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� Quantum mechanical MP2/aug-cc-pVDZ simulations of 2-HADNT for geometry optimizations and conformational energy profile.
� Single point MP2/aug-cc-pVDZ calculations of chemical properties.
� Energy minimum structures are found to be very close to the crystal structure.
� The 4-nitro group exhibits co-planarity with the phenyl ring in both crystal and energy minimization structures.
� This work demonstrates considerable discrepancies of some results between MP2 and B3LYP methods.
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In this study, a combined quantum mechanical and experimental analyses were performed to investigate
crystal structure of the immediate degradation product of TNT, 2-hydroxylamino-4,6-dinitrotoluene (2-
HADNT) and to reveal its important chemical properties. Leakage of 2-HADNT has caused serious
environmental pollution and therefore raises widespread concerns. In the quantum mechanical analysis,
the B3LYP/6-311+G**, B3LYP/aug-c-pVDZ, M06HF/aug-cc-pVDZ, and MP2/aug-cc-pVDZ methods were
employed for geometrical optimization and single point calculations of chemical properties of the
compound. Such properties include highest unoccupied molecular orbitals (HOMO) – lowest occupied
molecular orbitals (LUMO) separation, dipole moment, atomization energy, and vibrational frequencies.
Experimental analysis and validation showed that the energy minimized structures acquired from the
quantum mechanical analysis were very similar to those obtained by X-ray crystallography. The 6-NO2

groups twist out of plane with respect to the benzene ring in both the crystallographic and energy min-
imized structures. The 4-NO2 group exhibits co-planarity with the phenyl ring in both the crystallo-
graphic and energy minimized structures as well. Unlike TNT, however, the energy barrier to
orthogonal conformation is only 3.8 kcal/mol. In addition, considerable discrepancies between results
obtained from the MP2 and B3LYP methods were observed, which suggest that it has to be very careful
when applying B3LYP method to study such class of compounds. Through this study, a more accurate
description of the chemical properties of dispersion-dominated aromatic systems was acquired. The
chemical properties found from this study can help researchers to better understand the compound of
2-HADNT and to develop effective management plans for such compound so as to minimize its impact
on the environment.

� 2014 Elsevier B.V. All rights reserved.
Introduction

The explosive 2,4,6-trinitrotoluene (TNT) has been widely used
for military and commercial purposes for centuries [1–3].
However, the extensive application of TNT resulted in significant
environmental contaminations through carcinogenic TNT and its
metabolites, and environmental remediation is therefore highly
wanted [4,5]. It is well known that TNT mineralizes slowly, mostly
follows reductive pathways and gives rise to toxic intermediates
including 2-hydroxylamino-4,6-dinitrotoluene [6–11]. In order to
effectively implement environmental remediation, analytical and
toxicological evaluations of contaminated sites are required and
therefore a thorough knowledge of the properties of the reduction
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products such as hydroxylamino-, amino-, azo-, and azoxytoluenes
is highly wanted. It was found that initial products of TNT
reductive degradation are 2-hydroxylamino-4,6-dinitrotoluene
(2-HADNT) and its isomer 4-hydroxylamino-2, 6-dinitrotoluene
(4-HADNT), as shown in Fig. 1 [11–13]. Homma-Takeda et al. found
that 4-HADNT damages DNA, prompts the generation of 8-oxodG,
and causes cleavage of DNA at sites with consecutive guanines
[14]. It was also agreed that an understanding of the chemical
properties of these initial TNT reduction products may provide
insight into their reductive pathways and environmental fates
[15]. Unfortunately, as pointed out by Junk, Catallo, and Maeda,
limited access to various TNT degradation products remains a sig-
nificant barrier in collecting experimental data from those materi-
als and performing experimental analysis [11,13]. Quantum
mechanical simulation can be an advanced and alternative method
to evaluate their thermo-chemical properties. However, such
method has to be validated by comparing the quantum mechanical
simulation results with the experimental data.

In this paper, two Density Functional Theory (DFT) methods and
high level second order Møller–Plesset perturbation theory (MP2)
method were applied to calculate the chemical properties of 2-
HADNT and the simulation results were compared with the exper-
imental data obtained from X-ray crystallography. Important
chemical properties include the LUMO–HOMO separation [10,16],
dipole moment, and atomization energy. Especially, in this study,
the structural parameters of 2-HADNT were compared with the
published structural parameters for TNT [17–20] and their differ-
ences were highlighted.

