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A thorough investigation of 2,4,6-trinitrotoluene (TNT) adsorption on aMgO(001) surfacewas carried out using density functional
theory (DFT) combined with periodic boundary conditions. Four different initial orientations of the TNT molecule, adsorbed on
two different representations of the MgO(001) surface, were investigated. In the �rst surface representation, there were two �xed
layers of atoms and in the second the surface had three layers, with the uppermost fully relaxed in geometry optimizations. Electron
density difference maps for each case were computed and provided a detailed picture of the interactions. e results showed a
physical adsorption process for both surface representations. In the most favorable situation—TNT adsorbed on the surface with
three layers—the computed adsorption energy was −9.89 kcal/mol. e importance of allowing the uppermost layer of the surface
to fully relax upon molecular desorption was shown.

1. Introduction

Explosives and propellants—energetic materials—have a
large spectrum of military and civilian applications. Investi-
gations of these materials involve complex physical-chemical
processes and experimental work can be dangerous. For
these reasons, theoretical work on these substances can be
especially valuable.

We have been working on several aspects of ener-
getic materials employing a variety of theoretical chem-
istry/molecular modeling tools. We have focused on excited
states [1–4], decomposition processes [5], and sensitivity
properties [6, 7]. Concerning catalytic studies, we studied
a variety of processes on oxides [8] and layered hydroxides
[9, 10]. In this work, we examine a possible role ofmagnesium
oxides in the decomposition of a nitroaromatic explosive,
TNT (2,4,6-trinitrotoluene).

TNT (2,4,6-trinitrotoluene) is an explosive material
widely used formilitary and civilian purposes [11]. As a result
of widespread use, residual TNT in both soil and groundwa-
ter has been detected [12, 13]. In particular, the presence of
TNT and its degradation products in aquatic environment

was associated with adverse impacts on biological receptors
and communities [13, 14]. TNT was listed as a signi�cant
pollutant to public health and aquatic life.

TNT-contaminated water can be treated by various
methods, including activated carbon adsorption [15, 16],
supercritical water oxidation [17], Fenton reagent oxidation
[18], and photocatalytic oxidation [19, 20]. In spite of their
usefulness for TNT degradation, residual products from
these treatments are still potentially harmful.

Magnesium oxide (MgO), also named periclase, is an
important mineral with rock-salt structure readily cleaving
along the (001) direction, themost stable surface. Aer cleav-
age, the terminated surface exposes equal numbers of cations
and anions. ere is only a slight reconstruction on clean
MgO(001) surface, an rumpling of the topmost surface atoms
due to different magnitudes of mutual induced polarizations
of the Mg2+ and O2− ions [21]. In heterogeneous catalysis,
several reactions take advantage of acid-basic properties of
the MgO surface [8, 22].

DFT cluster models and periodic boundary condition
calculations indicated that alkaline oxides such as CaO and
BaO chemisorb NO𝑥𝑥 species [23–25]. Moreover, adsorption
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of NO2/NO2, NO/NO2, or NO/NO molecular pairs was
studied, and it was found that a cooperative effect contributes
to increase adsorption energy of the pair [26–28]. Although
NO and NO2 are both radicals, thereby being highly reactive,
considering the large availability of magnesium oxides for
catalytic applications, we could ask if the TNT molecule,
having three nitro groups, could favorably adsorb on a MgO
(001) surface through a cooperative effect thus leading to
possible deactivation. Answer to this question was the main
motivation of the presentwork.We also investigated the effect
of different surface models in the adsorption.

2. Theoretical Methods

We used the density functional theory (DFT) [29, 30]
combined with periodic boundary conditions and the
PW91 generalized gradient approximation (GGA) exchange-
correlation functional of Perdew and Wang [31]. e open-
source PWSCF package (Quantum-ESPRESSO is a com-
munity project for high-quality quantum-simulation so-
ware, based on density-functional theory and coordinated
by Paolo Giannozzi. See http://www.quantum-espresso.org
and http://www.pwscf.org.), employed for all calculations,
uses pseudopotentials to describe core electrons, periodic
boundary conditions, and plane-wave basis sets.

e convergence criterion for the electronic self-
consistent cycle was �xed to 10−7 eV per cell. e Kohn-
Sham orbitals were expanded in a plane wave basis set with
a maximum kinetic energy (ecut) of 40 Ry (544 eV). e
Fermi energy was calculated using the Gaussian broadening
technique with a smearing parameter of 0.005 Ry. We used
the Vanderbilt [32] ultraso pseudopotentials for the C, H,
O, N, and Mg atoms. For Mg atoms we used a pseudocore
scheme including the 2p electrons in the valence shell. e
electron density was computed at the Γ point in the �rst
Brillouin zone of the super cell [33].

