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In order to test the feasibility of using metal-organic frameworks (MOFs) to pre-concentrate explosive molecules for
detection, molecular simulations of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) 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 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 favourable
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.

Keywords: metal-organic framework; RDX; adsorption; diffusion; molecular simulation

1. Introduction

There are many technologies for the detection of explosive
molecules [1,2], including mass spectroscopy, ion
mobility, surface acoustic wave spectroscopy, Swager-
lasing-polymers, and MEMs devices. These detection
devices incorporate some level of sampling and pre-
concentration. Unfortunately, current preconcentrators do
not trap explosives specifically.

Metal-organic frameworks (MOFs) are a class of
nanoporous adsorbents, which hold promise for precon-
centration of explosive molecules. MOFs are composed of
two distinct structural units, the metal connector and the
organic linker, shown in Figure 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 [3]. 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 [4—-6] and methane [3,7]. A similar concept can
be applied to tailor the explosive selectivity and storage
capabilities of MOFs. Fuentes-Cabrera et al. [8] proposed
MOFs as preconcentrator materials because of their unique
measured and calculated properties. Recently, it has been
reported by Ni et al. [9] that MOFs have successfully
preconcentrated Dimethyl methylphosphonate (DMMP).
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 paper, molecular simulation has been performed
to investigate the capability of IRMOF-1 [3] as an
adsorbent for explosive preconcentration. Specifically, we
study the explosive hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX, CAS # 121-82-4), as shown in Figure 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
[10,11] 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 [11].

In this work we examine RDX adsorption in IRMOF-1.
The structure of IRMOF-1 is shown in Figure 1. IRMOF-1
has been studied as a starting point for a number of
theoretical investigations on adsorption, for example, the
storage of hydrogen [12]. 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 [3]. 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
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Figure 1. (a) IRMOF-1 structure with a small cage in the centre;
(b) space-filling image of IRMOF-1 (violet, Zn; red, O; green, C;
white, H).

14.3 A in diameter consist of benzene rings in which the
benzene planes are normal to a vector pointing to the
centre of the cell and small cages with a size of 10.9A in
diameter consist of benzene rings in which the benzene
planes are oriented towards the centre of the cell [13].
The adsorption sites in big and small cages are not
equivalent [14]. Figure 1(a) and (b) show a unit cell,
containing eight cages, with a small cage at the centre of
the image. The space filling image in Figure 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.

In this work, classical grand canonical Monte Carlo
(GCMC) simulations were used to investigate the
capability of IRMOF-1 to adsorb RDX. We are only
interested in room temperature (300 K) and low partial
pressure (<1bar) 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 (ppb) or parts per trillion
levels (ppt) in air. For example, equilibrium vapour
pressure of RDX at room temperature is 6 ppt [15].)
Classical force field-based MD simulations were used to
calculate the self-diffusivity of RDX in IRMOF-I1.
The GCMC simulations were 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,O) were also performed to understand the
competitive adsorption.

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 [10] 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 [16] further refined this potential
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Figure 2. RDX structure (blue, N; red, O; green, C; white, H).

energy surface. Boyd et al. [11] generated an empirical
non-reactive 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.
[10,11]. 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 interactions. The non-Coulombic non-
bonded interactions are taken from Wallis and Thompson,
who used a Lennard-Jones (LJ) form. This allows us to
maintain a common form of the dispersive interaction
potential with the other species — N5, O, and H,O — that
are also present in the simulation. The RDX intramole-
cular force field includes bond stretching, angle bending,
torsion and non-bonded interactions. The electrostatic
interaction is due to a permanent charge distribution,
modelled as point charges at each atom centre.

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 quadrupole moment in the
adsorption of N, [17]. Therefore, we used a potential that
includes quadrupoles for both N, and O,. We used the
three-site TraPPE force field, which is an optimised
potential for vapour—liquid equilibria calculations [18,19].
This has also been used by Yang et al. [20] who
successfully simulated N5, O, and its mixture with CO, in
Cu-BTC MOF. In this potential, each atom of the molecule
is modelled by a LJ site on which a negative point charge is
placed. To maintain charge neutrality, a positive point
charge is placed at the centre-of-mass (COM) of the
molecule. In the published TraPPE force field, bond
stretching is neglected. We added bond stretching to N,
and O, with a harmonic potential [21,22].

The simulations of wet air include water. There are
many choices for water potential. In this work, we use a
three-site model [23]. The most commonly used three-site
models are the transferable intermolecular potential with
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three interaction sites (TIP3P) [24], the simple point-
charge (SPC) model [25] and their variants. Greathouse
and Allendorf [26] used the flexible SPC model [27] to
simulate water interacting with IRMOF-1. In this work, we
employed a flexible 3-site TIP3P potential [28], which also
maintains a similar level of description in all adsorbate
molecules. The H,O molecule is modelled by an LJ 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
parameterised to bulk data in nanoporous systems has a
systematic error associated with it. For example,
simulations of water in the silicalite zeolites [29] or in
Cu-BTC MOF [30], require some empirical adjustment to
match experiment. This limitation in potential 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 adsorp-
tion 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 [31-34].
However, for larger adsorbates, the effect may be
significant [35,36].