Regarding the employed research tools, the DFT methods have
been widely used in theoretical simulations of TNT and its deriva-
tives [10,16,21–31], whereas the application of MP2 methods are
relatively limited due to its high computational cost [24,29,31].
However, the most popular DFT method B3LYP [32–35] was found
being inaccurate in simulating dispersion-dominated non-covalent
interactions [36]. In fact, mPWB1K/TZVP was found to be the most
accurate DFT for computing the reduction potential of nitrobenz-
enes [37]. On the other hand, the vibrational frequencies calculated
using B3LYP/6-311+G** were found to best agree with those deter-
mined by infrared spectrum (IR) [30]. Based on these reasons, this
study targeted the quantum mechanical simulation of 2-HADNT
using the B3LYP and MP2/aug-cc-pVDZ methods. The simulation
results were then compared with the data obtained from X-ray
crystallography as well as the published results for TNT. A more
Fig. 1. Reductive degrada
accurate description of the chemical properties of dispersion-dom-
inated aromatic systems was acquired through this study.

Research approach

Computational method

In the mechanical simulation, computer models were generated
for molecular structure, which was the optimized structure at MP2
level based on the compound’s crystal structure (the molecular
structure can be seen from Fig. 1). Initial coordinates derived from
the crystal structure of 2-HADNT were optimized with MP2/aug-
cc-pVDZ using Gaussian-09 [38]. Based on the computer models,
important chemical properties such as LUMO–HOMO gap, dipole
moment and atomic energy were then calculated using the
B3LYP, M06HF, and MP2 methods. The calculated conformational
energy profile of 2-HADNT was then compared with a published
conformational energy profile of TNT (entry ZZZMUC01), obtained
from the Cambridge Crystallographic Data Centre [17]. The aug-cc-
pVDZ basis sets were used throughout all single point calculations,
and the results were compared with those obtained using the basis
set 6-311+G**. In order to compare with the experimental data, sol-
vation effects need to be considered [39,40]. In this work, solvation
effects were considered for single point calculations only and sol-
vation corrections were implemented using the polarizable contin-
uum model (SMD) [41] with a dielectric constant of 4.7 for an
aqueous solution [42]. Minimized structures were confirmed by
an absence of negative frequencies in vibrational frequency calcu-
lations. All the computational simulations and calculations were
performed on a quad-core cluster canpe01 and dual-core canfire04
at the Center for Advanced Computer Studies (CACS) at the Univer-
sity of Louisiana at Lafayette with support of high performance
computational resources provided by the Louisiana Optical Net-
work Initiative (LONI).

Experimental method

In experimental analysis 2-HADNT was synthesized following a
procedure presented by Junk and Catallo [11]. In that procedure, a
Fourier transformation infrared (FTIR) sample of 2-HADNT was
first mixed with KBr and was compressed to a thin layer for IR
analysis. In our study, FTIR spectra were determined using a JAS-
CO FI/IR-480 spectrometer with an attached continuum micro-
tion pathway of TNT.
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scope. Raman spectra were measured at incident wavelength of
514 nm using SPEX 1403 0.85 m Double monochromator Spec-
trometer. The obtained experimental results were then compared
with the simulation results to validate the employed research
approaches.
Fig. 2. Schematic structure of 2-HADNT displaying numbering scheme.
Results and preliminary discussion

In post-processing, the optimized torsion angles for 2-HADNT
calculated from the mechanical simulation were compared with
the angles measured from experiments (crystallography), as well
as with the published angle values for TNT. The comparison results
are listed in Table 1 and the numbering scheme of 2-HADNT is
shown in Fig. 2.

From above table, it can be found that the O2–N2–C3–C2 dihe-
dral angle associated with 6-NO2 is most affected by different
chemical models used (MP2 vs. B3LYP). This may be because of dif-
ferences in the treatment of steric methyl-nitro interactions
(Fig. 3d). The respective optimized torsion angles are 46.5� for
MP2/aug-cc-pVDZ and 38.5� for B3LYP/aug-cc-pVDZ.

