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Abstract The influence of different sorption sites of isoretic-
ular metal-organic frameworks (IRMOFs) on interactions with
explosive molecules is investigated. Different connector effects
are taken into account by choosing IRMOF-1(Be) (IRMOF-1
with Zn replaced by Be), and two high explosive molecules:
1,3,5-trinitro-s-triazine (RDX) and triacetone triperoxide
(TATP). The key interaction features (structural, electronic
and energetic) of selected contaminants were analyzed by
means of density functional calculations. The interaction of
RDX and TATP with different IRMOF-1(Be) fragments is
studied. The results show that physisorption is favored and
occurs due to hydrogen bonding, which involves the C-H
groups of both molecules and the carbonyl oxygen atoms of
IRMOF-1(Be). Additional stabilization of RDX and TATP
arises from weak electrostatic interactions. Interaction with

IRMOF-1(Be) fragments leads to polarization of the target
molecules. Of the molecular configurations we have studied,
the Be-O-C cluster connected with six benzene linkers
(1,4-benzenedicarboxylate, BDC), possesses the highest
binding energy for the studied explosives (-16.4 kcal mol-1 for
RDX and -12.9 kcal mol-1 for TATP). The main difference
was discovered to be in the preferable adsorption site for
adsorbates (RDX above the small and TATP placed above
the big cage). Based on these results, IRMOF-1 can be
suggested as an effective material for storage and also
for separation of similar explosives. Hydration destabilizes
most of the studied adsorption systems by 1-3 kcal mol-1 but
it leads to the same trend in the binding strength as found for
the non-hydrated complexes.
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Introduction

Most conventional explosives contain nitro groups, however
some novel explosives do not contain nitrogen at all; rather,
they are based on organic peroxides. The most common of
these peroxide-based explosive compounds is TATP (triace-
tone triperoxide or 1,1,4,4,7,7-hexamethyl-1,4,7-cyclonona-
triperoxane; also called peroxyacetone; illustrated in
Fig. 1a). TATP is one of the most sensitive explosives
known, being extremely sensitive to impact, temperature
change and friction. Acetone peroxide was the explosive
used in the July 2005 London bombings [1]. TATP with
multiple peroxide functionality is better oxygen-balanced
than most commercial peroxides. Because of extreme sen-
sitivity to shock and overall exothermic decomposition, it
requires special precautions when handled [2, 3]. Despite
these limitations, recently it has found use as an improvised
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explosive, because its synthesis is straightforward and
requires only readily obtainable materials [4, 5].

1,3,5-Trinitro-s-triazine, also known as cyclotrimethylene
trinitramine and RDX (displayed in Fig. 1b), is a secondary
explosive. It has been the subject of a large number of studies
regarding the sensitivity of energetic materials and the mech-
anisms of its decomposition [6]. The chair triaxial (AAA)
form and chair diaxial (AAE) form are two of the most stable
conformers of RDX [7–10]. The AAA conformer of RDX
was chosen for this study since experimental infrared spectra
of RDX vapor correlate well with simulated spectra of this
RDX form, indicating that it may be the best structural repre-
sentative of gaseous RDX [10].

Isoreticular metal-organic frameworks (IRMOFs) are a
recently discovered class of nanoporous coordination poly-
mers that are attracting considerable attention because of their
extremely high surface areas (up to 4500 m2/g) [11] and
interchangeable organic linkers that enable relatively facile

manipulation of pore size and surface area through judicious
ligand selection [12]. Recently, it has also been shown that
both the size and chemical functionality of theMOFs pores can
be systematically engineered to augment their surface area.

The flexibility, with which these components can be
varied, has led to an extensive class of MOF structures with
ultrahigh surface areas. In this paper we focus on IRMOF-1,
which exhibits high thermal stability with decomposition
occurring between 350 and 400°C [12]. IRMOF-1 (the most
stable and the most porous among the MOF series [13]) has
been frequently considered as a potential commercialized
target for use in separation, catalysis, nonlinear optics, and
storage of gases [13, 14]. IRMOF-1 was chosen because it
represents a reference model phase that can be studied with
ab initio methods at reasonable computational costs as has
been confirmed by several computational studies [15, 16].
The structure of IRMOF-1 (shown in Fig. 2) consists of
octahedral Be-O-C clusters (connectors, denoted as CON in

A) TATP B) RDX

Fig. 1 The structure of isolated TATP (A), RDX (B) (legend: C-dark grey, H-white, O-red, N-dark blue) and their maps of electrostatic potential
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Fig. 2a) joined together by benzene linkers (denoted as LIN
in Fig. 2a) to build a cubic three-dimensional framework
that possesses a highly porous structure [17–19] (more
detail explanation of the IRMOF-1 structure and models
used in this study appears in Computational details section).

It is surprising that despite a significant interest in
IRMOFs, only very few papers have been published that
study these materials containing metals different than the
original zinc. The possibility of tailoring the electronic
properties and structure of M-IRMOF-1 (where M0Be,
Mg, Ca, Zn, and Cd) by replacing the metal atom and by
doping was investigated using density-functional theory
(DFT) and a plane wave basis set [20]. Exchanging
zinc with light main-group metals such as beryllium and
magnesium was predicted to increase gas storage capacity,
and exchange with transition metals could produce specific
catalytic and magnetic properties [21]. Therefore, in this study
we examined how substitution of zinc by beryllium in
the connector can alter the sorption properties of IRMOF-1.

Since the adsorption of hydrogen in IRMOF-1 has been
widely investigated at the DFT level and by using molecular
mechanics simulations we will mention at least a few of
these studies [22–28]. Microscopically, hydrogen interacts
with the MOF via three principle attractive potential
energy contributions: Van der Waals, charge-quadrupole, and
induction [23, 25]. Metal-oxygen clusters are preferential
adsorption sites for hydrogen in MOFs, and the effect
of the organic linkers becomes evident with increasing
pressure [24]. Monte Carlo (MC) simulations have iden-
tified strong binding sites at the connectors that became
quickly saturated with 1.27 H2 molecules at 78 K. At
300 K, a broad range of binding sites is observed [22].
It was also concluded that doping MOF with electropositive
metals like lithium is a promising strategy for practical
hydrogen storage [26].

Several experimental and theoretical papers (using
molecular dynamics (MD)) were published on the adsorption
and separation of natural gases and benzene in IRMOF-1
[29–34]. The simulations show that CO2 is preferentially
adsorbed over propane, ethane, methane and N2 in the
complete pressure range [29]. For argon and nitrogen
molecules, the preferred adsorption site is near the zinc–
oxygen cluster in the cavities where the linkers point
outward [30]. MOF-5 represents a very open pore structure
with liquid-like mobilities for benzene [31]. The experiments
demonstrated that exchange of xenon from adsorption sites
within the IRMOF to the free gas space is much slower than
that between adsorption sites within the lattice [32].