Studies of MOFs indicate that framework flexibility
may be more important in MOFs than in zeolites and other
nanoporous materials [37]. Nevertheless, in this work we
have assumed a rigid framework, as has been used in other
simulations of adsorption in MOFs [7,12,13,30,38—40].
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 case, the coordinates of the framework IRMOF-1
are set at their equilibrium coordinates as determined via
experimental X-ray diffraction [3].

There are several potentials that can be used for
IRMOFEF-1, such as universal force field [41], DREIDING
force field [42], and OPLS force field [43]. Greathouse and
Allendorf [26] used the CVFF force field for structurally
flexible IRMOF-1 to do MD simulation for H,O
adsorption. Later Greathouse and Allendorf [44] provided
a detailed validation for this force field to demonstrate that
it can predict a number of important properties of MOFs
accurately. Tafipolsky et al. [45] developed an ab initio
parameterised MM3 force field, which is a fully bonded
but flexible force field that can predict IRMOF-1 structure
successfully. Here, we employed the MM3 force field from
Tafipolsky et al. in which the LJ parameters are taken from
Allinger et al. [46,47], which is the same source for LJ
parameters used for RDX. We acknowledge that
Tafipolsky et al. 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 adsorp-
tion isotherms.

For all intermolecular interactions, the mixture
parameters were determined via Lorenz—Berthelot mixing
rules [48]. The electrostatic interactions were handled
using the spherically truncated charge-neutralised pro-
cedure of Wolf et al. [49]. The LJ 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
the supporting information. Due to the relatively long cut-
off distance, no long-range corrections were applied for LJ
interaction, as has been done previously [40]. Standard
periodic boundary conditions and the minimum image
convention were employed in all three dimensions.

3. Simulation methods

Classical equilibrium MD simulations were performed to
obtain configurations and diffusivities of RDX adsorbed
in nanoporous materials. We integrated the equations of
motion using the two-time step r-RESPA algorithm of
Tuckerman et al. [50]. Intramolecular degrees of freedom
were accounted for in the short time loop, with a step
size of 0.2fs. There were 10 short steps per long time
step. The temperature was controlled using the Nosé-—
Hoover thermostat [51,52]. We equilibrated the system
for 2ns. Following equilibration, we simulated an
additional 8ns for data collection. During data pro-
duction, positions of the COM of the RDX molecules
were saved every 5 ps and were used to calculate the self-
diffusivity via the Einstein relation. Uncertainties in the
self-diffusivity are reported as the standard deviation
(SD) of the x, y, and z components of the diffusivity.
Also in this work, conventional GCMC simulations
were 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. [53]. We performed GCMC
simulation with four types of moves: (1) molecular
translation based on COM, (2) molecular rotation based
on COM, (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
[54] based on efBAH, where AH is the change in the total
energy 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
was chosen by randomly picking a configuration from the
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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 was not
sampled in the GCMC simulations, increasing the
computational efficiency of the GCMC simulations.

Each of the GCMC moves was attempted with a fixed
possibility ratio. The ratio for making a displacement,
rotation, insertion and deletion was set to 4:2:3:3 in
GCMC simulation. The initial positions were randomly
inserted into the accessible volume of the system.
The GCMC simulations were allowed to equilibrate with
at least 1 X 10® MC steps before the data production with
another 1 X 10> MC steps was run to sample the
thermodynamic properties of interest. Details of standard
GCMC simulation algorithm can be found elsewhere
[48,55].

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 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. [56] 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 parallelised
using Message Passing Interface (MPI).

4. Results and discussion
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 O (infinite dilution) to 1bar. In order to
obtain good statistical uncertainties, the simulation box
representing the adsorbent varies from (12 X 12 X 12) to
(325 X 325 X 325) unit cells (as pictured in Figure 1)
with the periodic boundary conditions exerted in all three
directions. The size of the system is based on obtaining a
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Figure 3. Isotherm of RDX in IRMOF-1 from infinite dilution
to 1bar. The inset shows the linear fitting plot of the infinite
dilution data.

simulation with a sufficient number of adsorbate
molecules (at least 1000), required to obtain reasonable
uncertainties. Unless otherwise mentioned, the uncertain-
ties are smaller than the symbol sizes in the figures
presented. The resulting adsorption isotherm is shown in
Figure 3. The maximum loading studied is less than 0.3
molecules per cage, 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
0.6 molecules per big cage. In our simulations we do not
observe more than one RDX molecule per cage (either
type). We do observe significant nonlinear behaviour 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 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 1 X 107* 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/cagebar (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 [4], CO, in
IRMOF-1 of 0.9 mol/kg/bar and CH4 in IRMOF-1 of
0.4 mol/kg/bar [13].