Comparing to the 2-nitro group in TNT, the –NHOH moiety in 2-
HADNT results in reduced steric interaction with the methyl moi-
ety and strengthened resonance conjugation with the aromatic
ring due to its electron donating effect. As depicted in Fig. 3a, the
most stable conformation differs from the least stable by about
7 kcal/mol. The O5–N1–C1–C6 dihedral angles were found to be
10.0�, 12.6�, 14.7�, and 15.7� respectively for the crystal, B3LYP/6-
311+G**, B3LYP/aug-cc-pVDZ, and MP2/aug-cc-pVDZ structures.
The 4-nitro group adopts co-planarity with phenyl ring due to con-
jugation. Specifically, the difference between the most stable co-
planar conformation and the least stable one was found about
5.6 kcal/mol (Fig. 3b). Torsional O4–N3–C5–C6 angles indicating
near-coplanarity of the 4-nitro group in 2-HADNT were 2.8� as
measured from the crystal, and were calculated as 3.1� (B3LYP/6-
311+G**), 2.1� (B3LYP/aug-cc-pVDZ), and 2.7� (MP2/aug-cc-pVDZ)
according to different chemical models.

Relationship between the O2–N2–C3–C2 dihedral angle of 6-
NO2 and conformation dependent energy is displayed in Fig. 3c.
2-HADNT accommodates steric repulsion between methyl and
nitro while retaining limited conjugation of nitro with the aromatic
Table 1
Selected torsion angles for the 4-NO2, 6-NO2, and methyl groups of the crystal and calculat
comparison.

Dihedral Crystal B3LYP/6-31

2-HADNT (�)
2-NHOH (O5–N1–C1–C2) 10.0 12.6
4-NO2 (O4–N3–C5–C6) 2.8 3.1
6-NO2 (O2–N2–C3–C2) 54.3 38.5
1-CH3 (C1–C2–C7–H7c) 17.5 18.5

Dihedral Crystal [17] B3LYP/6-31

TNT (�)
2-NO2 43.0 40.1
4-NO2 32.0 0.0
6-NO2 60.0 40.1
1-CH3 39.6 27.4

Dihedral Crystal [30]

Monoclinic Orthorhombic

Conformation A B A B

TNT (�)
2-NO2 47.2 59.5 42.1
4-NO2 22.0 �32.2 35.3 �
6-NO2 �51.2 �40.9 �57.5 �
1-CH3 97.6 86.4 117.7
ring. This balance between the steric clash/repulsion of oxygen of 6-
nitro with methyl group and p-p conjugation cross 6-nitro-phenyl
ring is reflected through a relatively flat energy profile with ampli-
tude of 2.0 kcal/mol as shown in that figure. The O2–N2–C3–C2 tor-
sion angle of 54.3� measured from the crystalline 2-HADNT is very
close to those angles of the 6-nitro groups of conformation A for
monoclinic and orthorhombic TNT, which are 60�, �51.2�, and
�57.5�, respectively [17–20,30]. The O2–N2–C3–C2 torsion angle
was also calculated as 38.5� from B3LYP/6-311+G**, 37.8� from
B3LYP/aug-cc-pVDZ, and 41.1� from B3LYP/1-311+G** for TNT
[30]. Those values are close to each other, suggesting that neither
crystal packing nor the replacement of 2-NO2 by 2-NHOH signifi-
cantly affects molecular geometry.

To evaluate the electron donating effect of 2-NHOH, potential
energy surface scans were explored for the rotation of 4-NO2 for
both 2-HADNT and TNT using B3LYP (Fig. 4). The resulting poten-
tial energy landscape shows that the replacement of 2-NO2 with 2-
NHOH only led to minor changes on the potential energy. For both
2-HADNT and TNT, the co-planar conjugated configurations refer
to minimum potential energy, and perpendicular un-conjugated
conformations possess the highest energy among all possible con-
formations. The difference between the relative perpendicular con-
formational energy of 2-HADNT and that of TNT is about 0.2 kcal/
mol, which confirms that the switch from a 2-NO2 moiety of TNT
to a 2-NHOH moiety of 2-HADNT has little influence on the confor-
mational energy.
ed structures of 2-HADNT. Crystallographic parameters for TNT [17] are tabulated for

