore, it is necessary to extract these constitutive equations from the molecular-level
models in order to show consistency between the density and velocity profiles obtained
through the solution of the continuum-level equations and the profiles directly observed
in the simulation.

Molecular-level information in the presence of inhomogeneous fields can be
generated in a variety of ways, including molecular density functional theory (DFT),
integral equation theory (IET), and molecular simulation—(both Monte Carlo methods
and Molecular Dynamics)[179]. In previous multiscale modeling work we have used the
Ornstein-Zernike IET to provide molecular information used in continuum-level
models[180]. In this work, we choose to generate the molecular-level information from
MD simulations.

We perform MD simulations in the presence of an inhomogeneous field to
generate time-invariant density profiles with variation on the nanoscale. We directly

evaluate the pressure profile in the MD simulations and use it to create a mechanical
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equation of state that relates pressure to density for this particular inhomogeneous fluid.
When this equation of state is substituted into the continuum-level equations, we find that
the macroscopic model reproduces the density profiles from the molecular-level
simulation. We also show that neither a bulk mechanical EOS nor local averaging of the
bulk EOS reproduces the MD results.

The systems of study include both the ideal gas, for illustrative purposes, and the
Lennard Jones fluid. For the ideal gas, it became necessary to develop a new thermostat
for the MD systems with inhomogeneous fields. To this end, we developed, applied and
validated this thermostat through comparison with statistical mechanical and continuum-
level theory.

This chapter demonstrates several important issues associated with multiscale
modeling. First, concepts such as the conservation of mass, momentum and energy
should be equally applicable at all scales. Failure of equation (1) to describe observed
density, momentum or temperature profiles at the molecular-level is due to the use of
constitutive equations that are not valid at the nanoscale. Finally, when comparing the
continuum and molecular-level systems, all profiles—mass, momentum and
temperature—must simultaneously agree between the scales. This may require the
development of new simulation nuances, such as a novel thermostat, as was the case in
this work.

The remainder of this chapter is organized as follows. In part 6.2, we provide the
necessary background to explain and justify the new thermostat. In part 6.3, we present

results of the MD simulations. In part 6.4, we provide our conclusions.
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6.2 System Formulation

The study of temperature control in molecular dynamics (MD) simulation has
received an extensive amount of interest since the early work of Nosé and
Hoover[75,181] through more recent analyses and descriptions of families of thermostat
formalisms[182-187]. One of the salient features of these thermostats is their application
to selective degrees of freedom, allowing for example distinct thermostat of light and
heavy particles[183], or exclusive thermostat of the peculiar momentum[186].

In this work, we are interested in thermostatting MD simulations in the presence
of an arbitrary and potentially anisotropic and spatially inhomogeneous field. The field
will generally give rise to inhomogeneous distributions in the density, center-of-mass
velocity and temperature. We are interested in performing simulations in an isothermal
limit, in which the temperature is constant through-out the simulation volume. For a L-J
fluid in which there is exchange of kinetic energy between particles through collisions, a
single Nosé-Hoover thermostat will suffice. For an ideal gas, we demonstrate the
implementation of a set of Nosé-Hoover thermostats that will provide a spatially uniform
temperature distribution. Furthermore, we justify the implementation of the thermostat
not only through direct examination of the temperature distribution but also through
comparison of the resulting inhomogeneous density distributions with profiles predicted
from both statistical mechanics as well as continuum mass and momentum balances
evaluated in the isothermal limit.

In order to validate our thermostat, we require standards for comparison. There
are various levels of validation that can be checked. First and most obviously, the average

temperature of the simulation must be correctly maintained. Second, the spatial
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temperature distribution must correspond to the set temperature distribution. These,
criteria for a successful thermostat, are however, insufficient to prove the rigor of the
procedure.

We require an additional criterion in order to provide evidence that the means by
which the uniform profile was obtained did not disturb other results of the simulation. In
the absence of any inhomogeneous fields, this additional proof is given by the
Hamiltonian-based criterion used by Nosé[188] or the non-Hamiltonian criterion of
Tuckerman et al.[189,190]. However, the inhomogeneous field will give rise to a density
distribution. In this work, we use the density distribution as a criterion for the success of
the thermostat by comparing the density distribution from the MD simulations with two
standards. For the simulations of the ideal gas, we can compare the density distribution

with that predicted by statistical mechanics (SM). The density distribution, p(z), of the

ideal gas in the presence of an external field is given by the statistical mechanical result

pl2)=p, p[m} @

kg T

where p, is a constant, kg is Boltzmann’s constant , T is temperature, ® is the external
potential and z is the spatial dimension.

For both the ideal gas and the L-J fluid, we can validate density distributions from
the MD simulations through a multiscale modeling algorithm. Namely, the density
distribution that is the solution to the continuum level mass and momentum balances in
equation (1) should directly match the profiles from the MD simulations. It is important

to understand that, without coupling to an energy balance, equation (1) assumes that the
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system is isothermal. Therefore, if the continuum-level system is isothermal then so too
must be the molecular-level system.

It is completely sufficient for our purposes to focus on steady-state solutions in
which the time derivatives in equation (1) are zero. Furthermore, we will examine an
anisotropic external field with variation in the z-direction only. We choose the boundary
condition for the velocity to be zero, thus essentially setting the velocity profile to zero
and eliminating the convection and dissipation term from equation (1). Consequently, our

system of equations becomes,

dp  dd

-p— 3
dz P dz 3
We are free to choose any arbitrary form of the external potential. In our

examples, we choose the external field to be a time-invariant cosine function with a

spatial period equal to the system size in the z-dimension, L,
specifically @ = Acos(2irz/ L). This choice is motivated by the fact that we would

greatly prefer that the density profile satisfying the continuum equations be periodic. This
will allow the corresponding MD simulations to achieve steady state using traditional
periodic boundary conditions. (There are no simple boundary conditions that would allow
MD simulations to be performed if, for example, the density at one boundary of the box
were different than the density at the opposite boundary. In such a case, a technique such
as dual-control-volume grand canonical molecular dynamics would be required[191].) In
the case of negligible velocity profile, the choice of a periodic external potential is

sufficient to generate a periodic density profile.
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At the molecular-level, we perform a MD simulation, which is an equilibrium

simulation in every respect except that the external field, @, is present in the z-
dimension. We therefore expect that a MD simulation with a correct thermostat will
generate the same density profile as that obtained from the continuum description, given
that we have a reasonable equation of state for the pressure in the continuum model.

It is worth noting that, in general, the presence of the inhomogeneous field will
give rise to variation in density, velocity and temperature. If there is variation in the
velocity, then one would call these simulations, “non-equilibrium molecular dynamics”
(NEMD) simulations. Based on our specific choice of boundary conditions in the
continuum model for this example, we have negligible variation in the velocity and thus
our MD simulations are “equilibrium molecular dynamics with an inhomogeneous
potential”.

The MD simulations used 10,000 molecules at temperature of 300 K and 150 K
respectively and a molecular volume of 100 A*/molecule. We used the L-J potential[21],
truncated at a cut-off of 15 A, with e/kg = 93.10 K, o = 3.446 A, and molecular weight
39.948 g/mole. For the ideal gas simulations, we set € to zero. The time step was 10 fs.
Equilibration and data collection were performed for 7.5 and 10.0 ns respectively. We
used the fifth-order Gear Predictor-Corrector method to integrate the equations of
motion[192,193], which has been shown to provide excellent conservation of the
Hamiltonian in MD simulations[21].

We present results comparing the molecular and continuum models for two

systems: an ideal gas and a L-J fluid. The essential difference between the ideal gas and a
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L-J fluid is that the ideal gas lacks any intermolecular interaction. We will see the
consequence of intermolecular interactions below.
We examined three sets of thermostats. All of them have the traditional Nosé-

Hoover form, with equations of motion given by

dri a pi a (4 )
a _ M a
dt m,
dp;
—2=F_ - : 4.b
dt i,a gsz pl,zx ( )
2 N p 2
i SPGBV S A R LFLC (4.0)
dt f kBTset =1 Mm; TSEt
where I, ., p,,and F , are respectively the position, momentum and force of particle i

in dimension ¢, m; is the mass of particle i, {7, is the scaled thermostat “momentum”, f

is the number of degrees of freedom in the system, v is the frequency controlling the rate
of thermostat response, and Tg: is the set temperature. The force contains both the
intermolecular component and the contribution from the external field.

