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Molecular dynamics (MD) calculations were performed to reveal the effect of high pressure on the crystal of
1,3-diamino-2,4,6-trinitrobenzene (DATB). The coordinates of the individual atoms in the DATB crystal structure
were obtained using X-ray diffraction analysis. The primary simulation cell consists of 54 molecules in a monoclinic
cell, corresponding to 27 unit cells obtained by replicating the experimentally determined unit cell. The pressure
dependence of intermolecular distance concerning hydrogen bonds in the DATB crystal was investigated in the
range of 1 atm to 25.0 GPa by increasing the pressure at every 0.5 GPa. Intermolecular distances of the hydrogen
bonds between the nitro and amino groups decrease with increasing pressure up to 25.0 GPa, except in the range
of 7.5 to 8.5 GPa. A unique structural change in the DATB crystal occurred at ∼7.5 GPa. Intermolecular distances
began to remarkably increase at 7.5 GPa and kept increasing until 8.5 GPa. To clarify the origin of this strange
behavior, we used the same pressure regions as those above to analyze the changes in the dihedral angles defined
by the plane of the nitro or amino group and by the aromatic rings of hydrogen bonds. The results showed a strong
correlation between the increment of the intermolecular distances and the changes in the dihedral angles for these
groups. Moreover, when the pressure dependence of the crystal parameter was analyzed, it was found that the
a-axis length did not change despite the change in the lengths of the other two axes. The direction of the a axis
corresponds to the direction of intermolecular hydrogen bond networks in the crystal. The results of the present
MD calculations explained our previous results for Raman spectra measurements. Further analysis showed that
these hydrogen bonds play an important role in stabilizing the energy change of the crystal system.

1. Introduction

The molecular design of new energetic materials with lower
sensitivity and higher performance requires an understanding
of the complicated mechanisms that underly explosion reactions.
However, the details of these processes have not been fully
investigated. There are many kinds of aromatic nitro compounds,
which are known as energetic materials. Their sensitivities and
behaviors vary widely among aromatic nitro derivatives.1 The
physical phenomena involving the pressure and temperature that
occur after the detonation process have been reported for related
nitro compounds. However, it is technically difficult to measure
the in situ phenomena because explosive energy such as that
of light, heat, and pressure is enormous. Consequently, the
chemical phenomena of the detonation process have remained
unclear.

In our previous study,2 5-nitro-2,4-dihydro-1,2,4-triazole-3-
one (NTO) was investigated by Raman spectroscopy, and the

intermolecular interactions by the hydrogen bond showed
noteworthy effects on structural change under high-pressure
conditions. In general, when the molecule is compressed, the
Raman bands exhibit blue shifts due to the decrease in the bond
length with increasing pressure. However, the carbonyl stretch-
ing in NTO showed a red shift when the pressure was loaded
up to ca. 5 GPa. Then, upon further compression, the band
moved toward a higher frequency. Molecular dynamics (MD)
simulations also indicated that the distance between carbon and
oxygen in the carbonyl group increased with pressure up to 10
GPa and decreased upon further increment of the pressure. The
change in the bond length between the carbon and oxygen atoms
was found to correspond to the change in the Raman band. From
these results, we postulated that the above structural change
worked as a stabilizer for the stimuli. This change may facilitate
the release of strain in the NTO molecule under high-pressure
conditions. The intermolecular effect by the hydrogen bond
observed in NTO is an important factor in determining the
manner in which the reaction paths are created.

On the other hand, 1,3,5-triamino-2,4,6-trinitrobenzene (TATB)
(Figure 1a) is known to have a considerably low sensitivity
among the nitro aromatic explosives.3–6 Many reports on
molecular structure have discussed the intramolecular or inter-
molecular hydrogen bond on the basis of the theoretical
calculations.5–17 From these works, the low sensitivity of this
molecule has accounted for its high symmetric property such
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as 2D planar networks in the crystalline state where the
molecules are aligned in the layered structure. In the crystal,
the surfaces of interlayer aromatic rings orient almost in parallel
with each other. The shortest distance between the interlayer
amino nitrogen and the nitro oxygen is 3.36 Å. In this manner,
the TATB molecules form 2D planar networks in the crystalline
state. This stable crystal structure of TATB has been considered
to be one of the most important factors in insensitivity in
energetic materials. Compared with the attention researchers
have paid to the TATB molecule, there are few works on the
1,3-diamino-2,4,6-trinitrobenzene (DATB) molecule (Figure 1b)
despite the close similarity in chemical structure and the low
sensitivity between these two molecules. A DATB molecule
also forms a planar conformation because it has two kinds of
intramolecular hydrogen bonds between adjacent amino and
nitro groups,18 similar to the TATB molecule. In the crystalline
state, DATB molecules do not form 2D planar networks,
although they are linked together into a 1D continuous chain
by intermolecular hydrogen bonds. Despite such an interesting
difference between the structures of the two molecules, there
are few studies on the DATB. Indeed no studies have used MD
simulations to clarify the dynamic mechanism underlying the
initial reaction step of the DATB crystal under high pressure.