Only a few computational studies related to MOFs in the
presence of explosive compounds have been published
[35–39]. MC simulations were used to generate adsorption
isotherms for pure RDX, RDX in dry air, and RDX in wet
air and provide adsorption energies and density distributions
of the adsorbates within MOF [35]. The energy of
adsorption of RDX at infinite dilution is -9.2 kcal mol-1.
Adsorption of RDX on IRMOF-1 is susceptible to changes
in temperature [36]. The simulations at T0300 K suggest
trapping configuration for RDX inside IRMOF-1 through
H-bonding with three surrounding linkers. Different
charge distributions were evaluated by comparing the
binding energies from the classical potential (MD simulations
and grand canonical Monte Carlo (GCMC)) with those from
the quantummechanical (QM) calculations for RDX adsorbed
on IRMOF-10 [37]. The charge distribution was calculated so
that the point charges were placed on the atom centers. Five
different approaches, including the electrostatic potential
method, Mulliken population analysis, Löwdin population
analysis, natural bond orbital analysis and charges from the
MM3 potential were used to assign point charges to IRMOF-10
structures obtained from QM calculations. Classical GCMC

A) B) 

Fig. 2 The structure of used
isolated IRMOF-1(Be) model
that consists of one connector
(denoted as CON) and six link-
ers (denoted as LIN, legend:
C-dark grey, H-white, O-red,
Be-blue). The position of big
cage (denoted b) (A) and small
cage (denoted s) (B) is shown

J Mol Model (2012) 18:3363–3378 3365



and MD simulations of RDX in IRMOF-10 were per-
formed using 15 combinations of charge sources of RDX
and IRMOF-10. MC and MD simulations of RDX in
IRMOF-10 show that as the charge distributions vary,
the predicted interaction potential energies, the adsorp-
tion loading and the self-diffusivities are significantly
different. The cage size and location of amine groups
also affect the loading of RDX in different IRMOFs [38]. MD
simulations at room temperature result in trapping configura-
tions preferring TATP inside the IRMOF-8 cage, which could
be attributed to molecular sieving effects [39].

Theoretical study of conformation and interactions
between TATP and ions: Li+, Cu+, Zn2+, Cd2+, In3+,
Sb3+, Sc3+, and Ti4+ has shown that the bonds formed
between TATP and Zn2+ and In3+ are the strongest [40].
A fast and simple electrochemical method for sensing
peroxide-based explosives based on their acid treatment
has been reported [41]. Also, a review of new analytical
methods to determine peroxide-based explosives (for
example TATP) in solid samples and air samples has
been published [42]. The calculations of adsorption of TATP
on hair surfaces suggest that the binding of explosive mole-
cules to the lipid layer consists of interplay between dispersive
and Coulomb interactions as well as the distortion of the lipid
layer induced by the molecular adsorption. The relative
importance of these effects depends on the chemical
nature, the size, and the shape of the adsorbed molecule [43].

Preliminary investigations (performed only as a first
approximation) focused on the interactions of RDX and
TATP with small IRMOF-1(Zn) fragments [44]. It was
shown that the selected explosive molecules interact
more strongly with the linker of IRMOF-1(Zn) than
with the connector. Hydrogen bonds and electrostatic interac-
tions play a key role in the intermolecular interactions between
IRMOF-1(Zn) and studied organic compounds. Due to
very small models used and different level of theory applied,
comparison with the results of this study is limited.

Our research seeks to utilize DFT-based approaches to
shed light on the interactions of RDX and TATP with
IRMOF-1 fragments with an emphasis on reactivity differ-
ences associated with the presence of water and the differ-
ence in the central cation of the IRMOF-1 connector. We
believe that the insight gained through analysis of the RDX
and TATP interactions with IRMOF-1 fragments can be
applied to better understand the adsorption of these and
other explosives on IRMOFs and to predict the preconcen-
trating of such contaminants so that they can be detected.

We would like to highlight that the results presented in
this paper represent a comprehensive study, which considers
different IRMOF-1(Be) models calculated at a level of
theory (shown to be very efficient for the non-covalent
interactions) with inclusion of dispersion forces. Many distinct
interactions of RDX and TATP with the IRMOF-1(Be)

fragments were tested and different adsorption sites of
this material were calculated and evaluated. Moreover,
the influence of hydration on binding of the target
molecule was also investigated. Understanding the interaction
with water is of particular importance since the MOF crystal
morphology is affected by exposure to water [45] and
IRMOFs are water sensitive [13, 46]. This work also includes
a detailed description of binding strength and polarization of
the selected explosives adsorbed on IRMOF-1(Be), com-
parison with the results obtained for the interactions
with IRMOFs(Zn) and extrapolation toward the storage
and selection efficiency of IRMOF-1.

Simulation models and methods

All computations were performed within the Gaussian 09
program package [47] applying the DFT [48] B97-D
functional. The B97-D method of Grimme [49] with
empirical dispersion functions has been shown to work
reasonably well for systems with weak intermolecular
interactions. It is known that the B3LYP functional may
lead to underestimation in the calculation of the interaction
energy. An improved interaction energy can be obtained by
the inclusion of an empirical interaction potential, such as is
used in B97-D. The standard 6-31G(d) basis set was
implemented.

Special attention was paid to the preparation of the
IRMOF-1(Be) model, which was constructed to meet two
main conditions. First, it needs to possess the proper ele-
mental composition to treat interactions accurately with the
target molecules and to minimize the cutoff effect (missing
interactions with the bulk). Secondly, it should be a relatively
small model (computationally inexpensive) if one aims to test
various positions and orientations of adsorbate and calculate
different properties of such systems in a reasonable time.
Therefore, models were prepared to capture the site of
IRMOF-1(Be) mainly responsible for the interactions with
RDX and TATP as accurately as possible (identified from
the results of previously published computational studies of
variety of IRMOFs systems [35–39]).