The three thermostats are defined as follows. The first thermostat (TS1) has a
single thermostat, based on the total kinetic energy of the system; this is the Nosé-Hoover
thermostat. In the second thermostat (TS2), we implement spatially localized thermostats
by dividing the simulation volume into Ny, spatial bins in the z-dimension. The bins are
slabs in shape. In this work, Npjn = 50. A distinct thermostat is assigned to each spatial
bin. Equation (4.c) is written for each bin, where the relevant kinetic energy and degrees
of freedom are those belonging to particles located at that instant within the bin. The

thermostat still alters momenta through (4.b), with the only extension being that
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thermostat variable on the LHS is from the same bin in which the particle is currently
located. In TS2, therefore, as particles move from bin to bin, they move from one
thermostat to the next. In the third themostatting scheme (TS3), we implement spatially
and dimensionally selective thermostats by providing each of the bins used in TS2 with
three thermostats, one for each dimension, resulting in a total of 3Ny, thermostats. Again,
equations (4.b) and (4.c) are valid with the only extension being that the kinetic energy

and degrees of freedom used in (4.c) correspond to a single dimension.

6.3 Results and Discussion
6.3.1. Ideal Gas Simulations

The purpose of performing ideal gas simulations is strictly to use a simple system,
where unambiguous analytical results are available. From our simulations we find that
all three thermostats satisfy the most basic criterion, namely that they provide the correct
average temperature for the total simulation volume. In Figure 6.1, we present the
temperature profiles for the three thermostats of the ideal gas simulations. In Figure 6.1,
we see that TS1 does not generate the set temperature profile. The failure of TS1 can be
explained as follows. The generation of heat due to the inhomogeneous field is spatially
non-uniform. In the absence of any temperature control, this will give rise to hot and cold
regions in the simulation volume. The single thermostat in TS1 responds only to the
average temperature. Therefore, TS1 stops acting when the average temperature reaches
the set point temperature. The average set point temperature can be achieved by adjusting
the hot and cold regions so that they average to the set temperature, rather than by

eliminating the hot and cold regions altogether.
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In both TS2 and TS3, we have spatially selective thermostats. These temperature
schemes provide a uniform temperature because the thermostat is based on the local
temperature and will act until the local temperature reaches the set point. Based on this
evidence alone, one may be inclined to choose TS2 as the optimal thermostat algorithm
since it has fewer thermostats. However, validation of the thermostats will provide
additional information.

In Figure 6.2, we present the density profiles from the simulations using TS1, TS2
and TS3. We also plot the statistical mechanical solution in equation (2). We also plot the
continuum solution in equation (3), where we used the ideal gas law as the equation of
state to provide the pressure as a function of density. We see first that, for the case of the
ideal gas, the statistical mechanical and continuum solutions are identical. We also
observe that only TS3 provides the correct density distribution, despite the fact that both
TS2 and TS3 generate correct temperature profiles. TS2 can generate the correct
temperature profile but the incorrect density distribution because TS2 reacts to a
temperature based on the sum of the x, y and z components of the momentum. The x and
y components are unaffected by the external potential. However, if the kinetic energy in
the z direction is too high (or too low), the thermostat can reach the set point by lowering
(raising) the kinetic energy in all three dimensions. Thus, the z-component of the
temperature is still too high (low). Because TS3 has a uniform distribution not only of the
sum of the x, y and z components of the temperature, but of each component individually
as well, it is capable of generating the correct density profile. At this point, we have
established and validated a spatially and dimensionally selective thermostat that correctly

generates temperature and density distributions for the ideal gas.
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It is worth noting that when an ideal gas is thermostatted with a Nosé-Hoover type
thermostat, the velocities cannot change sign since the thermostat scales the velocities by
a positive number[194]. The use of multiple thermostats does not solve this pathology;

however, the results of these simulations are not likely affected by this pathology.

6.3.2. Lennard-Jones Fluid Simulations

We now perform MD simulations of a fluid with a non-zero intermolecular
interaction potential, such as the L-J fluid. We performed this MD simulation using TS1,
TS2 and TS3, as was the case for the ideal gas. From ideal gas simulations, we know TS3
absolutely can generate a correct temperature and a correct density profile. As we can see
from Figure 6.3, TS1 and TS2 for the L-J fluid can also generate a correct density profile
compared to TS3, only the temperature profile from TS1 and TS2 is not quite as good as
that from TS3. At this point, we can see that the single thermostat is working relatively
well for the L-J fluid, in which the kinetic energy and potential energy are spatially and
dimensionally convertible because of the intermolecular interaction. Then we can use any
of the thermostats to generate the density profile for L-J fluid; we used TS3. In Figure
6.4, we plot the density profile from the MD simulation of the L-J fluid. We compare this
result with the continuum solution, equation (3), only, since the statistical mechanical
result of equation (2) applies only to the ideal gas. In order to numerically solve equation
(3), we require an accurate equation of state for the pressure. We chose two equations of
state. The first choice is the LJIEOS [163], which is very accurate in describing the pVT

behavior of L-J fluids far from the critical point. The LJEOS, when inserted into equation
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(3) does a good job of predicting the density distribution at high temperature, but has a
systematic error at low temperature.

The reason for this discrepancy is straightforward. Intermolecular interactions of
the type described by the L-J potential are non-negligible on a length scale of 1 nm; in
our MD simulations, the potential is truncated at re = 15 A. The LIEOS is a bulk
equation of state because it is based on simulation data of spatially homogeneous fluids.
The use of a bulk EOS in the continuum description is justified only when the length
scale associated with the variation of density is much larger than the length scale
associated with intermolecular interactions. In other words, when the approximation of

evaluating the pressure based on the local density is valid, or p(z)= p, (0(2)), a bulk

equation of state is sufficient. However, in the MD simulations the variation in the
density is on the order of nanometers, the same scale as the intermolecular interaction
potential. Therefore, a bulk EOS is inadequate and therein lies the source of the
discrepancy between the MD and continuum results. We did not encounter this problem
for the ideal gas or the L-J fluid at high temperature because the ideal gas has no
intermolecular interactions and intermolecular interactions have a tiny contribution to the
pressure of the L-J fluid at high temperature.

Also shown in Figure 6.4 is excellent agreement between equation (3) when the
equation of state extracted directly from the MD simulation (MDEOS) is inserted. The
MDEOS was generated as follows. For each bin, the local pressure of the bin was
calculated via published procedures[195]. We calculated the normal pressure (the zz
element of the pressure tensor), the tangential pressure (the average of the xx and yy
elements), and the average pressure (averaged over all three elements). These pressure
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profiles are plotted in Figure 6.5. The LJEOS evaluated at the local density as obtained
from the MD simulation is also plotted for reference. There is significant difference
between the MD pressures and the LIEOS pressure. There are small differences (at least
in this system) between the normal and tangential components of the pressure tensor.
Figure 6.4, uses the normal component of the pressure tensor. The hydrostatic pressure in
equation (1.b) assumed that the diagonal components of the pressure were the same,
which is generally not true where there is density variation. (For example at an interface
the surface tension is defined by the difference between the normal and tangential
components.)

In Figure 6.6, we parametrically plot the pressure from Figure 6.5 versus the
density from Figure 6.4. This is a graphical representation of the mechanical equation of
state relating pressure to density for this inhomogeneous system. Also on the plot is the
LJEOS and what we call a locally averaged LJEOS. We pursued this locally averaged
LJEOS to determine if a simple weighting of the bulk LJEOS could approximate the
explicit evaluation of the pressure in the MD simulation.

In the locally averaged LIEOS, one can approximate the local pressure in the MD
simulation with an average of a bulk EOS evaluated at the local density over the cut-off

volume,

Z+Toyt

_[ Pouik (P(f))df

o 5.
p(2) o (5.2)

cut

Alternatively, rather than averaging both the ideal and non-ideal contributions to the

pressure, one might argue that a better local average is one in which the ideal contribution
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is truly local and the non-ideal contribution is due to interactions through-out the cut-off
volume, in which case only the non-ideal contributions are spatially averaged over the

cut-off volume,

Z+Toyt

J (P ()= pis (0l

P(2) = Py (2) + = o (5.b)

cut

In Figure 6.6, we show that the two locally averaged LJEOS do not provide a good
approximation of the MDEOS and are in fact worse than the bulk LJEOS. At this point,
we advocate extracting the mechanical equation of state directly from the MD simulation

as was done here.

6.4 Conclusions

In this chapter, we have performed a set of MD simulations in the presence of an
anisotropic, inhomogeneous field. We performed simulations of an ideal gas in order to
develop and validate a thermostat for MD simulations in the presence of an anisotropic,
inhomogeneous field. For the ideal gas, a single Nosé-Hoover thermostat is sufficient to
generate the correct average temperature, but the spatial temperature distribution is
wrong. Through the use of spatially localized thermostats we were able to generate a
desired uniform temperature profile. However, the temperature profile is not sufficient to
show that one obtains the correct density distribution. Separate spatially localized
thermostats must be used to control the kinetic energy in each dimension in order to

account for anisotropy in the external field. For the ideal gas, the use of spatially
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localized Nosé-Hoover thermostats in each dimension yielded a density distribution that
was consistent with both statistical mechanics and a continuum description.