In the present work, we carried out MD simulations of the
DATB crystal to study the initial decomposition process of the
molecules in relation to the intermolecular and intramolecular
hydrogen bond under high pressure of up to 25.0 GPa. In
particular, we focused on the effect of the DATB geometry in
the crystalline state on the stability of the molecule under high-
pressure conditions. In the calculation, accurate information on
the crystalline state was essential for constructing the initial
structure of the simulation cell. The crystal parameters of DATB
were determined by Holden in 1967.18 However, the accuracy
of Holden’s crystal data was not sufficient for our purpose with
the MD simulation because the R factor of their DATB data
was 10.3%. Although the locations of the hydrogen atoms are
important for the elucidation of the structure of the intermo-
lecular and the intramolecular hydrogen bond, they have not
been determined. Therefore, a single DATB crystal suitable for
X-ray analysis was prepared in this work, and the geometry of
DATB in the crystalline state was precisely determined again
using single-crystal X-ray diffraction at -50 °C to obtain

detailed information in the crystalline state, such as the locations
of the hydrogen atoms, sufficient to carry out our MD simulations.

2. Experimental Procedure for X-ray Crystallography

DATB was purchased from Chugoku-kayaku. 1,2-Dichloro-
ethane and n-hexane were commercially available and used
without further purification. A single DATB crystal of a suitable
size was obtained by recrystallization from 1,2-dichloroethane/
n-hexane at room temperature and was mounted on a glass fiber.
All measurements were made on a Rigaku AFC-7R diffracto-
meter with graphite monochromated Mo KR radiation (λ )
0.71069 Å) and a rotating anode generator. The data collections
were carried out at -50 ( 2 °C using the ω - 2θ scan technique
to a maximum 2θ value of 60.00°. Cell constants and an
orientation matrix for data collection were determined from 25
reflections with 2θ angles in the range of 29.55 to 29.96°. Three
standard reflections were monitored at every 150 measurements.
In the reduction of data, Lorentz and polarization corrections
and an empirical absorption correction (Ψ scan) were made.

The structure was solved by direct methods19 and expanded
using Fourier techniques.20 The nonhydrogen atoms were refined
anisotropically. Hydrogen atoms were located from difference
Fourier maps and were isotropically refined. All calculations
were performed on an SGI INDY computer using the teXsan
crystallographic software package (Molecular Structure Corp.).21

3. Computational Methods and Procedures

A. Potential Energy Function. MD simulations were per-
formed to investigate the high-pressure effects on the DATB
crystal structure using the CHARMM version 29b2 program.22

Calculations were performed on the DATB crystal at pressures
ranging from 1 atm to 20.0 GPa. The CHARMM29 potential
energy function is expressed as follows

E)Eb +Eθ +EΦ +Eω +EVDW +Eel (1)

where Eb is the bond potential, Eθ is the bond angle potential,
EΦ is the dihedral angle (torsion) potential, Eω is the improper
torsions potential, EVDW is the van der Waals interactions, and
Eel is the electrostatic potential. The formula for each term is
represented as

Figure 1. Molecular structures of (a) TATB and (b) DATB. The number on each DATB atom corresponds to the number used in the computational
calculation.
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where kb, kθ, kΦ, and kω are force constants of the bonds, angles,
dihedral angles, and improper dihedral angles, respectively. The
first two terms describe the intramolecular interactions of bonded
atoms, and the quantities (l - l0) and (θ - θ0) are the
displacements from the equilibrium bond length (l0) and angle
(θ0), respectively. The torsion energy term is a four-atom term
based on the dihedral angle about an axis defined by the middle
pair of atoms. The improper torsion term was designed to
maintain planarity of certain planar atoms with a quadratic
distortion potential. The nonbonded interaction terms are van
der Waals interactions and Coulombic interactions between the
partial charges on the individual atoms, where rij is the distance
between the atoms i and j in a system, and ε* and r* and SW
are the well depth, the position of the minimum in the Lennard-
Jones potential, and the switching function defined in the original
CHARMM22 paper,22 respectively. The switching distances (ron

and roff) were determined according to size of the primary
simulation cell. The parameters for the nonbonded interaction
terms are those used in the program CHARMM29.