The crystal structure of IRMOF-1 [12] was used as a
starting point to prepare representative cluster models of this
species. The models were constructed so that they contain
one connector (C is used to denote the models in the text,
Tables and Figure captions), site of IRMOF-1 (it consists of
the Be4O tetrahedron connected with the CO2 groups
((Be4O)(CO2)6) bounded with six linkers that possesses a
C6H5 stoichiometry (notation L6 is used to denote the models
in the text, Tables and Figure captions). The geometry of used
IRMOF-1(Be) models (having one connector and six linkers
(CL6)) is illustrated in Fig. 2a where the connector part is
identified by a circle denoted CON and linker part is identified
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by a circle denoted LIN. Due to the planarity of the linkers, the
unit cell is formed by two different active cages [31], which
are displayed separately in Figs. 2a and b. The slightly bigger
cage shown in Fig. 2a (denoted b in the text, Figures and
Tables) is characterized by the planes of the linker’s perpen-
dicular to a vector oriented toward the cell center. In the case
of the small cage, displayed in Fig. 2b (denoted s in the text,
Figures and Tables), the benzene rings point toward the cell
center. The adsorption of RDX and TATP above both cages
was calculated. All studied systems were electroneutral. In the
text, figure captions and tables, the calculated systems will be
denoted as CL6(s) and CL6(b), based on which cage is
dominant.

It should be mentioned that although applied IRMOF-1
(Be) clusters are quite small, they could represent simple
models of an IRMOF-1 surface. Similar methods and
models were used to develop a new valence force field
for MOF-5 [15] and to study the adsorption of hydrogen on
MOF-5 [22, 23]. Similar size MOF models, applied in several
theoretical studies of RDX and TATP interactions with a
variety of IRMOFs [36–39], were found to accurately describe
the studied interactions. Also, even smaller models of zeolites
(to which the MOF systems are often compared, especially
when dealing with the adsorption properties) used recently to
calculate the adsorption of CO to gallium ions [50], adsorption
of pyridine [51, 52] and adsorption of CH3SH on their acidic
sites [53], were concluded to be effective to obtain the binding
energy of studied systems. Moreover, the same modeling
technique was implemented previously to calculate the
adsorption of explosive compounds on layered aluminosili-
cates characterized by a large interlayer space [54–57]. There-
fore, within the accuracy of the applied computational method
the system consisting of a target molecule and the IRMOF-1
fragments employed can be considered to simulate RDX or
TATP adsorption.

The interaction energy (Eint) between a M ad-molecule
(RDX, TATP) and an IRMOF fragment site (F) within a M-F
complex (RDX-MOF or TATP-MOF) was obtained by calcu-
lating the total energies of the three systems involved and
taking the difference according to expression (difference
between the total energy of the RDX-, and TATP-MOF com-
plex (M-F), and total energies of the subsystems (the RDX or
TATP molecule (M) and the IRMOF-1(Be) fragment (F)):

Eint ¼ E M� Fð Þ � E Mð Þ � E Fð Þ ð1Þ

The interaction energies were corrected for basis super-
position error (BSSE, Ese) [58, 59] by the counterpoise (CP)
method proposed by Boys and Bernardi [60] using the
“ghost” atoms to obtain a counterpoise corrected interaction
energy (Ecorr). This correction is needed due to the fact that
the basis sets are not the same for different calculations. The
size of basis set is larger for the complete system, implying

more degrees of freedom in the variational determination of
the energy and leading to an unphysical energy lowering. In
the CP method all basis functions of the other subsystem are
added to the basis set of each subsystem without its
electrons and nuclei (ghost functions). Then Ecorr is
calculated as follows:

Ecorr ¼ E M� Fð Þ � E Mghostþ Fð Þ þ E FghostþMð Þ½ � ð2Þ

To analyze the nature of bonding between the target
molecule and IRMOF-1(Be), the atoms in molecules
(AIM) theory [61] was applied to calculate the geometrical
and topological characteristics of the interactions. AIM is a
technique used to study the topologies of the electron
density (ρ(r)) obtained between atoms within a molecule. It
has been shown that H-bonding can be identified by the
properties of the electron density associated with the bonded
moiety. This theory offers a rigorous way of partitioning any
system into its atomic fragments, considering the gradient
vector field of its electron density. By means of a topological
analysis of the electron density, features such as bond critical
points and paths of maximum electron density can be utilized
to draw a molecular graph (i.e., the network of bond paths that
connects linked atoms). In particular, a hydrogen bond is
evidenced in the charge density by a bond path linking the
proton and the acceptor atom. Popelier [62, 63] suggested
criteria for the existence of hydrogen bonding based on the
topological properties of the electronic density and a set of
integrated properties related to the hydrogen atom. The bond
critical points (BCPs), ρ(r), and the eigenvalues of the Hessian
of the charge density at the critical point were obtained using
the AIM2000 (Version 1.0) program [64]. The measured
features used to characterize the hydrogen bonds are ρ(r)
and the Laplacian of the charge density at the BCP, ∇2ρ(r).

The influence of the adsorption (molecule-surface
interactions) on the polarization of the target molecule
was also investigated using the analysis of the maps of
electrostatic potential (MEPs). The electrostatic potential
(EP) is a physically observable quantity that can be
derived directly from the wave function. The important
role that EP plays in computational chemistry, is indicated by
its many applications (predicting sites and relative reactivity
toward electrophilic attack, and hydrogen bonding interactions
[65, 66]), in reactivity, electrostatic catalysis [67], zeolites [68],
and more generally crystal surfaces and cavities. MEPs were
obtained using the Molekel program package [69]. With
Molekel one can map the EP onto the electronic density
based on the atomic charges.

Due to the fact that many questions related to the hydration
of MOFs remain unanswered (such as the influence of hydra-
tion on the adsorbent-adsorbate interactions, dependence of
adsorption on the features of sorption sites, their chemical
nature and cage size in the presence of water) we have also
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studied the adsorption of RDX and TATP on hydrated
IRMOF-1(Be) fragments. The method of microsolvation
was applied (addition of one water molecule into the model).
Because water is quite polar and the major components of the
MOF fragments are the CO2 groups (with significant
quadrupole moment) the presence of water should have
a strong impact on the selectivity (involvement) of the
CO2 groups in the interactions with the adsorbates.
Therefore, special attention was paid to the water position
and several initial locations were modeled. For these com-
plexes W will be added into the notations of hydrated ones.

Results and discussion

The optimized structures of RDX- and TATP-IRMOF-1(Be)
calculated at the B97-D/6-31G(d) level are displayed in
Figs. 3, 4, 5, 6 denoted as CL6(b) and CL6(s). The results
of the AIM analysis are given in Tables 1 and 4 with

geometrical parameters of formed H-bonds. The interaction
energy values and the BSSE values obtained at the same level
of theory are presented in Tables 2 and 5.

Adsorption of RDX on IRMOF-1(Be)

Intermolecular interactions

Because there are several binding modes of RDX, two
different structures of RDX interacting with the CL6 cluster
were found. Figure 3 illustrates the optimized structure of
RDX interacting with the big (A, CL6(b)-RDX) and small
cage (B, CL6(s)-RDX) of the IRMOF-1(Be) cluster.