e MgO primitive cell has two atoms and the following
original parameters: 𝑎𝑎 𝑎 𝑎𝑎 𝑎 𝑎𝑎 𝑎 𝑎𝑎2𝑎2Å, 𝛼𝛼 𝑎 𝛼𝛼 𝑎
𝛾𝛾 𝑎 𝛾𝛾∘. e starting geometry for optimization of the clean
MgO surface was the experimental bulk geometry [34] with
Mg–O distances equal 2.106Å. Aer geometry optimization,
the Mg–O distance converged to 2.104Å, and this value
was used for the reported calculations. e construction of
the supercells employed in the calculations was based on
this optimized structure. We used periodic slab geometries
consisting of three MgO layers with a 5 × 5 super-cell (a total
of 50 atoms per layer with 25 Mg and 25 O atoms); a vacuum
layer of 15Å was added in the “𝑧𝑧” direction—this value
was found to eliminate spurious interactions between surface
replicas generated by the periodic boundary conditions. e
supercell angles had the same values of the MgO experi-
mental geometry. For all calculated structures, the super-cell
angles and lattice parameters were kept �xed for the two-layer
surface, andwhen a third layer in the uppermost position was
added, it was allowed to fully relax along with the adsorbed
molecule. For all structures, the equilibrium positions of the
nuclei were found by minimizing the total energy.

For all initial TNT geometries, the molecule was placed
in a certain orientation above the top face of the super-cell.
Four initial adsorption positions were considered to converge
the system to local minima, and for all of them, the TNT
molecule starting orientation was laid always parallel to the
MgO surface. e TNT starting positions were
Position 1.e oxygen atoms of two nitro groups were placed
directly above surface magnesium atoms;
Position 2. e molecule was rotated 30∘ with respect to the
previous position;
Position 3. e molecule was rotated 60∘ with respect to
Position 1 of the molecule;
Position 4. At this position, the molecule was positioned
in such way that oxygen atoms of one nitro group of the
molecule faced the magnesium atoms of the MgO surface.

In order to analyze the contribution of the additional
relaxed layer, we carried out two types of calculations. In the
�rst, we optimized the geometry of the adsorbed TNT on a
surface containing only two atomic layers, both �xed in bulk
positions and not optimized. In the other calculations, we
added a third atomic layer which was allowed to fully relax in
the optimization process while the other twowere kept frozen
at their bulk positions.

We relaxed exclusively the uppermost layer in the three
layer surfacemodel because only the geometric parameters of
thismonolayer are affected inmolecular adsorption processes
and suffer reconstruction. According to low-energy electron
diffraction surface experiments, the best model for this
surface corresponds to an inward relaxation of no more than
2.5% of the lattice constant in the super�cial monolayer and a
rumpling of less than about 2% of the O2

− ions compared to
the Mg2

+ ions [35]. erefore, our three-layer model is quite
realistic, as we have shown before [8].

e adsorption energy (𝐸𝐸ads), considering only electronic
contributions, was computed according to the total energy
difference:

𝐸𝐸ads 𝑎 𝐸𝐸𝑇𝑇(TNT/MgO) − 𝐸𝐸MgO + 𝐸𝐸TNT 𝑎 (1)

e electron density difference plots were calculated
according to the expression:

𝜌𝜌diff (r) 𝑎 𝜌𝜌TNT/surf (r) − 𝜌𝜌surf (r) − 𝜌𝜌TNT (r) 𝑎 (2)

Pictures constructed according to the previous equa-
tion depict regions of electronic charge accumulation and
depletion, thereby providing a visualization of interactions
between the atoms of the system. e electronic density
difference 𝜌𝜌diff(r) was calculated for a regularly spaced set
of points in the three-dimensional unitary cell. All points
where 𝜌𝜌diff(r) ≥ 𝛾𝑎𝛾𝛾3 eV/Å

3 were drawn as red, and
points where 𝜌𝜌diff(r) ≤ −𝛾𝑎𝛾𝛾3 eV/Å

3 were drawn as blue.
Similar electronic density difference pictures can be produced
from cluster calculations [5], that is, without using periodic
boundary conditions.

It is important to note that calculations were extremely
demanding computationally due to the size of the TNT
molecule and the super-cell. We are unaware of similar
adsorption calculations of a molecule as large as TNT.
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3. Results and Discussion

3.1. Geometries and Adsorption Energies. e optimized
geometry of the isolated TNTmolecule, starting structure for
adsorption calculations, is shown in Figure 1. e C–C ring
distances have small differences, the largest one being 0.041Å
between the largest (C2–C3) and the smallest (C5–C6). e
largest C–C bond distances involve the C2 carbon bonded
to the methyl group—we have shown before that this atom
has the largest site dipole value in TNT [7]. e C–N bonds
next to CH3 are larger by 0.032Å compared to the other C–N
bond. Finally, the N–O bonds differ by only 0.003Å, with an
average bond length of 1.236Å.