B. Parameterization. In the present work, we developed a
CHARMM-type force field for nitro aromatic compounds, such
as DATB and TATB, by using density functional theory (DFT)
calculations. In particular, because there are no appropriate
parameters for the C (aromatic)-NO2 moiety of DATB in
CHARMM29, DFT calculations were performed at the B3LYP/
6-31G(d,p) level to determine the harmonic force constants of
the internal potential energy terms in the gas phase. We
calculated the bond, angle, and dihedral potential energy curves
of isolated DATB by changing the bond length, bond angle,
and improper angle by minute values around the optimized
structure. From these potential energy curves, the force constants
kb, kθ, and kω were evaluated. The force constant for the dihedral
angle (kΦ) was determined by best fitting between the CHARMM
and DFT potential energy curves in the range of 0-360°. The
equilibrium values of the bond lengths and the bond angles (l0,
θ0) were determined by full geometry optimization. Partial
atomic charges for DATB were calculated for a single isolated
molecule with the optimized geometry by using the Merz-
Kollman-Singh (MK) scheme.

Ab initio calculations were carried out with the GAUSSIAN
9823 program package. The basis sets implemented in the
program were employed without modification. The DATB
geometry was fully optimized without symmetry constraints by
the energy gradient methods. All optimized geometries were
obtained by using the Becke 3LYP (B3LYP) hybrid density
functional with the 6-311++G(2df,2dp) and the 6-31G(d,p).
We calculated vibrational frequencies by using the analytical
second derivatives at the B3LYP/6-31G(d,p) and B3LYP/6-
311++G(2df,2dp) levels. The harmonic vibrational frequencies
determined at DFT levels were scaled by 0.9613.24

C. Molecular Dynamics. The DATB X-ray analysis data
were used in all simulations. The primary simulation cell was
constructed from our observed unit cell. All simulations were
performed in the NPT ensemble (constant number of molecules,
pressure, and temperature). Periodic boundary conditions were

enforced by creating images of the atoms in the primary
simulation cell. The lattice parameters and atomic coordinates
are minimized together before the MD simulation. It should be
noted that the crystal symmetry was maintained when the lattice
was optimized.

MD simulations were performed by classical mechanics.
Initial velocities for all atoms in these systems were selected at
random from Boltzmann distribution at 300 K. Newton’s
equation of motion was then integrated by using a Verlet
integrator with a step size of 0.1 fs, and the nonbonded neighbor
list was updated every 20 steps. Long-range interactions were
cut off between 13.0 and 15.0 Å by using the switching function.

In the initial simulation, the temperature and pressure of the
system were set at 300 K and 1 atm, and the position and
orientation of the molecules in the unit cell were taken to be
identical to those of the experimental structure. After equilibra-
tion for 40 ps at 1 atm and 300 K, an analysis run of MD
simulation at each 10 ps was sequentially performed from 1
atm to 25.0 GPa by increasing the pressure at every 0.5 GPa.
In the simulation, the pressure dependence of the crystal
parameters was also investigated.

4. Results and Discussion

A. X-ray Crystal Structure of DATB. Crystallographic data
and the results of the X-ray diffraction measurement are
summarized in Table 1. There are two molecules in the unit
cell (Figure 2) with a density of 1.830 g/cm3 (Dcalcd ) 1.853
g/cm3). The DATB bond lengths and angles are shown in Table
2. The DATB molecule is approximately planar18 with intramo-
lecular hydrogen bonds between adjacent amino and nitro groups
in the DATB molecule, and the nitro groups in the DATB
molecule can be classified into two groups, as shown in Figure
3. That is, the nitro group (1) is the group that adjoins two amino
groups, and the other (nitro group (2)) is the group that adjoins
one amino group and aromatic proton. The intramolecular
distances between the nitro oxygen of nitro group (1) and the
amino hydrogens are 1.82(2) and 1.79(3) Å, and the corre-
sponding distances for group (2) are 1.88(2) and 1.89(3) Å,
respectively. These values are also shown in Figure 3. Moreover,