The position of RDX above the cages varies (it relates to
different intermolecular interactions). RDX in its optimized
structure interacting with CL6(b) is oriented with the oxygen
from the nitro group pointing toward the middle of the Be-Be-
Be triangle. RDX binding is mediated only partially by the
electrostatic interactions between this oxygen, carbonyl

A) CL6(b)-RDX                                                                               B) CL6(s)-RDX     

Fig. 3 The optimized structure
of RDX interacting with the big
(A, CL6(b)-RDX) and small
(B, CL6(s)-RDX) cage site of
IRMOF-1(Be) fragment (B97-
D/6-31G(d)) and their maps of
electrostatic potential
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oxygen atoms of all three linkers and Be atoms of the
connector (the O…O distances are about 3.1-3.2 Å and
Be…O amount from 3.27 through 3.31 to 3.37 Å). The
O…O distances are slightly below the sums of the
respective van der Waals radii (3.20), which frequently
indicates a non-covalent interaction. The theoretical
aspects of non-covalent O…O interactions were already
established in the literature for various systems, among
which are also zeolites [70] and silica [71]. In the
systems containing the aromatic nitro derivatives the
O…O contacts were suggested to be a consequence of
the N…O contacts [72]. Comparable orientation of
RDX interacting with IRMOF-1(Zn) was suggested in
another theoretical study [35] where Zn-O distance is
∼2.0 Å between a Zn atom of connector and O(N-O2)
atom of RDX. The second O atom of the same nitro

group is placed in distance ∼3.6 Å from another Zn
atom of the same connector.

Two C-H…O H-bridges, between the molecular and
linker C-H group and molecular and big cage oxygen atom
govern the adsorption. The geometrical and topological
characteristics of these H-bonds are presented in Table 1
(HB1 and HB2) and displayed in Fig. 3a (denoted as 1 and 2
in green color). The AIM analysis shows that these C-H…O
bonds are quite weak. They are characterized by the H…O
distances equal to 2.4-2.5 Å and small ρ and ∇2ρ values
(0.01 and 0.03 au). The optimized structure of RDX in CL6
(b)(Be)-RDX is similar to that found for RDX interacting
with the big cage site of IRMOF-10(Zn) [37].

Only one stable structure containing RDX and CL6(s)
fragment was obtained. The RDX C-H groups are oriented
toward the middle between two oxygen atoms of two

A) CL6(b)-TATP                                                             B) CL6(s)-TATP 

Fig. 4 The optimized structure
of TATP interacting with the big
(A, CL6(b)-TATP) and small
(B, CL6(s)-TATP) cage site of
IRMOF-1(Be) fragment (B97-
D/6-31G(d)) and their maps of
electrostatic potential

J Mol Model (2012) 18:3363–3378 3369



different CO2 groups. Three of the total six H-bonds are
of the C-H…O type (they are denoted HB2, HB4 and
HB6 in Table 1 and Fig. 3b) with the C-H groups
acting as proton-donors and the oxygen atoms of
IRMOF-1(Be) as proton-acceptors. Moreover, the linker
C-H groups form three C-H…N H-bridges with the
nitrogen atoms of RDX (denoted as HB1, HB3, and
HB5 in Table 1 and Fig. 3b). Similarly as in CL6(b)-
RDX the H-bridges govern the RDX intermolecular
interactions with the IRMOF-1(Be) cluster. The forma-
tion of C-H…N mainly stabilizes the adsorbate because
C-H…O are much weaker (two times smaller values of ρ and
∇2ρ (0.007 au for ρ and 0.025 au for ∇2ρ) and ∼0.3 Å larger
H…O distances) as expected. This implies much higher
binding affinity of the IRMOF-1(Be) linkers for RDX
than the connector shows. The same conclusion was made for
RDX interacting with IRMOF-1(Zn) [36, 44] with similar

intermolecular binding between RDX and the IRMOF-1(Zn)
models (multiple C-H…O H-bridges).

Energetics

The interaction energy of CL6(b)-RDX given in Table 2
(-8.3 kcal mol-1) indicates that RDX is physisorbed. This
value is close to the binding energy of RDX interacting with
IRMOF-1 at infinite dilution (-9.2 kcal mol-1) calculated using
the grand canonical Monte Carlo (GCMC) simulations [35].
Such small Ecorr value for CL6(b)-RDX demonstrates the
presence of only weak polarizing sites in the adsorbing matrix.
The opposite situation was investigated for the H2 adsorption
on IRMOF-1(Zn) [22]. The MC simulations identified a high
energy binding site for H2 at the zinc-oxygen corners, which
were quickly saturated. But only a small difference was found
in the interaction energy values for H2 binding to benzene or

A) CL6(b)W-RDX                                                                           B) CL6(s)W-RDX 

Fig. 5 The optimized structure
of RDX interacting with
hydrated big (A, CL6(b)W-
RDX) and small (B, CL6(s)W-
RDX) cage site of IRMOF-1
(Be) fragment (B97-D/6-31G
(d)) and their maps of electro-
static potential
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benzenedicarboxylate linker (from -1.1 to -1.2 kcal mol-1) and
to zinc-oxygen corners (-1.3 and -1.6 kcal mol-1).

The RDX molecule adsorbs preferably on the small
cage of IRMOF-1(Be) as one can see from the forma-
tion of six H-bonds in RDX-CL6(s) and larger Ecorr
value (-16.4 kcal mol-1). This indicates that the small cage is a
better sorption site for RDX (more efficient molecular pack-
ing) due to entropic reasons. The MD study [36] shows the
same result about the energetically favorable location of RDX
interacting with IRMOF-1(Zn). Xiong and co-workers have
concluded that the adsorption of RDX is residing (i) in a big
cage, (ii) near a vertex, and (iii) between benzene rings [35].
Despite similar modes of RDX binding with CL6(s)(Be) and
IRMOF-1(Zn) [38] in the adsorbed phase when the loading of
RDX is extremely low, the adsorption strength of these
systems vary significantly (-16.4 kcal mol-1 vs. -8.1 kcal mol-1

for Zn-system). All calculations suggest that whether the

connector fragment of IRMOF-1 contains beryllium or zinc
atoms, it affects the orientation and intermolecular interactions
between fragment and molecule only slightly. In the case of
natural gases the large cages and regions that separate the large
and small cages of IRMOF-1, are the preferential adsorption
sites [29]. A similar conclusion can also be made about the
CO2 storage capacity by MOFs, which is higher with a larger
accessible surface area and free volume [73]. This is contrary
to our results, which show that the CH groups of linkers
oriented directly toward the cage center are favored sites for
RDX adsorption (with easier accessibility). This situation
occurs when RDX is located above the small cage.