In Figure 4, we plot isodensity surfaces for the COM of
RDX in IRMOF-1 at 300K 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 Figure 4(a)—(c) we show the isodensity surfaces with
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Figure 4. Density distribution of RDX in IRMOF-1 with density contour from low to high (both full cage and vertex view) at 300 K and

infinite dilution.

reference to the framework of the entire cage. A small cage
is at the centre of the image. All density surfaces are
centred around vertices. Each vertex is part of eight cages
— four big and four small cages. In Figure 4(a)—(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 [57].

In Figure 4(a)—(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
localised 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 visualised by examining
Figure 4(d)—(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 centre of the big
cage. Here, we see that the centre of the adsorption site is
not as favourable 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 characterise 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 COM
positions. For information regarding the orientation of the
RDX molecule, we examine snapshots from the

simulation. In Figure 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

Figure 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 (blue, N;
red, O; green, C; white, H).
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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 orientation of the RDX plane (as defined
by the three N atoms) is mobile within each sub-site,
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moving from being nearly parallel with one benzene ring
to nearly parallel with the other ring. In Figure 5(c),
we show a particular trajectory where an RDX moves from
small cage (position 1) to big cage (position 3). This
diffusion event can be characterised 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 [57].

In Figure 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
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Figure 7. Interaction energies of RDX in IRMOF-1 from
infinite dilution to 1 bar at 300 K. The energies are per mole of
RDX.
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relative to the bulk gas phase at room temperature. In all
three plots of Figure 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 7. As we can see in
Figure 7(a), the binding energy is about — 9.2 kcal/mol,
which is in good agreement with quantum chemistry
calculation of — 9.8 kcal/mol [58] and — 8.8 kcal/mol [59].
The total potential energy in the system increases until
0.2bar and then changes slightly. We also observe the
adsorbate—adsorbate potential energy increases with
increasing pressure. This is because of an unfavourable
RDX-RDX electrostatic interaction shown in Figure 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 8, we show self-diffusivities of RDX and
average travelled distances at different temperatures,
which varie from 200 to 500K. To determine the self-
diffusion coefficient, the mean square displacement
(MSD) as shown in Figure 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 9. The self-diffusivity of RDX in IRMOF-1 is a
strong function of temperature. An Arrhenian fit of the
diffusion coefficient D = Dyexp (— E,/RT) is also shown
in Figure 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
[57,60].

In Figure 8, we show the mean distances travelled by
the end of the simulation (square root of the final MSD).
At 200K, we do not observe intercage motion, since the
average distance travelled is no larger than the cage

4x107°4 a self-diffusivity from simulation 2100
= self-diffusivity from Arrhenian fit 2
K\E 3x107{ —w— distance travelled #7800 3
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Figure 8. Self-diffusivity and Arrhenian fit for RDX in IRMOF-1,
as well as average distance travelled at different temperatures from
200 to 500 K.
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Figure 9. Mean square displacement in different temperatures
from 200 to 500 K. The inset shows the log—log plot, giving a
slope of 1 (dashed line).

dimension. At room temperature, we find a self diffusivity
for RDX in IRMOF-1 of (4.55 %= 0.44) x 10~ "' m?s,
which is two orders of magnitude lower than the diffusion
of benzene in IRMOF-1 [57].

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 pm [61]. Thus, an order of magnitude
estimate of the time RDX would take to diffuse out of an
IRMOF-1 crystal at room temperature is from 55 to 454 s,
which potentially could lie within an operational timescale.

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 modelled dry air as a mixture of N, and O,.
The bulk pressure of the dry air is atmospheric pressure.
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—=— RDX in dry air
N

0.25 1

— O,
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0.0 0.2 0.4 0.6 0.8 1.0

partial pressure of RDX (bar)

Figure 10. Isotherm of RDX mixed with dry air in IRMOF-1
from infinite dilution to 1 bar. The inset shows the linear fitting
plot of the infinite dilution data.



17:18 14 January 2011

Downl oaded At:

In Figure 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 10
that there is very little interaction whatsoever 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, do not have well-defined adsorption sites
[62,63] 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 [29,30]. To avoid
this empiricism, we performed a series of GCMC
simulations of the RDX, N, and O, in an adsorbent with a
fixed number of water molecules. We performed canonical
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%) [26].

In Figure 11, we show adsorption isotherms for RDX,
N, and O, at a partial pressure of RDX corresponding to
I 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

0.4
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134 q
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=
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Figure 11. The effect of water on RDX adsorption at 300K. The
partial pressure for RDX is 1 bar.
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Figure 12. The interaction energies for RDX in mixture (RDX
and wet air) at 300 K.

with increasing water content. In order to explain this
result, we can examine the contribution to the potential
energy as shown in Figure 12. Both water and RDX are
competing for adsorption sites near the vertices of the big
cage. Therefore, as loading increases, we see an
unfavourable increase in the RDX-framework contribution
to the potential energy. However, we see a more
significant favourable 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.

5. Conclusions

MD and GCMC simulations have been performed to
understand the adsorptive and diffusive behaviour 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
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,
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although in that case the destination vertex was the same as
the originating vertex, which is not observed for RDX.
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