Adsorption calculations starting from an upward TNT
position for both types of surfaces did not lead to molecular
distortion. is starting orientation was by far the most
energetically unfavorable situation; thus it will not be further
discussed.

Now we discuss TNT adsorption on the MgO surface
with two �xed layers. In Position 1 (Figures 2(a) and
2(b)) the undistorted molecule converged to a distance of
3.4 Å from the surface compared to the starting distance
(2.3 Å)—this convergence to farther distances happened in
all cases (reported distances refer to the atom closest to the
surface, which may differ depending on the situation). An
NO2 group was the closest to the surface, thus having the
largest interaction. e adsorption distance from Position
2 (Figures 2(c) and 2(d)) is 3.1 Å, but TNT in this case
suffered an appreciable distortion.e electron-withdrawing
nitro groups deformed distinctly depending on the surface
site.Most of themolecule-surface interaction occurs between
TNT electronegative oxygen atoms and Mg2+ acid surface
sites; TNT oxygen atoms at the same time are repelled by
the O2

− basic sites. e ring and the CH3 group were also
distorted by the surface interaction.

From Position 3, the molecule adsorbed at a separation
distance of 3.3 Å (Figures 2(e) and 2(f)) while from Position
4 adsorbed at 3.2 Å. In both cases, similar to Position 1
adsorption, the molecule almost did not suffer distortion.
From calculated electronic adsorption energies, TNT adsorp-
tion on the 2-layer surface had the following order of
decreased stability: 4 (−5.48 kcal/mol), 1 (−5.38 kcal/mol), 3
(−4.26 kcal/mol) and 2 (−3.07 kcal/mol).

TNT adsorption on the three-layer model surface, with
the uppermost fully relaxed in geometry optimizations,
had some differences compared to the two-layer case. e
convergedmolecule-surface distances for TNTadsorption on
the three-layer surface are akin to the two layer case, with �nal
molecule-surface distances around 3.3Å.

Adsorption from Position 1 (Figures 3(a) and 3(b)) is
rather similar in comparison to the two-layer surface, but
with important differences: the molecule adsorbed with the
ring more planar and the CH3 group less distorted, both
resembling more the initial geometry. On the other hand,
the NO2 groups showed larger distortion, thus indicating
their greater interaction with the �rst layer of the surface,
now allowed to fully relax. For Position 2 adsorption (Figures
3(c) and 3(d)), similar to Position 1, the ring planarity was
also maintained, but with the molecular orientation more
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F 1: DFT-optimized TNT molecular geometry.

parallel to the surface. In comparison to the two-layer case,
the nitro groups were less torsioned though the methyl group
distorted considerably, the latter effect probably due to amore
favorably position of the methyl hydrogen atoms in relation
to the O2− surface atoms.

For Position 3 adsorption on the three-layer surface
(Figures 3(e) and 3(f)), the molecule preserved its quite
symmetrical geometry: the ring remained planar and the
nitro groups next to the methyl group were practically
symmetrical, both torsioned in the same direction. e
methyl group bent in a way to have one of its hydrogen
atoms pointing to an O2− surface site and the other H atom
converged to a position above the ring. Compared to the
two-layer case, the methyl group suffered a considerable
distortion. Finally, for Position 4 adsorption (Figures 3(g)
and 3(h)) both the nitro and methyl groups deformed, the
same happening with the carbon ring; three oxygen atoms
of distinct nitro groups converged to a position maximizing
their interaction with Mg2+ surface sites.

In general, it could be noticed that the largest effect for
TNT adsorbed on MgO(001) was the interaction of nitro
groups with the surface. e NO2 group mostly interacting
with the surface had the largest C–N distances, a further
indication of weakening of these bonds.

e computed electronic adsorption energies for the
three layer surface were in order of decreased stability: 1
(−9.80 kcal/mol), 4 (−9.72 kcal/mol), 3 (−9.09 kcal/mol), and
2 (−7.82 kcal/mol). e �rst three �gures are rather similar,
virtually identical for starting Positions 1 and 4, all of them
characteristic of physisorption. For two-layer surface adsorp-
tion, Position 4 wasmore stable with Position 1 following just
the reversed order of the three-layer surface case. Moreover,
the adsorption energies for the two-layer surface are about
half the values of the three-layer case, thereby displaying the
importance of including a third uppermost relaxed layer.

3.2. Electronic Density Differences for TNT Adsorption on the
ree-Layer Surface. e analysis of the electronic density
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

F 2: Converged geometries of the TNTmolecule adsorbed on the�gO(��1) surface with two ��ed layers. (a) side view and (b) up view
of Position 1; (c) Side view and (d) up view of Position 2; (e) side view and (f) up view of Position 3; (g) side view and (h) up view of Position
4.

difference provides a detailed picture of interactions in the
adsorption process.