Electrostatic potential analysis

It is well-known that for the adsorption of organic mole-
cules, calculation of MEPs at the surface of a solid material

A) CL6(b)W-TATP                                                             B) CL6(s)W-TATP 

Fig. 6 The optimized structure
of TATP interacting with
hydrated big (A, CL6(b)W-
TATP) and small (B, CL6(s)W-
TATP) cage site of IRMOF-1
(Be) fragment (B97-D/6-31G
(d)) and their maps of
electrostatic potential
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helps to gain knowledge about the sorption processes and
can provide better understanding of chemical reactivity of
studied systems. The MEPs of the CL6-RDX systems are
presented in Fig. 3. Figure 1a displays the MEP of isolated
RDX. The values of maximum positive (Vmax) and
minimum negative electrostatic potential (Vmin) located
above the nitrogen, oxygen, carbon and hydrogen atoms
are presented in Table 3. The electrostatic interactions
with the IRMOF-1(Be) fragments are physically and
thermodynamically favorable. The negative potential is
located above the oxygen and nitrogen atoms of isolated
and interacting RDX. It should be noted that in contrast
to other elements, the nitrogen atoms display very low
electron density on the interface surface in all studied
RDX complexes. The negative potential located above
the oxygen atoms is enhanced for all RDX complexes
(about 30 kcal mol-1) compared with isolated RDX.
High change of EP implies that the probability of a
proton binding to different sites is geometrically blocked
without a favored localized region. The most significant
increase (about 40 kcal mol-1) is found for the least
stable system (CL6(b)-RDX). This shows that the main

factor affecting the negative EP values is position and
orientation of the target molecule toward the IRMOF-1
(Be) fragment.

Modification of positive potential (located above the
carbon and hydrogen atoms) is similar to that observed for
negative Vmin but the effect of the IRMOF-1(Be) fragment
is less strong. The carbon and hydrogen ring atoms in CL6-
RDX become less positive compared with isolated RDX. In
particular, positive Vmax values for the molecular
hydrogen atoms in CL6(s)- and CL6(b)-RDX decrease
by about 12-20 kcal mol-1. This change is two times
lower than that found for negative Vmin located above
the oxygen atoms. It is more significant for CL6(s)-
RDX due to greater involvement of the C-H groups in
the intermolecular interactions. This confirms the con-
clusion made at the end of the previous paragraph that
the placement of the adsorbate influences the EP values
the most significantly. The smallest positive Vmax located
above the carbon atoms belongs to CL6(b)–RDX. This
is the lowest positive Vmax value among all studied
RDX-IRMOF-1(Be).

Table 1 Calculated B97-D/6-
31G(d) H…Y and X…Y (in
parentheses) distances [Å]
and X—H…Y angles [°] and
electron density characteristics
(ρ [au] and ∇2ρ [au]) of RDX-
IRMOF-1(Be) systems

Feature H…Y (X…Y) X-H…Y ρ l2ρ H…Y (X…Y) X-H…Y ρ l2ρ

System/bond CL6(b)-RDX CL6(s)-RDX

HB1 2.399 (3.436) 158.1 0.010 0.036 2.368 (3.258) 154.0 0.014 0.047

HB2 2.489 (3.32) 144.8 0.008 0.033 2.599 (3.607) 152.1 0.007 0.026

HB3 - - - - 2.360 (3.249) 153.8 0.014 0.047

HB4 - - - - 2.613 (3.611) 150.1 0.007 0.025

HB5 - - - - 2.349 (3.243) 154.7 0.014 0.048

HB6 - - - - 2.625 (3.627) 151.2 0.007 0.025

System/bond CL6(b)W-RDX CL6(s)W-RDX

HB1 2.683 (3.506) 131.9 0.006 0.024 2.361 (3.280) 160.1 0.014 0.046

HB2 2.531 (3.239) 121.1 0.011 0.037 2.564 (3.438) 151.4 0.009 0.033

HB3 2.527 (3.293) 126.4 0.009 0.034 2.454 (3.521) 163.4 0.010 0.033

HB4 2.566 (3.330) 125.7 0.009 0.032 2.512 (3.351) 146.0 0.010 0.035

HB5 2.540 (3.113) 117.4 0.008 0.034 2.165 (3.194) 154.5 0.021 0.055

HB6 2.052 (3.009) 165.6 0.020 0.065 2.424 (3.023) 119.3 0.010 0.041

HB7 - - - - 2.078 (3.028) 164.3 0.020 0.063

HB8 - - - - 2.624 (3.544) 157.1 0.007 0.025

Table 2 BSSE energies (Ese), BSSE uncorrected (Eint) and corrected
interaction energies (Ecorr) [kcal mol-1] of RDX-IRMOF-1(Be)
calculated at B97-D/6-31G(d)

System/
Energy

CL6(b)-
RDX

CL6(s)-
RDX

CL6(b)W-
RDX

CL6(s)W-
RDX

Eint -16.7 -21.3 -20.4 -18.9

Ese 8.4 4.9 8.8 6.0

Ecorr -8.3 -16.4 -11.6 -12.9

Table 3 The most negative (oxygen and nitrogen, Vmin) and positive
(hydrogen and carbon, Vmax) electrostatic potential values [kcal mol-1]
for RDX-IRMOF-1(Be) systems

System/
atom

CL6(b)-
RDX

CL6(s)-
RDX

CL6(b)W-
RDX

CL6(s)W-
RDX

RDX

O -71.7 -58.5 -58.5 -62.7 -31.4

N -4.1 -2.0 -3.8 -3.4 -7.5

C 9.4 10.5 16.7 26.3 34.2

H 75.8 67.0 71.4 63.3 87.9
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Adsorption of TATP on IRMOF-1(Be)

The optimized structures of TATP interacting with the big
(CL6(b)-TATP) and small cage of the IRMOF-1(Be) frag-
ment (CL6(s)-TATP) are presented in Fig. 4. In CL6(b)-
TATP two H-bonds between the molecular C-H groups
and carbonyl oxygen atoms are responsible for stabilization
of the molecule. The AIM analysis given in Table 4 shows
that obtained ρ and ∇2ρ values of formed H-bridges in CL6
(b)-TATP are within the range proposed by Koch and Popelier
[62, 63] (mentioned in 3.1.1 section). They are very weakwith
H…O distances in the range 2.58-2.67 Å and quite small ρ
and ∇2ρ (0.006-0.008 au and 0.023-0.032 au). Due to the
orientation of the adsorbate toward the CL6(b) fragment,
one could expect formation of more than two C-H…O
H-bridges. However, the AIM analysis does not confirm
this assumption.