Using this thermostat, we performed MD simulations of a L-J fluid in the
anisotropic, inhomogeneous field. We generated density and pressure profiles directly
from the MD simulation. From this simulation we extracted a mechanical equation of
state relating pressure to density for this specific system with inhomogeneities in the
density on the nanoscale. If we insert this equation of state into the continuum-level
balances, we find that the solution of these macroscopic equations provides a density
distribution that is in complete agreement with that obtained directly from the MD
simulations. The use of a bulk equation of state in the continuum-level equations does not
in general agree with the MD simulations.

In the development of multiscale modeling techniques, one must insist on
capturing the important physics at all scales of description. In this work, we show how
the conservation of mass and momentum can be consistently described at both the
continuum and molecular levels when certain precautions are taken. First, the
assumptions must be the same at both levels. If the continuum-level system is assumed to
be isothermal, then the molecular-level system must also be isothermal. In this case, we
developed a set of thermostats to generate the isothermal condition in the MD simulation.
Second, one must use valid constitutive equations. In this case, we extracted an equation
of state applicable to inhomogeneous fluids directly from the MD simulation. These
multiscale modeling techniques will lead to transport properties generated by MD
simulations in a manner that is completely consistent with continuum level descriptions

of mass transport [196].
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Appendix 6.A: Figures
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Figure 6.1. Spatial temperature profiles of the ideal gas from MD simulations using three
thermostats at 300 K: a single thermostat (TS1), spatially localized thermostats (TS2),

and spatially and dimensionally localized thermostats (TS3). Both TS2 and TS3 yield the

desired temperature profile.
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Figure 6.2. Spatial density profiles of the ideal gas from MD simulations using three
thermostats at 300 K. Also shown are the profiles from statistical mechanics (equation
(2)) and from the continuum description (equation (3)). Only TS3 generates the correct

profile.
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Figure 6.3. Spatial temperature profiles and density profiles of the L-J fluid from MD
simulations using three thermostats at 300 K and 150 K: (a) T = 150K; (b) T =300 K; (c)

T=150K; (d) T =300 K.
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Figure 6.4. Spatial density profiles of the L-J fluid from MD simulations using TS3 at
300 K and 150 K respectively. Also shown are the profiles from the continuum
description with a pressure given by the LJIEOS and by equation (3), compared with the

profile from the continuum description with MDEOS and equation (3).
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Figure 6.5. Spatial pressure profiles from MD simulation (normal, tangential and total
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CHAPTER 7

Conclusions and Future Work
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Threatened by explosive assaults, there exists a need to upgrade current explosive
detection methods. Metal organic frameworks (MOFs) are a new class of nanoporous
materials that have been considered promising in many areas such as hydrogen storage.
However, there is no experimental data reported using MOFs to adsorb explosives as the
preconcentrator. This is the first time that MOFs are systemically examined to
preconcentrate RDX via molecular simulation. A number of technique problems
associated with the RDX simulations, especially the impact of charge distribution, have
been addressed. In addition, a new class of MOFs using porphyrin-based linkers has also
been investigated in this work via hydrogen storage simulations, which is another
important application area for MOFs. This work is summarized as follows.

In chapter 2, grand canonical Monte Carlo (GCMC) and molecular dynamics
(MD) simulations have been performed to calculate the adsorption isotherms and
diffusive coefficient of RDX in IRMOF-1. This is a baseline for further study. In this
section, a flexible force field that is fit to crystalline RDX and a modified MM3 force
field for IRMOF-1 have been used. A simpler way to increase the efficiency of GCMC
methods for non-rigid complex molecules has been taken according to the molecular
probability distribution. It has been demonstrated that the probability distributions of
RDX molecule properties are virtually no change whether RDX is in bulk system or
MOF at the low pressure. A number of important phenomena have been observed. First,
RDX exclusively reside in the big cage of IRMOF-1, and the adsorption sites are near the
metal cluster and between benzene rings. One of nito groups interacts with Zn atoms in
the metal cluster closely. Second, the adsorption energy are found to be -9.2 kcal/mol and

the Henry’s law constant is 21.2 mol/kg/bar, which is relatively big compared to H, and
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CHys. Third, the self-diffusivities of RDX in IRMOF-1 are found to be a strong function
of temperature. The activation energy is about 6.0 kcal/mol. Fourth, the major
components of air (N, and O,) do not give negative effect on the RDX adsorption and the
presence of water increases the amount of RDX adsorbed. Finally, the cage to cage
motion for RDX starts from about room temperature. Below room temperature, there is
no inter-cage movement.

In chapter 3, a variety of force fields, particularly the charge distributions, have
been investigated in IRMOF-10, which are taken as a specific example. Since there are
no experimental data available, the only way to validate the force field is to compare the
results from simulations and those from quantum mechanical (QM) calculations. The
choice of interaction energy calculated by QM, used as a standard, is valid and has been
shown to give good agreement with experiments in many other works. A number of
electron mapping methods have been used to estimate the point charges required in the
simulations. The adsorptions and diffusivities from the simulations with different point
charges are significantly different. In addition, the binding energies from the classical
potential are also different than those from QM calculations. There are many reasons that
results in the differences. One of the reasons is the different QM electron mapping
methods. Each method has its advantages and disadvantages. By investigating the density
distributions, MPA is found to be the most different and NBO is the second. ESP and
LPA have given not only the similar density distributions, but also the similar results for
adsorption and diffusivities. Another reason for the differences might lie in the inability
of the literature Lennard-Jones (L-J) parameters for polar molecules like RDX to capture

the repulsion and dispersion, which can be observed by comparing the dispersive
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interaction energy correction in QM calculations with L-J contributions in the classical
simulations. From these results, a best method cannot be determined until at least a few
points of experimental data are available. However, the possibility can be used to rule out
some methods such as MPA. In addition, two types of resulting behavior from using
different partial charge distributions have been determined. The NBO analysis assigned
large partial charges to the nitro group of RDX, which caused RDX to bind more strongly
and condense within the pore of IRMOF-10. The other methods, including LPA,
predicted a low density phase within the pore. These findings provide fundamental basis
for further study before experimental data have been discovered.

In chapter 4, five IRMOFs have been chosen to show the ability and selectivity to
adsorb RDX. In these IRMOFs, some of them are functionalized with amine group and
some of them are not. GCMC and MD simulations have been performed to calculate the
adsorption isotherms and diffusivities. Partial charges for the atoms on RDX and
IRMOFs were calculated by both LPA and NBO mapping methods, which have been
identified as two representative methods for low density phase and condensed phase,
respectively. Through the comparisons, it is found that the presence of amine groups
increases the adsorption greatly when the two different force fields were used. Also it is
shown that the location of amine groups on the benzene rings affect the adsorption. The
same phenomena found similar to that in IRMOF-1 observed is that RDX resides in big
cages, near the vertex and between the benzene rings for all IRMOFs. The presence of
amine groups also increases the Henry’s law constants and the adsorption energies. The
self-diffusivities are strong function of temperature for all IRMOFs. The presence of

amine groups does not always increase the activation energy, for some of them it
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decreases the activation energy. This fully demonstrates that some of functionalized
MOFs desorb more easily while they adsorb more.

Chapter 4 also reveals that IRMOFs could be tailored with functional groups to be
highly selective nanoporous preconcentrators. In these IRMOFs studied, they are found
to concentrate RDX up to 3000 times from the gas phase, on a volumetric basis. The
selectivity of RDX over butane is up to 5000 from a simple Langmuir estimate. The
diffusion of RDX is hundreds of seconds, which is sufficiently high for real time sensor
applications.

This work was motivated to tailoring MOFs to preconcentrate explosives. The
above three chapters constitute most important findings of this work. The next two
chapters are supplemental to this work. Chapter 5 shows one potential direction that
MOFs can be tailored. The results have been compared using the existing force field for
H, storage, which has been studied for a long time. Chapter 6 describes a novel
multiscale modeling technique connecting the continuum-level and molecular-level
description of inhomogeneous fluids.

In chapter 5, hydrogen storage in Metal Porphyrin Frameworks (MPFs) is
investigated. GCMC simulations are used to examine the adsorption capability of MPFs.
Since hydrogen is a very light gas, the quantum effect is more significant, particularly at
low temperatures. Thus, the path integral GCMC methods have been applied. The path
integral considers hydrogen as a number of beads connected with harmonic oscillator to
counter the quantum effect of hydrogen. The adsorption isotherms for hydrogen in five
MPFs and in IRMOF-1 as well as IRMOF-10 have been generated. The structures of the

MPFs are similar to IRMOF-1 with the organic linker changed to the linkers based on
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porphyrin. It has been demonstrated that the MPF adsorb more hydrogen in weight
fraction. At 77 K the best MPF (MPF-5) adsorbs 1.65wt% hydrogen at 1 bar and 5.81
wt% at 10 bar, which are 68% and 35% larger than IRMOF-1, respectively. At 300 K,
MPF-5 adsorbs 0.007 wt% hydrogen at 1 bar and 0.07 wt% at 10 bar, which are also 48%
and 46% larger than IRMOF-1, respectively. Furthermore, a statistical mechanical model
fit to the 300K data indicates that an adsorption energy of 17 kJ/mol is required to adsorb
6 wt% at 1 bar and 300 K. This quantifies the material target for future studies.