TABLE 1: Summary of Crystal Data for DATB

empirical formula C6H5N5O6

formula weight 243.14
crystal color, habit yellow, plate
crystal size (mm) 0.22 × 0.18 × 0.08
crystal system monoclinic
space group Pc (no. 7)
lattice parameters

a (Å) 7.309(3)
b (Å) 5.169(4)
c (Å) 11.583(2)
� (deg) 95.22(2)
V (Å)3 435.8(4)

Z value 2
Dcalcd (g cm-3) 1.853
F000 248.00
µ(Mo KR) (cm-1) 1.67
no. of reflections measured 1506
no. of independent reflections 1368 (Rint ) 0.028)
no. of variables 175
reflection/parameter ratio 7.30
residuals: R1; Rw 0.038; 0.098
no. of reflections to calculate R1 1187 (I > 2.0σ(I))
goodness of fit indicator 1.41
flack parameter -4.2(8)
maximum peak in final difference map (e Å-3) 0.26
minimum peak in final difference map/e (e Å-3) -0.21
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the DATB molecules are linked to each other by intermolecular
hydrogen bonds and form a continuous chain structure along
with the a axis in the crystal lattice, as shown in Figures 3 and
4. The H(22) and H(21) of the amino group are attached to
O(8′) and (O9′) of the nitro group, respectively, of the
neighboring molecule located at the next cell. This hydrogen
bond linkage forms a linear sheetlike structure. However, DATB
molecules do not form 2D planar networks. The intermolecular
distances between amino hydrogen and nitro oxygen are 2.29(3)
and 2.49(2) Å. The results of X-ray analysis data of DATB were
used to build a crystal model in our MD simulations.

B. Optimized Structure and Force Constants of DATB.
Table 2 lists the molecular parameters of the optimized structures
obtained by the DFT calculations with two different basis sets.
The table also shows the experimentally observed values in the
crystal. The calculated values with two basis set levels are in
good agreement with the experimental data. That is, the
conformation of a DATB molecule takes a planar molecule in
both cases. The nearest-neighbor hydrogen bond lengths between

amino hydrogen H(22) and nitro oxygen O(15) in the nitro group
(1) were calculated as 1.770 and 1.765 Å at the B3LYP/6-
311++G(2df,2dp) and B3LYP/6-31G(d,p) levels, respectively.
These results are also in good agreement with the experimental
data. However, the distances between amino hydrogen H(21)
and nitro oxygen O(12) in the nitro group (2) were calculated
to be 1.801 and 1.795 Å at the B3LYP/6-311++G(2df,2dp)
and the B3LYP/6-31G(d,p) levels, which are a little shorter than
the observed value of 1.88(2) Å in the crystal. The discrepancy
seems to be based on the difference between the hydrogen bond
networks formed around groups (1) and (2). Group (1) adjoining
two amino groups forms strong hydrogen bond networks among
them. Therefore, the electronic structure on the hydrogen bond
networks consists of conjugated and delocalized systems.
However, group (2) adjoins one amino group and aromatic
proton H(19). In this case, the hydrogen bond network formed
around group (2) was weak, and the electronic structure was
localized. In the crystal, amino hydrogen H(21) was strongly
attracted by the electrostatic interaction from nitro oxygen O(9′)
in the neighboring molecule. Therefore, the electron density of
H(21) in the crystalline state may become lower than that in
the gas phase, and the electron cannot be compensated because
of the localization of the network on group (2). The low electron
density of H(21) may weaken the intramolecular hydrogen bond
strength between H(21) and O(12) and would cause an elonga-
tion of the intramolecular distance between amino hydrogen
H(21) and nitro oxygen O(12) in the nitro group (2) in the crystal
state.

Table 3 compares the calculated (B3LYP/6-311++G(2df,2dp)
level) and observed vibrational frequencies of DATB crystal.
Although the differences were about 50 cm-1 in the high-
frequency region and the hydrogen bond-related modes, the
agreement was generally quite good in all ranges. The order of
the vibrational frequencies was also the same when the
calculation was performed with a different basis set of the
B3LYP/6-31G(d,p) level.

The force constants of DATB are listed in Table 4. The partial
atomic charges calculated by the MK method with the B3LYP/
6-31G(d,p) level are given in Table 5. The calculated amino

Figure 2. Unit cell of the DATB crystal with thermal ellipsoid drawn at the 50% probability level.25 Carbon, nitrogen, oxygen, and hydrogen
atoms are represented by gray, blue, red, and white, respectively.