In the CL6(s) fragment, both the proton acceptor and
proton donor groups are favorable for the TATP adsorption.
Due to this fact, in CL6(s)-TATP the formation of three
C-H…O H-bridges occurs with participation of two
molecular and one fragmental oxygen. Similarly as for
CL6(b)-TATP, the H…O and C…O distances are quite
long (2.5-2.64 and 3.3-3.5 Å). The electron density and
the Laplacian of the electron density are characterized
by values proportional to these distances. For example,
the strongest H-bridge (HB1) corresponds with the largest ρ
(0.009 au) and ∇2ρ (0.034 au). The longest H…O distance
(found for HB3, 2.64 Å) concurs with the smallest ρ (0.006 au)
and ∇2ρ (0.023 au). The TATP stable configurations
with IRMOF-8(Zn) at room temperature [39] were
revealed to be analogous to that found for TATP-CL6
(Be) (TATP migrates toward the center of the IRMOF-
8 cage into a similar position as found for the Be
complexes). However, at zero temperature TATP was
shown to remain inert to interactions with IRMOF-8.

The binding energy of CL6(b)-TATP (-10.7 kcal mol-1) is
enhanced by about 2 kcal mol-1 (see Table 5) compared with
CL6(s)-TATP and CL6(b)-RDX. On the other hand, forma-
tion of CL6(b)-TATP is about two times less effective than
the formation of CL6(s)-RDX. This situation may account
for larger activation of the oxygen atoms of the big cage
fragment (CL6(b)) when connected with TATP and oxygen
atoms of the small cage (CL6(s)) when interacting with
RDX. The binding enthalpies of hydrogen adsorbed on
IRMOF-1(Zn) are much smaller (from 0.5 to 0.8 kcal mol-1)
[23]. It was concluded that the adsorptive properties of this
material are mainly produced by dispersive interactions with
the internal wall structure and by weak electrostatic
forces associated with O13Zn4 clusters. This suggests
the key role of the atoms neighboring the active site.
Therefore, we conclude that the large difference in
structures and adsorption energies of the RDX- and
TATP-IRMOF-1 complexes can be attributed to differences
in the MOF fragment’s active site and molecular groups
involved in the interactions.

Electrostatic potential analysis

The MEPs of the CL6-TATP systems are illustrated in
Fig. 4. Figure 1b displays the MEP of isolated TATP. The
values of the minimum negative EP (Vmin) located above
the oxygen atoms and carbon atoms and maximum positive
EP (Vmax) located above the hydrogen atoms are presented
in Table 6. The electron density distribution is such that due
to local accumulations of electrons (as, for example, in lone
pair regions) negative EP located above oxygen atoms is
increased. This finding agrees well with increase of the
negative EP above molecular oxygen atoms in the CL6
(Be)-RDX complexes. For TATP acting as a proton accep-
tor, the presence of a lone pair (suitable for the formation of
a H-bond) on the O atoms concurs with a local minimum in

Table 4 Calculated (B97-D/6-
31G(d)) H…Y and X…Y
(in parentheses) distances [Å],
X—H…Y angles [°] and
electron density characteristics
(ρ [au] and ∇2ρ [au]) of
TATP-IRMOF-1(Be) systems

Feature H…Y (X…Y) X-H…Y ρ l2ρ H…Y (X…Y) X-H…Y ρ l2ρ

System/bond CL6(b)-TATP CL6(s)-TATP

HB1 2.580 (3.432) 134.0 0.008 0.032 2.524 (3.248) 132.2 0.009 0.034

HB2 2.660 (3.479) 173.2 0.006 0.023 2.534 (3.354) 143.4 0.008 0.031

HB3 - - - - 2.639 (3.529) 137.9 0.006 0.024

System/bond CL6(b)W-TATP CL6(s)W-TATP

HB1 2.650 (3.095) 108.8 0.008 0.033 2.625 (3.283) 126.0 0.007 0.029

HB2 2.537 (3.488) 144.9 0.008 0.030 2.515 (3.353) 132.3 0.008 0.031

HB3 2.603 (3.643) 158.1 0.008 0.029 2.543 (3.471) 141.6 0.009 0.032

HB4 2.483 (3.233) 124.5 0.010 0.036 2.659 (3.360) 130.3 0.006 0.028

HB5 2.450 (3.160) 129.6 0.010 0.039 2.657 (3.359) 130.2 0.007 0.033

HB6 2.233 (3.196) 115.0 0.006 0.029 2.153 (3.087) 160.0 0.016 0.054

HB7 2.509 (3.106) 119.5 0.009 0.037 2.473 (3.087) 120.6 0.009 0.035
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negative EP (Vmin amounts to -72 (CL6(s)-TATP) and
-86 kcal mol-1 (CL6(b)-TATP)). On the other hand, the
oxygen atoms of the CL6 fragment do not donate to a
positive potential region of the C-H groups of TATP. Thus,
the positive EP above hydrogen atoms is slightly decreased
in comparison with isolated TATP (about 1-4 kcal mol-1).
This situation is more significant in CL6(s)-TATP. It
demonstrates that placement of TATP above the small
cage affects more significantly the redistribution of positive
EP while for TATP located above the big cage, the negative
EP is changing to a larger extent. This situation is consistent
with the results obtained for CL6(Be)-RDX. The largest
difference between the positive EP values of TATP and
RDX occurs for hydrogen atoms (about 40 kcal mol-1)
and between the negative EP values corresponds to
carbon atoms (about 30 kcal mol-1). This is attributable
to the fact that carbon atoms in the TATP complexes are
characterized by negative EP, which is largely lower (3-4 times)
than the Vmin values for oxygen atoms.

Adsorption of RDX and TATP on hydrated IRMOF-1(Be)

In order to test the influence of hydration on the inter-
actions of RDX and TATP with IRMOF-1(Be) fragments,
one water molecule was added into the system in several
initial orientations. The optimized structures of the target
molecule adsorbed on hydrated CL6W(Be) are given in
Figs. 5 and 6. Tables 1 and 4 present the characteristics
of formed intermolecular interactions as obtained from the
AIM analysis.

Awater molecule in all CL6W(Be) complexes is strongly
attracted to the cage oxygen atoms. It moves slightly away
from the adsorbate, converging in particular to two different
configurations in CL6W-TATP, but only into one in CL6W-
RDX. In the first position, which is found in three systems,
water is placed on the corner of the cage closer to the
adsorbent’s oxygen atoms with one hydrogen pointed
toward two of the oxygen atoms (Figs. 5a, b and 6b). In this
location one hydrogen atom of water is placed about 2.1-2.5 Å
from the cage oxygen atoms and the Ow-Hw-O angle
amounts to 120-165°. In the second configuration, found for
CL6(b)W-TATP (Fig. 6a), water remains above the middle of
the cage in equal distance from the fragment and TATP
molecule. In this location both hydrogen atoms of water are
oriented parallel with the cage surface close to the oxygen
atoms of the cage (Hw…Os distance is 2.2-2.5 Å) and the
Ow-Hw-O angles vary from 115 to 130°.