In chapter 6, a novel multiscale modeling technique is developed. Continuum-
level material and momentum balances are applied to a fluid with nanoscale
inhomogeneities in the density. We find that the continuum-level material and
momentum balances are satisfied only when a mechanical equation of state relating
pressure to density and temperature is extracted from the molecular-level simulations and
used in the balances. RDX and hydrogen adsorbed in MOFs are inhomogeneous
materials. The material and momentum balances that describe their transport could thus
be derived using this method.

In summary, the present work has focused on the molecular simulation of
adsorption and diffusion in MOFs. We have applied a whole procedure to calculate
adsorption and diffusion of explosive in MOFs. In this development, we have verified the
methods to calculate the charge distributions for RDX adsorption in MOFs. We have also
demonstrated the functionality of MOFs and its capability in selective explosive
preconcentrator. Furthermore, we have proposed a new class of MOFs that have powerful
functionality and demonstrated its ability via hydrogen storage. Finally, we have also

developed a multiscale modeling technique via MD simulation and continuum-level
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modeling. All these significant achievements in the present work are expected to be
useful in future developments of explosive and hydrogen adsorption in MOFs.

There are many new interesting avenues of research that can be done in the future.
First, the MOFs are assumed rigid in this work in order to increase the computational
efficiency. We could allow the framework to be flexible under certain conditions in the
future. Second, there are many other explosive molecules like TATP. They have totally
different structures and properties. For example, TATP does not have nitro-group in its
structure, which might cause different adsorption phenomena. In addition, there are some
other molecules in the air, such as kerosene. We have not investigated their effect on the
explosive molecule adsorption. Finally, we could also do optimization on the existing
force field for each specific case after some points of the experimental data come out.
This work will provide more useful information if this kind of investigation is included in

the future.

229



References

[10]

[12]

J.I. Steinfeld and J. Wormhoudt, Explosives detection: A challenge for physical
chemistry, Annu. Rev. Phys. Chem. 49 (1998), pp. 203-232.

A. Fainberg, Explosives Detection For Aviation Security, Science 255 (1992), pp.
1531-1537.

M. Fischetti, Defusing airline terrorism, Technol. Rev. 100 (1997), pp. 38-46.

B.C. Dionne, D.P. Rounbehler, E.K. Achter, J.R. Hobbs and D.H. Fine, Vapor
pressure of explosives, J. Energ. Mater. 4 (1986), pp. 447-472.

L. Senesac and T.G. Thundat, Nanosensors for trace explosive detection, Mater.
Today 11 (2008), pp. 28-36.

D.S. Moore, Instrumentation for trace detection of high explosives, Rev. Sci.
Instrum. 75 (2004), pp. 2499-2512.

M.U. Niemann, S.S. Srinivasan, A.R. Phani, A. Kumar, D.Y. Goswami and E.K.
Stefanakos, Nanomaterials for Hydrogen Storage Applications: A Review, J.
Nanomater. 2008 (2008), pp. 1-9.

O.M. Yaghi, G.M. Li and H.L. Li, Selective Binding And Removal Of Guests In
A Microporous Metal-Organic Framework, Nature 378 (1995), pp. 703-706.

H. Li, M. Eddaoudi, M. O'Keeffe and O.M. Yaghi, Design and synthesis of an
exceptionally stable and highly porous metal-organic framework, Nature 402
(1999), pp. 276-279.

N.L. Rosi, J. Eckert, M. Eddaoudi, D.T. Vodak, J. Kim, M. O'Keeffe and O.M.
Yaghi, Hydrogen storage in microporous metal-organic frameworks, Science 300
(2003), pp. 1127-1129.

J.L.C. Rowsell, A.R. Millward, K.S. Park and O.M. Yaghi, Hydrogen sorption in
functionalized metal-organic frameworks, J. Am. Chem. Soc. 126 (2004), pp.
5666-5667.

T. Kawakami, S. Takamizawa, Y. Kitagawa, T. Maruta, W. Mori and K.
Yamaguchi, Theoretical studies of spin arrangement of adsorbed organic radicals

in metal-organic nanoporous cavity, Polyhedron 20 (2001), pp. 1197-1206.
230



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

G. Garberoglio, A.l. Skoulidas and J.K. Johnson, Adsorption of gases in metal
organic materials: Comparison of simulations and experiments, J. Phys. Chem. B
109 (2005), pp. 13094-13103.

T. Duren, L. Sarkisov, O.M. Yaghi and R.Q. Snurr, Design of new materials for
methane storage, Langmuir 20 (2004), pp. 2683-2689.

M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter, M. O'Keeffe and O.M.
Yaghi, Systematic design of pore size and functionality in isoreticular MOFs and
their application in methane storage, Science 295 (2002), pp. 469-472.

Z. Ni and R. Masel, Rapid production of metal-organic frameworks via
microwave-assisted solvothermal synthesis, J. Amer. Chem. Soc. 128 (2006), pp.
12395.

D.N. Dybtsev, H. Chun, S.H. Yoon, D. Kim and K. Kim, Microporous manganese
formate: A simple metal-organic porous material with high framework stability
and highly selective gas sorption properties, J. Am. Chem. Soc. 126 (2004), pp.
32-33.

Q.Y. Yang and C.L. Zhong, Molecular simulation of adsorption and diffusion of
hydrogen in metal-organic frameworks, J. Phys. Chem. B 109 (2005), pp. 11862-
11864.

AL Skoulidas and D.S. Sholl, Self-diffusion and transport diffusion of light gases
in metal-organic framework materials assessed using molecular dynamics
simulations, J. Phys. Chem. B 109 (2005), pp. 15760-15768.

T. Sagara, J. Klassen and E. Ganz, Computational study of hydrogen binding by
metal-organic framework-5, J. Chem. Phys. 121 (2004), pp. 12543-12547.

M.P. Allen and D.J. Tildesley, Computer Simulation of Liquids, Oxford Science
Publications, Oxford, 1987.

D. Frenkel and B. Smit, Understanding Molecular Simulation:From Algorithms to
Applications, Academic Press, San Diego, 1996.

H. Frost, T. Duren and R.Q. Snurr, Effects of Surface Area, Free Volume, and
Heat of Adsorption on Hydrogen Uptake in Metal-Organic Frameworks, J. Phys.
Chem. B 110 (2006), pp. 9565-9570.

231



[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

D. Dubbeldam, H. Frost, K.S. Walton and R.Q. Snurr, Molecular simulation of
adsorption sites of light gases in the metal-organic framework IRMOEF-1, Fluid
Phase Equilib. 261 (2007), pp. 152-161.

NIST Chemistry WebBook, http://webbook.nist.gov/chemistry/.

M.E. Kosal, J.-H. Chou, S.R. Wilson and K.S. Suslick, A functional zeolite
analogoue assembled from metalloporphyrins, Nature Materials 1 (2002), pp.
118-121.

S. George and 1. Goldberg, Self-assembly of supramolecular porphyrin arrays by
hydrogen bonding: New structures and reflections, Cryst. Growth Design 6 (2006),
pp. 755-762.

Y. Chen and X.P. Zhang, Asymmetric cyclopropanation of styrenes catalyzed by
metal complexes of D-2-Symmetrical chiral porphyrin: Superiority of cobalt over
iron, J. Org. Chem. 72 (2007), pp. 5931-5934.

B. Suijkerbuijk and R. Gebbink, Merging porphyrins with organometallics:
Synthesis and applications, Angew. Chem.-Int. Edit. 47 (2008), pp. 7396-7421.

I. Goldberg, Crystal engineering of porphyrin framework solids, Chem. Commun.
(2005), pp. 1243-1254.

J. Yinon and S. Zitrin, Modern Methods and Applications in Analysis of
Explosives, Wiley, New York, 1996.

D.S. Moore, Recent Advances in Trace Explosives Detection Instrumentation,
Sensing and Imaging 8 (2007), pp. 9-38.

D.J. Collins and H.C. Zhou, Hydrogen storage in metal-organic frameworks, J.
Mater. Chem. 17 (2007), pp. 3154-3160.