Figure 3. Molecular structure of DATB in the crystalline state.
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and nitro rotational barriers are presented in Table 6. Because
all bonds and dihedral angles were constrained except in the
rotational functional group, these barriers should represent the
upper bounds to the rotational barriers in the gas phase. As listed
in Table 6, the barrier of nitro group (1) (16.2 kcal/mol) is higher
than that of nitro group (2) (12.9 kcal/mol) because the nitro
group (2) is connected by only one intramolecular hydrogen
bond to the amino group. The magnitude of the barrier of the
amino group (23.4 kcal/mol) was higher than those of nitro
groups (1) and (2).

The force constants of the dihedral angles (kΦ) are also shown
in Table 4. Most of the potential energy curves of the dihedral
angles can be expressed by a single form of the potential
function (n ) 2). However, only nitro group (1) cannot be
represented by a single form of the potential function because
the strong hydrogen bond operates powerfully on nitro group
(1). The strong interaction slightly distorts the potential energy
curve at around 0.0-15°. Therefore, we fitted the potential
energy curve by using two potential functions, such as n ) 2
and 4, as shown in Table 4. These two functions can fit the
potential energy curve well in the range of 0-360°. The best
fitted curve is shown in Figure 5.

C. Molecular Dynamics (MD). 1. Primary Simulation Cell.
MD calculations were performed on the primary simulation cell,
which is shown in Figure 6. The primary simulation cell consists

of 54 molecules in a monoclinic cell, which corresponds to 27
unit cells in Figure 2 obtained by X-ray diffraction. The lengths
of the box sides were a ) 21.927 Å, b ) 15.507 Å, and c )
34.749 Å, respectively. In this primary cell, the molecules of
DATB are linked together by intermolecular hydrogen bonds
into continuous chains along with the a axis in the crystal lattice.
This hydrogen bond linkage forms a sheetlike structure along
the a axis. The intermolecular hydrogen bonds exist between
O(8′) and H(22) and between O(9′) and H(21). Thereafter, these
hydrogen bonds are abbreviated as hydrogen bond (1) and
hydrogen bond (2), respectively. It should be pointed out that
the c axis has no relationship to the intermolecular hydrogen
bond network.

2. Pressure Dependence of the Intermolecular Hydrogen
Bond Distances. By raising the pressure from 1 atm to 25.0
GPa at every 0.5 GPa, the pressure dependence of the
intermolecular hydrogen bond distances in the DATB crystal

Figure 4. Hydrogen bond structures of DATB in the crystalline state.25 The DATB molecules are linked by intermolecular hydrogen bonds into
continuous chains along with the a axis in the crystal lattice. This hydrogen bond linkage forms a sheetlike structure.

Figure 5. Calculated rotational barrier of nitro group (1) in DATB
molecule. (a) DFT calculation at the B3LYP/6-31G(d,p) level. (b)
Charmm calculation using eq 2 (the third term) (n ) 2, kΦ ) 3.8935
and n ) 4, kΦ ) 0.4108).

Figure 6. Primary simulation cell. The simulation cell consisted of
54 molecules, which were obtained by replicating the crystallographic
unit cell, and contained 27 unit cells (3 × 3 × 3) in a monoclinic cell.
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were analyzed from the 10 ps time trajectories at every pressure
value, as shown in Figure 7. The intermolecular distances of
hydrogen bonds (1) and (2) decreased with increasing pressure
in the range of 1 atm to 7.0 GPa. However, beginning at 7.5
GPa, the intermolecular distances of both hydrogen bonds
increased with the increment in pressure, up to 8.5 GPa, above
which the distances again decreased until we reached the
maximum pressure of 25.0 GPa in our investigation of this work.
This behavior is quite unique because the intermolecular
distances should generally monotonously decrease when the
pressure increases. To investigate the origin of this change, the
behaviors of the dihedral angles of the nitro and amino groups
concerning these intermolecular hydrogen bonds were analyzed
at different pressures.