1+G** B3LYP/aug-cc-pVDZ MP2/aug-cc-pVDZ

14.7 15.7
2.1 2.7

37.8 46.5
18.1 19.2

1+G⁄⁄ B3LYP/aug-cc-pVDZ MP2/aug-cc-pVDZ

41.0 50.3
0.0 0.2

40.1 50.3
27.0 28.3

B3LYP/6-31G* [30] B3LYP/6-311+G** [30]

A B A B

53.1 33.4 31.8 41.1 41.0
23.7 0.1 1.1 0.2 0.8
46.4 �33.5 45.4 �41.1 52.2
76.7 91.8 �14.2 91.8 �16.1



Fig. 3. Potential energy surface scans of 2-HADNT along the coordinates corresponding to rotations of 2-NHOH, 4-NO2, and, 6-NO2 with respect to the planar phenyl ring.

Fig. 4. Potential energy profile for the 4-nitro group, using B3LYP/aug-cc-pVDZ. Fig. 5. Rotation energy profiles for 4-NO2 in 2-HADNT obtained from M06HF/
Aug-cc-pVDZ, B3LYP/aug-cc-pVDZ, and MP2/aug-cc-pVDZ methods.
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The 4-nitro group does not experience intra-molecular interac-
tions with neighboring moieties. Therefore it can be used to probe
the effect of p-conjugation between 4-NO2 and the phenyl ring, as
can be seen from the different chemistry models. The energy differ-
ence between the coplanar and orthogonal conformations is
known as the p-p conjugation stabilization energy (Fig. 5). From
the conformational energy profiles, stabilization energy of
3.8 kcal/mol, 6.4 kcal/mol, and 6.5 kcal/mol were obtained using
MP2, M06HF and B3LYP methods, respectively. Those results
implied that only small amounts of energy expenses are incurred
as the 4-NO2 group deviates from the co-planarity. The conforma-
tional energy profiles were obtained by calculating the conforma-
tional energy with respect to different angles (from 0� to 360�
with an increment of 5�) between the NO2 plane and the phenyl
ring plane. It should be noted, however, that significant discrepan-
cies do exist between MP2 and DFT method. As it is well known
that the MP2 method is a more accurate method than the DFT
method, such discrepancies suggest that the DFT results should
be further verified using ab initio calculations.
Chemical properties and method dependence

Table 2 lists the LUMO–HOMO energy separations, atomization
energy, and dipole moments calculated based on the optimized
structures of TNT, 2-HADNT, 4-HADNT, 2-amino-4,6-dinitrotolu-
ene (2-ADNT), and 4-ADNT. Frontier orbital is displayed in Fig. 6.
Additionally, LUMO–HOMO gaps and dipole moments were also
calculated using B3LYP/6-311+G** and B3LYP/aug-cc-pVDZ for 2-
HADNT for the purpose of method dependence evaluation (Table 3).
Previously, the HOMO-LUMO gap of polycyclic aromatic hydrocar-
bons had served as a reasonable parameter for evaluating their
kinetic stabilities [43–46]. Large HOMO–LUMO energy separations
refer to high kinetic stability since they pose high energy barriers
to add additional electrons to a relatively high-lying LUMO and
to seize existing electrons from a relatively low-lying HOMO in
transition states and intermediates. 2-HADNT has a LUMO–HOMO
gap of 0.3710 eV, which is higher than that of 2-ADNT (0.3577 eV)
but lower than that of TNT (0.4131 eV). Thus, kinetic stability of
2-HADNT should be lower than that of TNT but higher than that



Table 2
Chemical properties of TNT and its four degradation products calculated using MP2 methods (MO means molecular orbital).

Structure LUMO (eV) (MO) HOMO (eV) (MO) LUMO–HOMO gap (eV) Atomization energy (kcal/mol) Dipole (Debye)

TNT �0.0091(59) �0.4222(58) 0.4131 �552471.2 1.27
2-HADNT 0.0136(56) �0.3574(55) 0.3710 �506282.3 5.72
4-HADNT 0.0199(56) �0.3529(55) 0.3728 �506280.0 4.07
2-ADNT 0.0140(52) �0.3437(51) 0.3577 �459340.7 6.02
4-ADNT 0.0189(52) �0.3396(51) 0.3585 �459338.4 4.59

Fig. 6. Frontier orbital for TNT, 2-HADNT, 4-HADNT, 2-ADNT, and 4-ADNT, calculated using MP2/aug-cc-pVDZ.