T. Duren and R.Q. Snurr, Assessment of isoreticular metal-organic frameworks
for adsorption separations: A molecular simulation study of methane/n-butane
mixtures, J. Phys. Chem. B 108 (2004), pp. 15703-15708.

D.M. Nicholson, M. Fuentes-Cabrera and B.G. Sumpter, Metal-organic
frameworks preconcentrators: improved detection of explosive vapors,
Detector/Sensor Research and Technology for Homeland and National Security,

Gatlinburg, TN, 2004.

232



[36]

[37]

[38]

[39]

[41]

[43]

[44]

[45]

[46]

M. Fuentes-Cabrera, D.M. Nicholson, B.G. Sumpter and M. Widom, Electronic
structure and properties of isoreticular metal-organic frameworks: The case of M-
IRMOF1 (M=Zn, Cd, Be, Mg, and Ca), J. Chem. Phys. 123 (2005), pp. 124713.
Z. Ni, J.P. Jerrell, K.R. Cadwallader and R.I. Masel, Metal-organic frameworks as
adsorbents for trapping and preconcentration of organic phosphonates, Anal.
Chem. 79 (2007), pp. 1290-1293.

E.P. Wallis and D.L. Thompson, Molecular-Dynamics Simulations Of Ring
Inversion In Rdx, J. Chem. Phys. 99 (1993), pp. 2661-2673.

S. Boyd, M. Gravelle and P. Politzer, Nonreactive molecular dynamics force field
for crystalline hexahydro-1,3,5-trinitro-1,3,5 triazine, J. Chem. Phys. 124 (2006),
pp- 104508.

J.L.C. Rowsell, E.C. Spencer, J. Eckert, J.A.K. Howard and O.M. Yaghi, Gas
adsorption sites in a large-pore metal-organic framework, Science 309 (2005), pp.
1350-1354.

C.C. Chambers and D.L. Thompson, Further-Studies Of The Classical Dynamics
Of The Unimolecular Dissociation Of Rdx, J. Phys. Chem. 99 (1995), pp. 15881-
15889.

L.E. Drain, Permanent Electric Quadrupole Moments Of Molecules And Heats Of
Adsorption, Transactions Of The Faraday Society 49 (1953), pp. 650-654.

J.J. Potoff and J.I. Siepmann, Vapor-liquid equilibria of mixtures containing
alkanes, carbon dioxide, and nitrogen, Aiche J. 47 (2001), pp. 1676-1682.

L. Zhang and J.I. Siepmann, Direct calculation of Henry's law constants from
Gibbs ensemble Monte Carlo simulations: nitrogen, oxygen, carbon dioxide and
methane in ethanol, Theor. Chem. Acc. 115 (2006), pp. 391-397.

Q.Y. Yang, C.Y. Xue, C.L. Zhong and J.F. Chen, Molecular simulation of
separation of CO2 from flue gases in Cu-BTC metal-organic framework, Aiche J.
53 (2007), pp. 2832-2840.

F. Bresme, J.L.F. Abascal and E. Lomba, Theory and simulation of central force
model potentials: Application to homonuclear diatomic molecules, J. Chem. Phys.

105 (1996), pp. 10008-10021.

233



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

S.D. Bembenek and B.M. Rice, Transitioning model potentials to real systems. II.
Application to molecular oxygen, J. Chem. Phys. 113 (2000), pp. 2354-2359.

Y.J. Wu, H.L. Tepper and G.A. Voth, Flexible simple point-charge water model
with improved liquid-state properties, J. Chem. Phys. 124 (2006), pp. 024503.
W.L. Jorgensen, J. J. Chandrasekhar, J.D. Madura, R.W. Impey and M.L. Klein,
Comparison of simple potential functions for simulating liquid water, J. Chem.
Phys. 79 (1983), pp. 926-935.

H.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren and J. Hermans,
Intermolecular Forces, 1981.

J.A. Greathouse and M.D. Allendorf, The interaction of water with MOF-5
simulated by molecular dynamics, J. Am. Chem. Soc. 128 (2006), pp. 10678-
10679.

O. Teleman, B. Jonsson and S. Engstrom, A Molecular-Dynamics Simulation Of
A Water Model With Intramolecular Degrees Of Freedom, Mol. Phys. 60 (1987),
pp. 193-203.

U.W. Schmitt and G.A. Voth, The computer simulation of proton transport in
water, J. Chem. Phys. 111 (1999), pp. 9361-9381.

J. Puibasset and R.J.M. Pellenq, Grand canonical Monte Carlo simulation study of
water adsorption in silicalite at 300 K, J. Phys. Chem. B 112 (2008), pp. 6390-
6397.

J.M. Castillo, T.J.H. Vlugt and S. Calero, Understanding Water Adsorption in Cu-
BTC Metal-Organic Frameworks, J. Phys. Chem. C (2008), pp. 15934-15939.
K.T. Thomson, A.V. McCormick and H.T. Davis, The effects of a dynamic lattice
on methane self-diffusivity calculations in AIPO4-5, J. Chem. Phys. 112 (2000),
pp- 3345-3350.

S. Fritzsche, M. Wolfsberg, R. Haberlandt, P. Demontis, G.B. Suffritti and A.
Tilocca, About the influence of lattice vibrations on the diffusion of methane in a
cation-free LTA zeolite, Chem. Phys. Lett. 296 (1998), pp. 253-258.

D.I. Kopelevich and H.C. Chang, Diffusion of inert gases in silica sodalite:
Importance of lattice flexibility, J. Chem. Phys. 115 (2001), pp. 9519-9527.

234



[59]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

T.J.H. Vlugt and M. Schenk, Influence of framework flexibility on the adsorption
properties of hydrocarbons in the zeolite silicalite, J. Phys. Chem. B 106 (2002),
pp. 12757-12763.

T.R. Forester and W. Smith, Bluemoon simulations of benzene in silicalite-1 -
Prediction of free energies and diffusion coefficients, J. Chem. Soc.-Faraday
Trans. 93 (1997), pp. 3249-3257.

S. Jakobtorweihen, M.G. Verbeek, C.P. Lowe, F.J. Keil and B. Smit,
Understanding the loading dependence of self-diffusion in carbon nanotubes,
Phys. Rev. Lett. 95 (2005), pp. 044501.

A.J. Fletcher, K.M. Thomas and M.J. Rosseinsky, Flexibility in metal-organic
framework materials: Impact on sorption properties, J. Solid State Chem. 178
(2005), pp. 2491-2510.

R. Babarao and J.W. Jiang, Molecular screening of metal-organic frameworks for
CO2 storage, Langmuir 24 (2008), pp. 6270-6278.

H. Frost and R.Q. Snurr, Design requirements for metal-organic frameworks as
hydrogen storage materials, J. Phys. Chem. C 111 (2007), pp. 18794-18803.

J.C. Liu, J.T. Culp, S. Natesakhawat, B.C. Bockrath, B. Zande, S.G. Sankar, G.
Garberoglio and J.K. Johnson, Experimental and theoretical studies of gas
adsorption in Cu-3(BTC)(2): An effective activation procedure, J. Phys. Chem. C
111 (2007), pp. 9305-9313.

A.K. Rappé¢, C.J. Casewit, K.S. Colwell, W.A. Goddard IIT and W.M. Skiff, UFF,
A Full Periodic-Table Force-Field For Molecular Mechanics and Molecular-
Dynamics Simulations, J. Am. Chem. Soc. 114 (1992), pp. 10024-10035.

S.L. Mayo, B.D. Olafson and W.A. Goddard, Dreiding - A Generic Force-Field
For Molecular Simulations, J. Phys. Chem. 94 (1990), pp. 8897-89009.

W.L. Jorgensen, D.S. Maxwell and J. TiradoRives, Development and testing of
the OPLS all-atom force field on conformational energetics and properties of

organic liquids, J. Am. Chem. Soc. 118 (1996), pp. 11225-11236.

235



[70]

[71]

[72]

[76]

[77]

[78]

[80]

J.A. Greathouse and M.D. Allendorf, Force field validation for molecular
dynamics simulations of IRMOF-1 and other isoreticular zinc carboxylate
coordination polymers, J. Phys. Chem. C 112 (2008), pp. 5795-5802.

M. Tafipolsky, S. Amirjalayer and R. Schmid, Ab initio parametrized MM3 force
field for the metal-organic framework MOF-5, J. Comput. Chem. 28 (2007), pp.
1169-1176.

N.L. Allinger, Y.H. Yuh and J.H. Lii, Molecular Mechanics - The Mm3 Force-
Field For Hydrocarbons.1, J. Am. Chem. Soc. 111 (1989), pp. 8551-8566.

N.L. Allinger, X.F. Zhou and J. Bergsma, Molecular Mechanics Parameters,
Theochem-J. Mol. Struct. 118 (1994), pp. 69-83.