For Position 1 adsorption (Figure 4(a)), the most favor-
able energetically for adsorption on the three-layer surface,
there is a molecular polarization induced by the surface,
present in all TNTatoms butwith electron accumulation con-
centrated on the neighborhood of the electron-withdrawing
nitro groups and electron depletion below the ring. On
the other hand, the TNT molecule considerably polarized
the surface, especially the �rst layer close to the molecule,

thus depleting the surface of electrons. e surface was also
similarly polarized for the other three adsorption positions.

In Position 2 (Figure 4(b)), the molecule is rather parallel
to the surface and all TNT atoms are polarized. In contrast
to Position 1, there is in Position 2 adsorption a remarkable
electron accumulation at the top of the atoms, farther from
the surface. Below the ring there is considerable electron
depletion and, in contrast with Position 1, electron accumu-
lation below the ring, closer to the surface. e strongest
interactions, indicated by charge accumulation, are localized
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

F 3: Converged geometries of the TNT molecule above the MgO(001) surface: three layer surface, uppermost layer fully relaxed. (a)
side view and (b) up view of position 1; (c) side view and (d) up view of position; (e) side view and (f) up view of position 3 and; (g) side view
and (h) up view of position 4.

on the nitro groups next to the methyl group, with the
remaining nitro group, distinctive of Position 1 adsorption,
having a region of electrondepletion around it.ese patterns
of electronic density explain the fact that adsorption from
Position 2 is the less favorable energetically.

In Position 3 (Figure 4(c)), one of the nitro groups, due
to greater proximity of the surface, interacts more strongly

withMg2+ ionic sites.ere is electron depletion on the nitro
groupopposed to themethyl group and aswell below the ring.

Adsorption from Position 4 was energetically the most
favorable for the two-layer surface; this situation changed
for the three-layer surface, being now the second most
stable, energetically close (or rather indistinguishable) to
the most stable (Position 1). All TNT atoms for Position 4
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(a) (b)

(c) (d)

F 4: Electronic charge density of the systems adsorbed on the MgO surface with three layers, the uppermost fully relaxed. (a) Side
view of Position 1; (b) side view of Position 2; (c) side view of Position 3; (d) side view of Position 4. Blue color indicates regions of charge
accumulation while red ones indicate charge depletion.

adsorption were polarized, especially the nitro groups next to
the methyl group and the methyl group itself, there was also
electron depletion below the ring, and the surface was also
polarized. is situation, as expected, was not very different
for adsorption from Position 1.

4. Conclusion

In this work we studied adsorption of a TNT molecule on
a MgO(001) surface using DFT methods combined with
periodic boundary conditions. Electronic adsorption ener-
gies and electron density difference maps were computed. A
large 5 × 5 super-cell was necessary to represent accurately
the surface. We investigated desorption from four different
initial positions of the TNT molecule and two different
representations of the surface, one with two �xed layers of
atoms and the other one with three layers, the uppermost
being fully relaxed, thereby allowing a thorough investigation
of TNT adsorption processes on MgO(001).

In other (unpublished) work, calculations of TNT
adsorption on a fully optimized Mg36O36 model cluster
resulted in adsorption energies about six times larger than
present values, thus con�rming the importance of an accurate
representation of the surface for adsorption studies. We par-
ticularly stress here the crucial role played by the Madelung
(i.e., long range) potential in the description of the surface,
adequately included in the present work.

Overall, the adsorbedmolecules converged to amolecule-
surface distance of about 3.3 Å. We showed that the presence
of an uppermost fully relaxed layer in the three-layer surface
representation led to important differences when compared
to adsorption on the surface with two �xed layers.

e computed electronic adsorption energies, converged
molecule-surface adsorption distances, and electron density
difference maps characterized a typical physisorption pro-
cess, which is dominated by dispersion interactions.e elec-
tron density difference maps showed differences and similar-
ities depending on the converged adsorption geometries. For
instance, the most stable three-layer adsorptions (Position 1
and Position 4), very close in energy, showed similar features
in their electron density difference plots: all atoms, especially
the nitro groups, were considerably polarized and there was
electron depletion below the molecular ring.

We have shown in this work that TNT desorption on
MgO(001) is governed by physical interactions. Despite
previous evidence of cooperative effects favoring NO2 and
chemisorption of similar small molecules on a MgO(001)
surface, contrary to our initial expectations, a similar behav-
ior was not found for TNT (with has three nitro groups)
adsorption on the same surface. erefore, although the
MgO(001) catalyst did not present a cooperative effect,
further theoretical investigations should be done in order
to con�rm the role of the MgO(001) surface in TNT deac-
tivation. In spite of that, we have showed that the wealth
of information DFT calculations, combined with periodic
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boundary conditions, can provide for desorption studies of
such large molecules as TNT.
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