3. Pressure Dependence of the Dihedral Angles of Nitro
and Amino Groups. Figure 8 shows the pressure dependence
of the dihedral angles of the nitro and amino groups. The
dihedral angles were defined by the plane of the nitro or amino
group and by the aromatic ring concerning hydrogen bonds. In
the pressure range of 1 atm to 7.0 GPa, the dihedral angles of
the nitro group (1) did not change but stayed around the original
position of zero because the nitro group (1) adjoins two amino
groups. Therefore, the dihedral angle of the nitro group (1)
barely changes with compression under a relatively low pressure

range. However, the dihedral angle of the two nitro groups (2)
became gradually distorted from the planar conformation of this
molecule under the same conditions. This may also be explained
by the fact that nitro group (2) adjoins only one amino group

Figure 7. Pressure dependence of intermolecular distances: (a)
O(8)-H(22′), hydrogen bond (1); (b) O(9)-H(21′), hydrogen bond (2).

Figure 8. Pressure dependence of dihedral angles of the nitro and
amino groups. The dihedral angles were defined by the plane of the
nitro or amino group and by the aromatic ring: (a) O14-N13-C1-C6,
nitrogroup(1);(b)O15-N13-C1-C2,nitrogroup(1);(c)O8-N7-C5-C6,
nitro group (2); (d) O9-N7-C5-C4, nitro group (2); (e) H17-N16-
C6-C5, amino group; (f) H18-N16-C6-C1, amino group.

Figure 9. Pressure dependence of bond distances connected to
intermolecular hydrogen bonds (a) N(20)-H(21) and N(20)-H(22) and
(b) N(7)-O(8) and N(7)-O(9).

Figure 10. Pressure dependence of cell parameters: (a) a axis, (b) b
axis, and (c) c axis.

Figure 11. Pressure dependence of total energy.
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and by the fact that the resistance to keep the planarity of the
molecular plane is not very strong. The amino group also rotated
together in the same manner as that of nitro group (2). However,
when the pressure reached ∼7.5 GPa, all of these dihedral angles
suddenly changed. Two dihedral angles of two nitro groups (2)
turned around from -3 to -15° and from -8 to -20°,
respectively. Furthermore, two dihedral angles of nitro group
(1) turned around from 2 to 8° and from 3 to 10°, respectively.
This behavior corresponds to the increment of the intermolecular
distances of hydrogen bonds that is observed in the range of
7.5 to 8.5 GPa, as discussed in the above section. Therefore,
when the intermolecular distances of hydrogen bonds become
considerably short with compression under this relatively high
pressure range, the total energy of the DATB crystal system
will become considerably unstable by the increment of the
exchange repulsive force. Under these circumstances, to main-
tain adequate intermolecular distances of hydrogen bonds, each
substituent group related to the hydrogen bonds may be rotated
to avoid the increment of the exchange repulsive force.

These abrupt dihedral changes occurred almost simulta-
neously in all nitro (1), nitro (2), and amino groups, but after
we closely examined the MD time courses of the movement of

these dihedral angles, we observed that the abrupt change in
the dihedral angles occurred not simultaneously but sequentially
in the order of the amino group, nitro group (2), and nitro group
(1). These results led us to speculate about the beginning process
of the DATB decomposition reactions. That is, the stimuli
exerted from the external circumstance may be relaxed by the
rearrangement of the molecular structure, especially concerning
the hydrogen bond moieties. More detailed analysis for this
result is in progress.

When pressure exceeded 8.5 GPa, the nitro group (1) and
nitro group (2) maintained dihedral angles of about 8.0 to 10.0
and -18.0 to -20.0°, respectively. However, the dihedral angle
of the amino group again gradually increased up to about -18.0
to -20.0° at 25.0 GPa. These discrepancies may be attributed
to the fact that the magnitude of the amino group’s energy
barrier is higher than those of the nitro groups (Table 6). The
amino group’s high-energy barrier comes from the change in
the electronic state during the change in the dihedral angle. That
is, the electronic state of the amino group gradually transfers
from sp2- to sp3-like orbital according to the increment of the
dihedral angles. Such a change in the electronic state requires
high energy, and this may allow the resistance to the dihedral
change from the external pressure.

4. Pressure Dependence of the Bond Lengths Related to
the Hydrogen Bond. The pressure dependence of the bond
lengths of N-O and N-H, which relate to the hydrogen bond,
was analyzed, and the results are shown in Figure 9. A similar
abrupt change in the bond lengths was also found around
7.5 GPa. At 7.5 GPa, one of the bond lengths of the N-O
and one of N-H were slightly elongated, although the N-O
and N-H bond lengths gradually decrease in all pressure
regions. These abrupt changes of the N-O and N-H bond
lengths completely correspond to not only the change in the
hydrogen bond-related dihedral angles of the nitro and the
amino groups but also the intermolecular hydrogen bond
distances discussed above. In our previous experimental
results for DATB Raman spectra, there was a turning point
in the pressure dependence of the Raman spectra at around
5.0 GPa. We interpreted this to be a change in the hydrogen
bond structure.26 These experimental results are in good
agreement with our calculation results shown here.