D. Wolf, P. Keblinski, S.R. Phillpot and J. Eggebrecht, Exact method for the
simulation of Coulombic systems by spherically truncated, pairwise r'' summation,
J. Chem. Phys. 110 (1999), pp. 8254-8282.

M. Tuckerman, B.J. Berne and G.J. Martyna, Reversible Multiple Time Scale
Molecular-Dynamics, J. Chem. Phys. 97 (1992), pp. 1990-2001.

S. Nose, A Molecular-Dynamics Method For Simulations In The Canonical
Ensemble, Mol. Phys. 52 (1984), pp. 255-268.

W.G. Hoover, Canonical Dynamics - Equilibrium Phase-Space Distributions,
Phys. Rev. A 31 (1985), pp. 1695-1697.

Q.Y. Wang, J.K. Johnson and J.Q. Broughton, Path integral grand canonical
Monte Carlo, J. Chem. Phys. 107 (1997), pp. 5108-5117.

N. Metropolis, A.W. Rosenbluth, M.N. Rosenbluth, A.H. Teller and E. Teller,
Equation Of State Calculations By Fast Computing Machines, J. Chem. Phys. 21
(1953), pp. 1087-1092.

N. Desbiens, A. Boutin and I. Demachy, Water condensation in hydrophobic
silicalite-1 zeolite: A molecular simulation study, J. Phys. Chem. B 109 (2005),
pp- 24071-24076.

S. Amirjalayer, M. Tafipolsky and R. Schmid, Molecular dynamics simulation of
benzene diffusion in MOF-5: Importance of lattice dynamics, Angew. Chem.-Int.
Edit. 46 (2007), pp. 463-466.

236



[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

T. Petrova, A. Michalkova and J. Leszczynski, Adsorption of RDX and TATP on
MOE-5 - An ab initio Study, Structural Chemistry 21 (2010), pp. 391-414.

F. Stallmach, S. Groger, V. Kunzel, J. Karger, O.M. Yaghi, M. Hesse and U.
Muller, NMR studies on the diffusion of hydrocarbons on the metal-organic
framework material MOF-5, Angew. Chem.-Int. Edit. 45 (2006), pp. 2123-2126.
U. Mueller, M. Schubert, F. Teich, H. Puetter, K. Schierle-Arndt and J. Pastre,
Metal-organic frameworks - prospective industrial applications, J. Mater. Chem.
16 (2006), pp. 626-636.

K.S. Walton and R.Q. Snurr, Applicability of the BET method for determining
surface areas of microporous metal-organic frameworks, J. Am. Chem. Soc. 129
(2007), pp. 8552-8556.

E. Garcia-Perez, J. Gascon, V. Morales-Florez, J.M. Castillo, F. Kapteijn and S.
Calero, Identification of Adsorption Sites in Cu-BTC by Experimentation and
Molecular Simulation, Langmuir 25 (2009), pp. 1725-1731.

I. Voiculescu et al., Micropreconcentrator for enhanced trace detection of
explosives and chemical agents, IEEE Sens. J. 6 (2006), pp. 1094-1104.

L. Sarkisov, T. Duren and R.Q. Snurr, Molecular modelling of adsorption in novel
nanoporous metal-organic materials, Mol. Phys. 102 (2004), pp. 211-221.

S. Keskin, J. Liu, R.B. Rankin, J.K. Johnson and D.S. Sholl, Progress,
Opportunities, and Challenges for Applying Atomically Detailed Modeling to
Molecular Adsorption and Transport in Metal-Organic Framework Materials, Ind.
Eng. Chem. Res. 48 (2009), pp. 2355-2371.

S.R. Cox and D.E. Williams, Representation Of The Molecular Electrostatic
Potential By A Net Atomic Charge Model, J. Comput. Chem. 2 (1981), pp. 304-
323.

R.S. Mulliken, Electronic Population Analysis On Lcao-Mo Molecular Wave
Functions.1, J. Chem. Phys. 23 (1955), pp. 1833-1840.

I.G. Csizmadia, Theory and Practice of MO Calculations on Organic Molecules,
Elsevier, Amsterdam, 1976.

237



[92]

[93]

[94]

[95]

[96]

[97]

[99]

[100]

[101]

[102]

[103]

P.O. Lowdin, On The Non-Orthogonality Problem Connected With The Use Of
Atomic Wave Functions In The Theory Of Molecules And Crystals, J. Chem.
Phys. 18 (1950), pp. 365-375.

J.P. Foster and F. Weinhold, Natural Hybrid Orbitals, J. Am. Chem. Soc. 102
(1980), pp. 7211-7218.

A.E. Reed, L.A. Curtiss and F. Weinhold, Intermolecular Interactions From A
Natural Bond Orbital, Donor-Acceptor Viewpoint, Chem. Rev. 88 (1988), pp.
899-926.

M. Tafipolsky, S. Amirjalayer and R. Schmid, Atomistic theoretical models for
nanoporous hybrid materials, Micropor. Mesopor. Mater. 129 (2010), pp. 304-
318.

E. Klontzas, A. Mavrandonakis, E. Tylianakis and G.E. Froudakis, Improving
hydrogen storage capacity of MOF bv functionalization of the organic linker with
lithium atoms, Nano Lett. 8 (2008), pp. 1572-1576.

E. Sigfridsson and U. Ryde, Comparison of methods for deriving atomic charges
from the electrostatic potential and moments, J. Comput. Chem. 19 (1998), pp.
377-395.

A.E. Reed, R.B. Weinstock and F. Weinhold, Natural-Population Analysis, J.
Chem. Phys. 83 (1985), pp. 735-746.

I. Mayer, Uwdin population analysis is not rotationally invariant, Chem. Phys.
Lett. 393 (2004), pp. 209-212.

R.G. Parr and W. Yang, Density-functional theory of atoms and molecules,
Oxford Univ. Press, Oxford, 1989.

W. Kohn and L.J. Sham, Self-Consistent Equations Including Exchange And
Correlation Effects, Physical Review 140 (1965), pp. 1133-1138.

M.J. Frisch et al., Gaussian 03, Revision C.02, computer program, Gaussian, Inc.,
Wallingford, CT, 2004.

A.D. Becke, Density-Functional Thermochemistry.3. The Role Of Exact
Exchange, J. Chem. Phys. 98 (1993), pp. 5648-5652.

238



[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

C.T. Lee, W.T. Yang and R.G. Parr, Development Of The Colle-Salvetti
Correlation-Energy Formula Into A Functional Of The Electron-Density, Phys.
Rev. B 37 (1988), pp. 785-789.

B. Civalleri, F. Napoli, Y. Noel, C. Roetti and R. Dovesi, Ab-initio prediction of
materials properties with CRYSTAL: MOF-5 as a case study, Crystengcomm 8
(2006), pp. 364-371.

S. Choomwattana, T. Maihom, P. Khongpracha, M. Probst and J. Limtrakul,
Structures and mechanisms of the carbonyl-ene reaction between MOF-11
encapsulated formaldehyde and propylene: An ONIOM study, J. Phys. Chem. C
112 (2008), pp. 10855-10861.

Q.Y. Yang and C.L. Zhong, Understanding hydrogen adsorption in metal-organic
frameworks with open metal sites: A computational study, J. Phys. Chem. B 110
(2006), pp. 655-658.

F.P. Rotzinger, Performance of molecular orbital methods and density functional
theory in the computation of geometries and energies of metal aqua ions, J. Phys.
Chem. B 109 (2005), pp. 1510-1527.

T.H. Dunning, Jr. and P.J. Hay, in Modern Theoretical Chemistry, Plenum, New
York, 1976.

P.J. Hay and W.R. Wadt, Abinitio Effective Core Potentials For Molecular
Calculations - Potentials For The Transition-Metal Atoms Sc To Hg, J. Chem.
Phys. 82 (1985), pp. 270-283.

J.P. Lewis, K.R. Glaesemann, G.A. Voth, J. Fritsch, A.A. Demkov, J. Ortega and
O.F. Sankey, Further developments in the local-orbital density-functional-theory
tight-binding method, Phys. Rev. B 64 (2001), pp. 195103.

O.F. Sankey and D.J. Niklewski, Abinitio Multicenter Tight-Binding Model For
Molecular-Dynamics Simulations And Other Applications In Covalent Systems,
Phys. Rev. B 40 (1989), pp. 3979-3995.

O.F. Sankey, A.A. Demkov, W. Windl, J.H. Fritsch, J.P. Lewis and M. Fuentes-
Cabrera, The application of approximate density functionals to complex systems,

Int. J. Quantum Chem. 69 (1998), pp. 327-340.

239



[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

B.H. Besler, K.M. Merz and P.A. Kollman, Atomic Charges Derived From
Semiempirical Methods, J. Comput. Chem. 11 (1990), pp. 431-439.