Table 3
Chemical properties of 2-HADNT calculated using B3LYP and MP2 methods.

Method LUMO (eV) (MO) HOMO (eV) (MO) LUMO–HOMO gap (eV) Dipole (Debye)

B3LYP/6-311+G** �0.1152(56) �0.2704(55) 0.1552 6.56
B3LYP/aug-cc-pVDZ �0.1119(56) �0.2673(55) 0.1554 6.40
MP2/aug-cc-pVDZ 0.0136(56) �0.3574(55) 0.3710 5.71

Table 4
Effect of inclusion of salvation model on the calculations of IR vibrational frequencies for 2-HADNT (cm-1).

IR (solid) B3LYP/6-311+G** B3LYP/6-311+G** (DMSO) B3LYP/aug-cc-pVDZ B3LYP/aug-cc-pVDZ (DMSO) Assignment

844 837 830 837 2,4,6-C–N Scissors
1349 1353 1357 1364 1366 Symmetric stretching 4,6-NO2

1536 1518 1515 1509 1505 Asymmetric stretching 4-NO2

1638 1637 1633 1643 1639 Asymmetric stretching 6-NO2
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of 2-ADNT. Table 3 also shows that the LUMO–HOMO gaps of
2-HADNT and its isomer 4-HADNT are very close, which indicates
the 2-HADNT and 4-HADNT have similar kinetic stability. In
another word, mixture of the two isomers will not change their
kinetic stability. From the results listed in Table 2, it was also found
that the atomization energy of 2-HADNT and 2-ADNT are 2.3 kcal/
mol lower than that of 4-HADNT and 4-ADNT, respectively, due to
steric hindrance between 2-NO2 and the methyl group. However
the difference in the atomization energy can be reduced by
replacing the 2-NO2 group with �NHOH or NH2. Dipole moment



Table 5
IR vibrational frequencies for 2-HADNT calculated from different method (cm�1).

Raman (solid) IR (solid) B3LYP/6-311+G** B3LYP/aug-cc-pVDZ Mp2/aug-cc-pVDZ (DMSO) Assignment

840 850 844 830 851 2,4,6-C–N Scissors
1350 1349 1353 1364 1380 Symmetric stretching 4,6-NO2

1536 1518 1509 1548 Asymmetric stretching 4-NO2

1600 1638 1637 1643 1653 Asymmetric stretching 6-NO2

Table 6
Comparison between experimental and calculated results for 2-HADNT and TNT (cm�1).

TNT 2-HADNT

Raman (solid) IR (solid) B3LYP/6-311+G** Raman (solid) IR (solid) B3LYP/6-311+G** Assignment

822 824 844 840 850 844 2,4,6-C–N Scissors
1359 1350 1370 1350 1349 1353 Symmetric stretching 4,6-NO2

1534 1533 1590 1536 1518 Asymmetric stretching 4-NO2

1602 1602 1646 1600 1638 1637 Asymmetric stretching 6-NO2

Fig. 7. Comparison of the experimental IR spectrum of 2-HADNT with calculated vibrational frequencies using B3LYP/6-311+G**, B3LYP/aug-cc-pVDZ, and MP2/aug-cc-pVDZ.
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of 2-HADNT (5.72 Debye) and 2-ADNT (6.02 Debye) are much
higher than that of TNT (1.27 Debye), and are also higher than their
isomers 4-HADNT (4.07 Debye) and 4-ADNT (4.59 Debye).

The variability of LUMO–HOMO separations and dipole
moments obtained from different chemistry models are listed in
Table 3. The dipole moments 6.56 and 6.40 Debye calculated for
2-HADNT using B3LYP/6-311+G** and B3LYP/aug-cc-pVDZ, respec-
tively, are only slightly higher than the 5.71 Debye obtained with
MP2/aug-cc-pVDZ. In contrast, LUMO–HOMO separations of about
0.155 eV calculated from B3LYP evidently deviates from 0.3710 eV,
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which was obtained using MP2/au-cc-pVDZ. This apparent differ-
ence shows that appropriate chemistry model has to be carefully
chosen for simulating frontier orbital of the TNT derivatives.
Vibrational frequency analysis