5. Pressure Dependence of the Crystal Parameters and
Total Energy. We calculated the pressure dependence of the
crystal parameters by increasing the pressure in increments of
0.5 GPa, as shown in Figure 10. It was found that the lattice
parameter of only the a axis, which has the same direction as
that of the intermolecular hydrogen bond networks, hardly
changed with compression. When the pressure increased to 7.5
GPa, the lattice parameters of the c axis suddenly elongated by
about 5 Å, and inversely, those of the b axis shortened by about
2 Å. To investigate the energy changes in these structures, we
analyzed the pressure dependence of the total energy, and the
results are shown in Figure 11. The total energy gradually
increases as the pressure increases up to 7.0 GPa. However, an
abrupt increment occurs in the range of 7.5 to 8.5 GPa. Then,
as the pressure increases from 9.0 to 25.0 GPa, the total energy
again returns to a gradual increment. These results again indicate
that the transition point in the DATB crystal is around 7.5 GPa.
This point corresponds to the structural turning point with
compression discussed above.

To validate the L-J potential at high pressures, the pressure
dependence of the crystal parameters and the intermolecular
distance of hydrogen bonds in DATB were also calculated by
decreasing the pressure from 25 GPa to 1 atm. The change point

TABLE 2: Calculated and Experimental DATB Values

experimental
values

calculated
values

in the
crystal

B3LYP/
6-311++

G(2df,2pd)
B3LYP/

6-31G(d,p)

Bond
Lengths (Å)

Bond
Lengths (Å)

C1-C2 1.442(3) 1.443 1.450
C2-C3 1.439(3) 1.436 1.443
C3-C4 1.369(3) 1.374 1.381
C1-N13 1.430(3) 1.437 1.439
C2-N20 1.321(3) 1.325 1.329
C3-N10 1.449(3) 1.455 1.456
N13-O15 1.238(3) 1.237 1.248
N10-O12 1.243(3) 1.239 1.229
N10-O11 1.225(3) 1.219 1.250
N20-H22 0.91(4) 1.009 1.016
C4-H19 0.93(3) 1.078 1.082

Intramolecular Hydrogen
Bond Distances (Å)

O15-H22 1.79(3) 1.770 1.765
O12-H21 1.88(2) 1.801 1.795

Bond
Angles (deg)

Bond
Angles (deg)

C2-C1-C6 123.0(2) 122.0 122.0
C1-C2-C3 116.3(2) 116.7 116.8
C3-C4-C5 121.9(2) 122.3 122.3
O14-N13-O15 118.9(2) 119.9 119.6
O15-N13-C1 120.4(2) 120.0 120.2
C2-N20-H22 115(2) 117.7 117.8
H21-N20-H22 129(3) 124.6 125.7
N13-C1-C2 118.6(2) 119.0 119.0
N20-C2-C1 123.2(2) 123.0 122.9
Dihedrals Dihedrals

Angles (deg)
Dihedrals

Angles (deg)
H17-N16-C6-C5 -5(2) 0.000 0.000
H18-N16-C6-C1 -1(2) 0.000 0.000
H21-N20-C2-C3 4(2) 0.000 0.000
H22-N20-C2-C1 -3(2) 0.000 0.000
O8-N7-C5-C6 4.9(3) 0.000 0.000
O9-N7-C5-C4 4.4(3) 0.000 0.000
O11-N10-C3-C4 -4.9(3) 0.000 0.000
O12-N10-C3-C2 -4.1(3) 0.000 0.000
O14-N13-C1-C6 1.5(3) 0.000 0.000
O15-N13-C1-C2 2.6(3) 0.000 0.000
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was found to correspond to the structural turning point with
compression. Therefore, the L-J potential would be useful under
high pressure of up to 25.0 GPa. All of these findings together
suggest the importance of hydrogen bonds in the impact
(pressure)-induced decomposition of the DATB crystal. When

a stimulus is exerted by external circumstances, its energy may
be absorbed by the rearrangement of the molecular structure of
the hydrogen bond moieties. These hydrogen-bonding networks
may work as a safety circuit to reduce the sensitivity. When a
strong external stimulus is exerted on the crystal, the intermo-