U.C. Singh and P.A. Kollman, An Approach To Computing Electrostatic Charges
For Molecules, J. Comput. Chem. 5 (1984), pp. 129-145.

S. Grimme, Accurate description of van der Waals complexes by density
functional theory including empirical corrections, J. Comput. Chem. 25 (2004), pp.
1463-1473.

R. Ahlrichs et al., TURBOMOLE (v. 5.6), computer program, Universitit
Karlsruhe, 2003.

R. Ahlrichs, M. Bar, M. Haser, H. Horn and C. Kolmel, Electronic-Structure
Calculations On Workstation Computers - The Program System Turbomole,
Chem. Phys. Lett. 162 (1989), pp. 165-169.

T. Schwabe and S. Grimme, Double-hybrid density functionals with long-range
dispersion corrections: higher accuracy and extended applicability, Phys. Chem.
Chem. Phys. 9 (2007), pp. 3397-3406.

P. Ugliengo, C.M. Zicovich-Wilson, S. Tosoni and B. Civalleri, Role of
dispersive interactions in layered materials: a periodic B3LYP and B3LYP-D*
study of Mg(OH),, Ca(OH), and kaolinite, J. Mater. Chem. 19 (2009), pp. 2564-
2572.

J.R. Rakow, S. Tullmann and M.C. Holthausen, H/Br Exchange in BBr3 by
HSiR3 (R = H, CHj, C;Hs): Origin of DFT Failures to Describe a Seemingly
Innocuous Reaction Barrier, J. Phys. Chem. A 113 (2009), pp. 12035-12043.

B. Civalleri, C.M. Zicovich-Wilson, L. Valenzano and P. Ugliengo, B3LYP
augmented with an empirical dispersion term (B3LYP-D*) as applied to
molecular crystals, Crystengcomm 10 (2008), pp. 405-410.

V. Barone, M. Biczysko and M. Pavone, The role of dispersion correction to DFT
for modelling weakly bound molecular complexes in the ground and excited
electronic states, Chem. Phys. 346 (2008), pp. 247-256.

S. Grimme, Semiempirical GGA-type density functional constructed with a long-

range dispersion correction, J. Comput. Chem. 27 (2006), pp. 1787-1799.

240



[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

S.F. Boys and F. Bernardi, Calculation Of Small Molecular Interactions By
Differences Of Separate Total Energies - Some Procedures With Reduced Errors,
Mol. Phys. 19 (1970), pp. 553-566.

T. Kar and A.B. Sannigrahi, Effect Of Basis Set On Mulliken And Lowdin
Atomic Charges, Bond Orders And Valencies Of Some Polar-Molecules,
Theochem-J. Mol. Struct. 42 (1988), pp. 47-54.

M.D. Segall, C.J. Pickard, R. Shah and M.C. Payne, Population analysis in plane
wave electronic structure calculations, Mol. Phys. 89 (1996), pp. 571-577.

H. Chojnacki, Studies on electronic charge of the hydrogen bond proton in model
molecular systems, Int. J. Mol. Sci. 4 (2003), pp. 481-485.

F. Martin and H. Zipse, Charge distribution in the water molecule - A comparison
of methods, J. Comput. Chem. 26 (2005), pp. 97-105.

N. Sieffert and M. Buhl, Noncovalent Interactions in a Transition-Metal
Triphenylphosphine Complex: a Density Functional Case Study, Inorg. Chem. 48
(2009), pp. 4622-4624.

M. Pavone, N. Rega and V. Barone, Implementation and validation of DFT-D for
molecular vibrations and dynamics: The benzene dimer as a case study, Chem.
Phys. Lett. 452 (2008), pp. 333-339.

J.S. Morgan, W.A. Bryden, J.A. Miragliotta and L.C. Aamodt, Improved
Detection of Explosive Residues by Laser Thermal Desorption, Johns Hopkins
Apl Technical Digest 20 (1999), pp. 389-395.

M. Grayson and D. Eckroth, Kirk-Othmer Encyclopedia of Chemical Technology,
Wiley & Sons, New York, 1977.

O.M. Yaghi, M. O'Keeffe, N.W. Ockwig, H.K. Chae, M. Eddaoudi and J. Kim,
Reticular Synthesis and the Design of New Materials, Nature 423 (2003), pp.
705-714.

D. Dubbeldam, K.S. Walton, D.E. Ellis and R.Q. Snurr, Exceptional negative
thermal expansion in isoreticular metal-organic frameworks, Angew. Chem.-Int.

Edit. 46 (2007), pp. 4496-4499.

241



[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

S. Profeta and N.L. Allinger, Molecular Mechanics Calculations On Aliphatic-
Amines, J. Am. Chem. Soc. 107 (1985), pp. 1907-1918.

K.A. Connors, Chemical Kinetics: The Study of Reaction Rates in Solution, VCH,
New York, 1990.

D. Farrusseng, C. Daniel, C. Gaudillere, U. Ravon, Y. Schuurman, C. Mirodatos,
D. Dubbeldam, H. Frost and R.Q. Snurr, Heats of Adsorption for Seven Gases in
Three Metal-Organic Frameworks: Systematic Comparison of Experiment and
Simulation, Langmuir 25 (2009), pp. 7383-7388.

T.L. Hill, An Introduction to Statistical Thermodynamics, Dover Publications,
Inc., New York, 1986.

U.S.D.o. Energy, Hydrogen, Fuel Cells and Infrastructure Technologies Program:
Multi-year Research, Development and Demonstration Plan, 2005.

U.S.D.o. Energy, Targets for on-board hydrogen storage systems: Current R&D
focus is on 2015 targets with potential to meet ultimate targets, 2009.

K.A.G. Amankwah, J.S. Noh and J.A. Schwarz, Hydrogen Storage on
Superactivated Carbon at Refrigeration Temperatures, Int. J. Hydrogen Energy 14
(1989), pp. 437-447.

A.C. Dillon, K.M. Jones, T.A. Bekkedahl, C.H. Kiang, D.S. Bethune and M.J.
Heben, Storage of hydrogen in single-walled carbon nanotubes, Nature 386
(1997), pp. 377-379.

N.L. Rosi, J. Eckert, M. Eddaoudi, D.T. Vodak, J. Kim, M. O'keeffe and O. Yaghi,
Hydrogen storage in microporous metal-organic frameworks, Science 300 (2003),
pp. 1127-1129.

E. Poirier, R. Chahine, P. Benard, L. Lafi, G. Dorval-Douville and P.A.
Chandonia, Hydrogen adsorption measurements and modeling on metal-organic
frameworks and single-walled carbon nanotubes, Langmuir 22 (2006), pp. 8784-
87809.

Y. Li and R. Yang, Significantly enhanced hydrogen storage in metal-organic

frameworks via spillover, J. Am. Chem. Soc. 128 (2006), pp. 726-727.

242



[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

QY. Yang and C.L. Zhong, Molecular simulation of carbon
dioxide/methane/hydrogen mixture adsorption in metal-organic frameworks, J.
Phys. Chem. B 110 (2006), pp. 17776-17783.

F.M. Mulder, T.J. Dingemans, M. Wagemaker and G.J. Kearley, Modelling of
hydrogen adsorption in the metal organic framework MOFS5, Chem. Phys. 317
(2005), pp. 113-118.

Q.Y. Wang and J.K. Johnson, Molecular simulation of hydrogen adsorption in
single-walled carbon nanotubes and idealized carbon slit pores, J. Chem. Phys.
110 (1999), pp. 577-586.

K.M. Smith, Porphyrins and Metalloporphyrins, Elsevier Scientific Publishing
Company, Amsterdam, 1975.

D. Dolphin, The Porphyrins, Academic Press, New York, 1978.

M.E. Kosal, J.LH. Chou, S.R. Wilson and K.S. Suslick, A functional zeolite
analogue assembled from metalloporphyrins, Nat. Mater. 1 (2002), pp. 118-121.
F. Nouar, J.F. Eubank, T. Bousquet, L. Wojtas, M.J. Zaworotko and M. Eddaoudi,
Supermolecular building blocks (SBBs) for the design and synthesis of highly
porous metal-organic frameworks, J. Am. Chem. Soc. 130 (2008), pp. 1833-1835.
S. Banerjee, S. Murad and [.K. Puri, Hydrogen storage in carbon nanostructures:
possibilities and challenges for fundamental molecular simulations, Proceedings
of the IEEE 94 (2006), pp. 1806-1814.

J. Liu, J.Y. Lee, L. Pan, R.T. Obermyer, S. Simizu, B. Zande, J. Li, S.G. Sankar
and J.K. Johnson, Adsorption and diffusion of hydrogen in a new metal-organic
framework material: [Zn(bdc)(ted)(0.5)], J. Phys. Chem. C 112 (2008), pp. 2911-
2917.