In both configurations water interacts via multiple H-
bridges with the MOF fragment and target molecules. The
number of formed H-bonds differs based on molecule and
cage type. In CL6(b)W-RDX (HB3 and HB4 in Table 1 and
Fig. 5a) and CL6(s)W-TATP (HB2 and HB3 in Table 4 and
Fig. 6b) water’s oxygen atom forms two H-bonds with the
adsorbate’s C-H groups. However, in CL6(s)W-RDX (HB5
in Table 1 and Fig. 5b) and CL6(b)W-TATP (HB4 in Table 4
and Fig. 6a) only one such interaction is created. They are
quite weak (in all systems having H…O distances ∼2.5 Å and
the ρ and ∇2ρ values 0.01 and 0.03 au) with an exception of
one stronger Ow…H-C in CL6(s)W-RDX (HB5, H…O is
2.17 Å and ρ and ∇2ρ are 0.02 and 0.055 au). The rest of
the H-bonds in which water is involved, are created with the
oxygen atoms of the IRMOF-1(Be) fragment. They are mostly
of Ow-Hw…O type except two Ow…H-C H-bridges in CL6
(s)W-TATP (formed with the linker C-H groups, HB4 and
HB5 in Table 4 and Fig. 6b), which are weaker (∼0.1 longer
H…O distances) than Ow-Hw…O. Such H-bonding between
water and IRMOF-1 oxygen atoms is suggested in a study by
Hafizovic et al. [74]. Physisorption of water with IRMOF-1 is
also observed experimentally [75]. The authors concluded that
for low water content, no reaction occurs and the IRMOF-1
structure is maintained.

Adsorbed RDX and TATP form the same type of inter-
actions with CL6(W) as with the non-hydrated MOF(Be)
fragments. Therefore, the intermolecular binding will be
described only briefly to highlight the differences. In
hydrated systems due to presence of water some inter-
molecular interactions, which occurred in non-hydrated
systems, are blocked. In CL6(s)W-RDX only one slight-
ly stronger C-H…O H-bond is formed between the
molecular CH group and cage oxygen (instead of three
such bonds found in CL6(s)-RDX). It is characterized
by 0.15 Å shorter H…O distance and 0.003 and 0.008
au larger ρ and ∇2ρ values (HB3 in Table 1 and in

Table 5 BSSE energies (Ese), BSSE uncorrected (Eint) and corrected
interaction energies (Ecorr) [kcal mol-1] of TATP-IRMOF-1(Be)
calculated at B97-D/6-31G(d)

System/
Energy

CL6(b)-TATP CL6(s)-TATP CL6(b)W-TATP CL6(s)W-
TATP

Eint -17.1 -12.2 -15.6 -11.2

Ese 6.4 3.7 6.2 4.4

Ecorr -10.7 -8.5 -9.4 -6.8

Table 6 The most negative (oxygen and carbon, Vmin) and positive
(hydrogen, Vmax) electrostatic potential values [kcal mol-1] for TATP-
IRMOF-1(Be) systems

System/
atom

CL6(b)-TATP CL6(s)-
TATP

CL6(b)W-
TATP

CL6(s)W-
TATP

TATP

O -85.9 -72.3 -86.1 -69.4 -64.2

C -22.4 -23.9 -11.8 -12.4 -37.2

H 33.6 30.5 21.2 20.2 34.8
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Fig. 5b). On the other hand, the C-H…N interactions
(between molecular nitrogen and fragmental CH groups)
are less strong in hydrated CL6(s)W-RDX (HB1, HB2
and HB4 in Table 1 and Fig. 5b). The situation is
slightly different for RDX interacting with CL6(b)W,
where the same number of H-bonds is formed (HB1 and
HB2 in Table 1 and Fig. 5a). They are of C-H…O and
C-H…C type between the molecular CH group and oxygen
atom of the CO2 group and linker’s carbon atom. The ρ
and ∇2ρ values show that despite longer C…H distance,
the C-H…C interaction is stronger than C-H…O H-bonds in
non-hydrated complex.

TATP interactions with hydrated CL6W(Be) differ
again in binding strength, which is lower than revealed
for the non-hydrated complexes. In CL6(s)W-TATP only
one C-H…O H-bond is created (HB1 in Table 4 and
Fig. 6b, between the linker C-H group and molecular
oxygen) compared with three C-H…O bonds found in
CL6(s)-TATP. This is accompanied by lower ρ and ∇2ρ
values (∼0.002 and 0.005 au) and enlarged H…O dis-
tance (0.1 Å). The AIM analysis shows that the only
exception with larger number of H-bonds is the CL6(b)
W-TATP complex (one additional C-H…C type between
molecular CH group and linker’s carbon, denoted HB3
in Table 4 and Fig. 6a). However, this interaction is
quite weak (2.6 Å H…O distance and 0.08 au value of
the electron density) and does not lead to an increase of
the adsorption affinity of TATP toward the big cage of
IRMOF-1(Be).

Energetics

Despite the existence of direct interactions between water
and target molecule, the results show the energy loss for one
RDX and both TATP systems (see Tables 2 and 5 for more
details). This is due to changes in the intermolecular inter-
actions induced by water adsorption. Another reason can be
the steric effect of additional water, which causes the MOF
fragment to be less active in interacting with RDX and
TATP than in non-hydrated cases. This results in about
1 kcal mol-1 smaller Ecorr value for TATP systems and to
about 4 kcal mol-1 for CL6(s)-RDX. In the case of CL6(b)
W-RDX, the presence of water stabilizes RDX by about
3 kcal mol-1 due to formation of two strong H-bonds be-
tween water and molecule. This finding agrees well with
predictions from molecular simulation studies of adsorption
of natural gases in IRMOF-1 [29]. The authors suggested
decrease of IRMOF-1 storage capacity due to water content
and reduction of adsorption due to shielding of the binding
sites (favored for interactions with the adsorbates) by water.
Exposure to more than 4% water causes collapsing of the
IRMOF-1 framework [75].