Vibrational frequencies were calculated for 2-HADNT based on
the optimized structures obtained using B3LYP/6-311+G**, B3LYP/
aug-cc-pVDZ, and MP2/aug-cc-pVDZ, and coupled with the SMD
solvation model. Table 4 displays an example of calculated sym-
metric and asymmetric nitro vibrational frequencies using B3LYP
coupled with SMD salvation model. All major symmetric and
asymmetric C–N stretching absorptions calculated using B3LYP/
6-311+G**, B3LYP/aug-cc-pVDZ, and MP2/aug-cc-pVDZ are listed
in Table 5. TNT FTIR data [20] are included in Table 6 for compar-
ison. IR and Raman absorption frequencies and intensities are
related to the unique conformations and electronic states of the
molecules. The roles of IR and Raman spectra in characterizations
of compounds are almost complementary for centrosymmetrical
molecules. For centrosymmetrical molecules, the IR and Raman
absorptions can be both weak, both strong, and one weak and
one strong at different wavelengths, but such characteristic is not
that clear in asymmetric molecules such as 2-HADNT. Fig. 7 com-
pares our experimental IR spectrum of 2-HADNT with calculated
IR absorptions and a reasonable agreement was observed between
the experimental and calculated absorptions using the B3LYP/6-
311+G** method in spite of the differences between 2-HADNT
molecules of the packed solid observed from experiments and 2-
HADNT conformations of gas phase calculated from simulations.
As can be seen from that figure, according to experimental obser-
vation, the strong asymmetric nitro model absorption occurred at
1536 cm�1, which is very close to 1571.35 cm�1 as calculated using
B3LYP/6-311+G** method. In contrast, B3LYP/aug-cc-pVDZ and
MP2/aug-cc-pVDZ provided poor results (1603.58 cm�1 and
1653.52 cm�1 respectively). As demonstrated in previous studies,
MP2 had difficulty in accurately predicting vibrational modes for
aniline and phenol [47], even with extended basis sets [48].
According to Zierkiewicz and Michalska [49], Wojciechowski and
Michalska [50], the good results obtained from B3LYP/++G** are
somewhat surprising. The strongest IR and Raman absorptions
for 2-HADNT in our study were observed at 1349 and 1350 cm�1,
respectively, for the symmetric stretching mode of the 4,6 C–N
bonds. However, these absorptions were identified at 1600 and
1638 cm�1, respectively, for asymmetric stretching mode of the
4,6 nitro groups. These absorptions can be used in the qualitative
analysis and onsite monitoring of 2-HADNT in TNT contaminated
environment.
Conclusion

In this study, chemical properties of TNT metabolite 2-HADNT
were determined through both mechanical simulations and exper-
imental measurements and structural optimization was carried
out. The LUMO–HOMO gaps were fist calculated for TNT and its
degradation products and used to evaluate their kinetic stabilities.
p-p interactions between 4-nitro and phenyl ring were analyzed to
clarify the conformational distributions of TNT and its degradation
products.

In this study, the minimum energy conformations calculated
from the quantum mechanical analysis are very close to those
observed from the crystallography. Such a good agreement was
further verified through potential energy scans along the coordi-
nates corresponding to the rotations of the four functional groups.
The most remarkable observation is that the 4-nitro group exhibits
nearly co-planarity with the phenyl ring in all crystal and opti-
mized structures, in contrast to those in conformers of the TNT
crystal structure. The electron donating nature of the 2-hydroxyla-
mino group imposes only limited effects on the co-planarity and
the aromatic conjugation. On inspecting the LUMO energy, HOMO
energy, and LUMO–HOMO energy separation calculated from MP2
and B3LYP methods, considerable discrepancies were found.
Therefore, in applying DFT methods for simulations, the chemistry
model has to be carefully selected and even needs to be verified
through ab initio MP2 methods in order to achieve a qualitative
model and obtain accurate results.

In summary, important findings of this research include that:
(1) the kinetic stability of 2-HADNT is lower than that of TNT;
(2) un-conjugated conformation is thermally accessible due to
the lower energy barrier for both TNT and 2-HADNT; and (3) the
popular DFT method should be chosen with cautions because sig-
nificant discrepancy between the DFT results and MP2 results
was identified. The results found from this study can help research-
ers to better understand the compound of 2-HADNT and to develop
effective management plans to prevent its leakage so as to mini-
mize its impact on the environment.
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