R.P. Feynman, Space-Time Approach To Non-Relativistic Quantum Mechanics,
Reviews Of Modern Physics 20 (1948), pp. 367-387.

Q.Y. Wang and J.K. Johnson, Phase equilibrium of quantum fluids from
simulation: Hydrogen and neon, Fluid Phase Equilibria 132 (1997), pp. 93-116.
D. Landau and K. Binder, A Guide to Monte Carlo Simulations in Statistical
Physics, Cambridge University Press, Cambridge, U.K., 2000.

243



[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

M.E. Tuckerman, B.J. Berne, G.J. Martyna and M.L. Klein, Efficient Molecular-
Dynamics And Hybrid Monte-Carlo Algorithms For Path-Integrals, Journal Of
Chemical Physics 99 (1993), pp. 2796-2808.

A.L. Myers and P.A. Monson, Adsorption in porous materials at high pressure:
Theory and experiment, Langmuir 18 (2002), pp. 10261-10273.

V. Buch, Path-Integral Simulations Of Mixed Para-D-2 And Ortho-D-2 Clusters -
The Orientational Effects, Journal Of Chemical Physics 100 (1994), pp. 7610-
7629.

D.A. McQuarrie, Statistical Mechanics, Harper & Row, New York, 1976.

J.K. Johnson, J.A. Zollweg and K.E. Gubbins, The Lennard-Jones Equation of
State Revisited, Mol. Phys. 78 (1993), pp. 591-618.

B. Panella, M. Hirscher, H. Putter and U. Muller, Hydrogen adsorption in metal-
organic frameworks: Cu-MOFs and Zn-MOFs compared, Adv. Funct. Mater. 16
(2006), pp. 520-524.

A.G. Wong-Foy, A.J. Matzger and O.M. Yaghi, Exceptional H-2 saturation
uptake in microporous metal-organic frameworks, J. Am. Chem. Soc. 128 (2006),
pp- 3494-3495.

S.K. Bhatia and A.L. Myers, Optimum conditions for adsorptive storage,
Langmuir 22 (2006), pp. 1688-1700.

D.J. Keffer, Molecular Simulation Images from the Computational Materials
Research  Group at the University of Tennessee, Knoxville, TN,
http://utkstair.org/clausius/docs/index.html.

M.R. Kamat and D. Keffer, A generalized analytical theory for adsorption of
fluids in nanoporous materials, Mol. Phys. 100 (2002), pp. 2689-2701.

M. Kamat and D. Keffer, An analytical theory for diffusion of fluids in crystalline
nanoporous materials, Mol. Phys. 101 (2003), pp. 1399-1412.

M. Kamat, W. Dang and D. Keffer, Agreement between analytical theory and
molecular dynamics simulation for adsorption and diffusion in crystalline

nanoporous materials, J. Phys. Chem. B 108 (2004), pp. 376-386.

244



[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

P.R. Vantassel, S.A. Somers and H.T. Davis, Lattice model and simulation of
dynamics of adsorbate motion in zeolites, Chem. Eng. Sci. 49 (1994), pp. 2979-
29809.

R.Q. Snurr, R.L. June, A.T. Bell and D.N. Theodorou, A hierarchical atomistic
lattice simulation approach for the prediction of adsorption thermodynamics of
benzene in silicalite, J. Phys. Chem. 98 (1994), pp. 5111-5119.

V.V. Simonyan, P. Diep and J.K. Johnson, Molecular simulation of hydrogen
adsorption in charged single-walled carbon nanotubes, J. Chem. Phys. 111 (1999),
pp- 9778-9783.

V.V. Simonyan and J.K. Johnson, Hydrogen storage in carbon nanotubes and
graphitic nanofibers, J. Alloys and Compounds 330 (2002), pp. 659-665.

Q. Wang, J.K. Johnson and J.Q. Broughton, Thermodynamic properties and phase
equilibrium of fluid hydrogen from path integral simulations, Mol. Phys. 89
(1996), pp. 1105-1119.

C. Gu, G. Gao, Y. Yu and T. Nitta, Simulation for separation of hydrogen and
carbon monoxide by adsorption on single-walled carbon nanotubes, Fluid Phase
Equilib. 194 (2002), pp. 297-307.

J.O. Hirschfelder, C.F. Curtiss and R.B. Bird, Molecular Theory of Gases and
Liquids, John Wiley & Sons, New York, 1964.

R.B. Bird, W.E. Stewart and E.N. Lightfoot, Transport Phenomena, John Wiley &
Sons, Inc., New York, 2002.

H.T. Davis, Statistical mechanics of phases, interfaces, and thin films, VCH, New
York, 1996.

C.Y. Gao, D.M. Nicholson, D.J. Keffer and B.J. Edwards, A Multiscale Modeling
Demonstration Based on the Pair Correlation Function, J. Non-Newtonian Fluid
Mech. 152 (2008), pp. 140-147.

W.G. Hoover, Canonical dynamics: Equilibrium phase-space distributions, Phys.
Rev. A 31 (1985), pp. 1695-1697.

K. Cho, J.D. Joannopoulos and L. Kleinman, Constant-temperature molecular

dynamics with momentum conservation, Phys. Rev. E 47 (1993), pp. 3145-3151.

245



[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

Z. Jia and B.J. Leimkuhler, A Projective Thermostatting Dynamics Technique,
Model. Simul. 4 (2005), pp. 563-583.

G.J. Martyna, Remarks on "Constant-temperature molecular dynamics with
momentum conservation", Phys. Rev. E 50 (1994), pp. 3234-3236.

J.B. Sturgeon and B.B. Laird, Symplectic algorithm for constant pressure-
molecular dynamics using a Nosé-Poincaré thermostat, J. Chem. Phys. 112 (2000),
pp. 3474-3482.

D.J. Keffer, C. Baig, P. Adhangale and B.J. Edwards, A Generalized
Hamiltonian-Based Algorithm for Rigorous Equilibrium Molecular Dynamics
Simulation in the Canonical Ensemble, J. Non-Newtonian Fluid Mech. 152 (2008),
pp- 129-139.

G.J. Martyna, M.L. Klein and M.E. Tuckerman, Nose-Hoover chains: The
canonical ensemble via continuous dynamics, J. Chem. Phys. 97 (1992), pp. 2835.
S. Nosé, A molecular dynamics method for simulations in the canonical ensemble,
Mol. Phys. 52 (1984), pp. 255-268.

M.E. Tuckerman, Y. Liu, G. Ciccotti and G.J. Martyna, Non-Hamiltonian
molecular dynamics: Generalizing Hamiltonian phase space principles to non-
Hamiltonian systems, J. Chem. Phys. 115 (2001), pp. 1678-1702.

M.E. Tuckerman, C.J. Mundy and G.J. Martyna, On the classical statistical
mechanics of non-Hamiltonian systems, Europhys. Lett. 45 (1999), pp. 149-155.
G.S. Heffelfinger and F. van Swol, Diffusion in Lennard-Jones Fluids Using Dual
Control-Volume Grand-Canonical Molecular Dynamics Simulation (DCV-
GCMD), J. Chem. Phys. 100 (1994), pp. 7548-7552.

C.W. Gear, The Numerical Integration of Ordinary Differential Equations of
Various Orders, Argonne National Laboratory, Report No. ANL-7126, 1966.
C.W. Gear, Numerical Initial Value Problems in Ordinary Differential Equations,
Prentice Hall, Inc., Englewood Cliffs, New Jersey, 1971.

G.J. Martyna, M.E. Tuckerman, D.J. Tobias and M.L. Klein, Explicit reversible
integrators for extended systems dynamics, Mol. Phys. 87 (1996), pp. 1117-1157.

246



[195]

[196]

M.J.P. Nijmeijer, A.F. Bakker, C. Bruin and J.H. Sikkenk, A Molecular-
Dynamics Simulation Of The Lennard-Jones Liquid Vapor Interface, Journal Of
Chemical Physics 89 (1988), pp. 3789-3792.

D.J. Keffer, C.Y. Gao and B.J. Edwards, On the Relationship between Fickian
Diffusivities at the Continuum and Molecular Level, J. Phys. Chem. B 109
(2005), pp. 5279-5288.

247



Vita

Ruichang Xiong is a native of Nanchang, China. He received a Bachelor’s Degree
in Automation Engineering in 2002 and a Master’s Degree in Control Science and
Engineering in 2005 from Zhejiang University, Hangzhou, China. He entered into the
PhD program in Chemical Engineering at the University of Tennessee, Knoxville, USA,
in August 2005. His PhD research focused on the tailoring of nanoporous materials to
selectively adsorb explosives using multiscale modeling and molecular simulation
techniques.

Ruichang Xiong completed his PhD in Chemical Engineering at the University of

Tennessee, Knoxville, in May 2010.

248