It can be generally concluded that RDX and TATP
interact more strongly with the non-hydrated than with
the hydrated IRMOF-1(Be) surface. This difference is
larger for RDX systems and depends on the position
and orientation of the target molecule toward the MOF
fragment. The presence of big or small cage controls
the interactions of water with the MOF fragment and
the target molecule. Therefore, the results vary for all four
studied systems. This means that the difference in the Ecorr
values is about 10-20% if one compares TATP systems and
20-30% if the CL6-RDX and CL6W-RDX complexes are
considered. The interaction energy values are in line with the
nature of the adsorption. The binding energies of CL6(b)-
TATP and CL6(s)-RDX are in the order of one and two
additional H-bridges between the adsorbate and surface com-
pared with the hydrated ones.

Electrostatic potential analysis

MEPs of hydrated complexes are depicted in Figs. 5 and 6
and the minimum negative (Vmin) and maximum positive
EP values (Vmax) are given in Tables 3 and 6. The adsorp-
tion does not change the fact that the molecular negative EP
lows are located above the oxygen atoms and positive highs
above hydrogen atoms in all hydrated systems. Only Vmin
values and potential redistribution are modified due to differ-
ent participation of the molecular groups in H-bridges with the
CL6(Be)W fragments.

The MEPs of hydrated RDX and TATP complexes gave
slightly different picture for the molecular charge compared
to corresponding non-hydrated systems. The polarization
strength of the interactions is partially lost with the addition
of water (only exception is CL6(b)-RDX). The largest differ-
ence in Vmin between non-hydrated and hydrated complexes
is observed for oxygen atoms in CL6(b)W-RDX (about
15 kcal mol-1 decrease). Differences for the rest of the hydrated
systems with both adsorbates are less than 5 kcal mol-1. This
indicates smaller charge redistribution for the molecular
oxygen atoms in CL6(b)W-RDX than in CL6(b)-RDX.
This partially confirms the statements in Sect. “Energetics”
related to differences in the Ecorr values. In CL6W-TATP
larger modification of EP was found for carbon and hydrogen
atoms (10-12 kcal mol-1) than revealed for oxygen atoms.

The EP of the IRMOF-1(Be) surface changes insignificant-
ly due to addition of water for the RDX systems. This agrees
well with the statement of Novakovic et al. [76] regarding the
change in the EP value near the ligand for [Zn(CH5N3S)2]
(NO3)2] complex. Moreover, for IRMOF-1 was suggested
[74] that the existence of water does not affect directly the
coordinative sphere of thismaterial. The authors predicted that
the presence of H-bonding between water and the first shell
oxygen is the cause of small modifications of IRMOF-1. In
the TATP complexes addition of water largely decreases the
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Vmax values of the positive EP located above the fragment
hydrogen atoms (about 30 kcal mol-1). The negative EP
lows in CL6W-RDX appear at the oxygen atoms of the
CO2 group (Vmin equals to 53-62 kcal mol-1) while in
CL6W-TATP the negative Vmin values remain the larg-
est above the molecular oxygen atoms.

Closer analysis of the EP supports the facts discussed
above related to the nature of the RDX and TATP adsorption
(it leads to structural change of the adsorbates, and modifi-
cation of both the topology and value of the electrostatic
potential). The MEPs show preferable binding of positively
charged C-H groups of RDX (Vmin located above carbons
is 17-26 kcal mol-1 and Vmax above hydrogen atoms is 63-
71 kcal mol-1) with strong negative basins located above small
cage oxygen atoms than with such sites of the big cage. On the
other hand, due to the TATP character (negative EP
occurs above both molecular oxygen and carbon atoms)
its MEP is affected more significantly by the presence
of strong negative sites of CL6(b)W. This supports the
statements about changes in the adsorption strength for
RDX and TATP hydrated systems made in Sect. “Energetics”
(increase for CL6(b)W-RDX, decrease for the rest of the
complexes).

Conclusions

The adsorption of the RDX and TATP molecules with
IRMOF-1(Be) fragments has been studied because the rela-
tion between the high explosive molecules and their binding
strength with MOFs remains an open question. The B97-D/6-
31G(d) level of theory was applied. The results presented here
provide a comprehensive picture of RDX and TATP chemistry
with hydrated and non-hydrated IRMOF-1(Be).

The calculations indicate that RDX binds preferentially
with the small cage site, while TATP interacts slightly stronger
with the big cage site of IRMOF-1(Be). This can be attributed
to entropic effects, which can cause different efficiency of
these sites in molecular packing. Thus, it can be inferred that
due to such characteristics of IRMOF-1 (presence of two
different sorption sites) strong adsorption selectivity can be
induced. The binding occurs due to the formation of multiple
hydrogen bonds, which lock TATP and RDX in fixed inter-
acting geometries. The H-bridges are created mainly between
the C-H groups of TATP and the cage oxygen atoms. In the
case of RDX, the molecular C-H groups and nitrogen atoms
bind preferentially with the fragmental C-H groups and
oxygen atoms. The adsorbates are additionally stabilized
by weak electrostatic interactions between the NO2

groups of RDX, oxygen atoms of TATP and IRMOF-1 oxygen
atoms and beryllium.

The binding strength of the RDX- and TATP-IRMOF-1
(Be) complexes is largely determined by the properties of

the anchor groups of this material. Generally, the energetic
stability of RDX complexes is greater than for TATP
systems. CL6(s)-RDX, in which RDX forms the largest
number of H-bridges with the MOF fragment, is the
most stable (the interaction energy amounts to about
16 kcal mol-1). The preferred adsorption sites were
confirmed by calculations of the values of electrostatic poten-
tial and analysis of changes of electronic structure of the RDX-
and TATP-IRMOF-1(Be) complexes.

An important finding of this study is that the binding is
more favored with non-hydrated IRMOF-1(Be) fragments.
The addition of water destabilizes adsorbates due to steric
effects (shielding of the binding sites favored for interac-
tions with RDX and TATP). The only exception is RDX
interacting with the big cage model because of the formation
of two strong H-bridges with water. We determined the
nature of the hydrated adsorption. This is mediated by H-
bridges of the adsorbate partially with MOF and partially
with water. In all studied systems, water is favorably located
above the big cage. It is placed in two different orientations.
Both of them are close to the cage oxygen atoms, with
which it forms multiple H-bond type interactions. A larger
amount of water molecules interacting with IRMOF-1 in the
presence of RDX and TATP will be the subject of our future
study to find how different amounts affect the IRMOF-1
structure and interactions with the adsorbates.

This work provides qualitative and quantitative insight
into the nature of intermolecular interactions between RDX,
TATP and non-hydrated and hydrated IRMOF-1 fragments.
The conclusions should be transferable to other explosive-
MOFs systems. It also highlights the challenges confronting
the design of highly specific MOFs structures that can
be used as preconcentrators for explosive contaminants
to simplify their detection.
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