TABLE 3: Calculated and Experimental Vibrational Frequencies of DATB

experimental datab

mode no. assignment calcda IR Raman

1 NO2 twisting out of plane 32.5
2 NO2 twisting + N-H twisting out of plane 41.2
3 ring def. + NO2 twisting out of plane 46.1
4 ring def. out of plane 84.9
5 ring def. out of plane 90.1 123
6 ring def. out of plane 135.8 165
7 NO2(2) rocking in plane 191.6 210
8 NO2(1) rocking in plane 252.3 269
9 ring def. out of plane 275.8 286
10 ring def. + NO2(2) wagging out of plane 309.5 331
11 ring def. + NO2 rocking in plane 326.1 353
12 ring def. + N-H rocking in plane 343.6 360
13 NO2 rocking + N-H rocking in plane 365.5 376
14 ring def. + NO2(2) rocking in plane 368.5 392
15 N-H rocking + ring def. in plane 429.6 445
16 ring def. + N-H rocking + NO2 rocking in plane 429.7
17 ring def. + N-H twisting out of plane 450.5 458
18 ring def. + NO2 rocking + C-H def. in plane 469.8 484
19 ring def. + NO2(2) rocking + N-H rocking in plane 495.9 514
20 N-H def. wagging out of plane (different direction) 597.9
21 N-H def. wagging out of plane (same direction) 602.0
22 ring def. twisting + N-H wagging + NO2(2) wagging out of plane 654.0 631
23 ring def. + N-H rocking + NO2(2) scissors + NO2(1) rocking in plane 662.1 662
24 ring def. + N-H rocking + NO2 scissors in plane 663.6 675 677
25 ring def. + N-H wagging + NO2 wagging out of plane 690.3 709
26 ring def. + N-H rocking + NO2 scissors in plane 711.1 727 732
27 N-H twisting + NO2 wagging + C-H bending out of plane 727.2 757 761
28 N-H twisting + NO2(1) wagging out of plane 744.6
29 ring def. + NO2 scissors in plane 761.2 777 778
30 N-H twisting + NO2 wagging + C-H def. + ring def. out of plane 764.8 781
31 N-H twisting + NO2(2) wagging + ring def. out of plane 764.8
32 ring def. + N-H twisting + NO2(1) wagging out of plane 771.2
33 ring sym. str. + NO2 def. in plane 816.0 831 833
34 ring asym. str. + N-H rocking + NO2(2) scissors in plane 870.5 890 895
35 N-H def. rocking + NO2 scissors + ring def. in plane 896.0 906 910
36 C-H(ring) def. out of plane 964.6 950 952
37 C-H(ring) def. + N-H rocking + ring def. in plane 1016.0 1030 1032
38 N-H rocking + ring def. + C-N(1) str. in plane 1037.0 1044 1037
39 ring sym. str. (Kekule) + N-H rocking +C-N str. in plane 1123.0
40 C-H(ring) def. + ring def. + N-H rocking + C-N(1) def. in plane 1152.0 1155
41 C-H(ring) def. + N-H rocking + C-N(1) def. in plane 1230.0
42 ring sym. str. + NO2(2) sym. str. + N-H def. in plane 1230.0 1160 1162
43 ring asym. str. + NO2(2) scissors + N-H bending in plane 1241.0 1210 1218
44 NO2 scissors + N-H bending + C-N str. in plane 1280.0 1255 1260
45 ring asym. str. + N-H bending + NO2(1) asym. str. in plane 1325.0
46 ring sym. str. + N-H rocking + NO2(2) asym. str. in plane 1354.0 1302
47 ring asym. str. + N-H bending + NO2 asym. str. in plane 1354.0 1309
48 N-H scissors + ring sym. str. + NO2(2) asym. str. + NO2(1) scissors + C-N str.

in plane
1414.0 1377 1375

49 ring sym. str. + N-H bending + NO2(2) asym. str. in plane 1462.0 1424
50 ring asym. str. + NO2 asym. str. + N-H scissors in plane 1470.0 1469
51 NO2(1) asym. str. + ring asym. str. + C-H bend. + C-N(H) str. in plane 1506.0 1474 1485
52 N-H def. bending + NO2 asym. str. + ring def. in plane 1531.0 1524 1527
53 N-H scissors + NO2(2) asym. str. + ring. def. in plane 1534.0
54 ring sym. str. + N-H bending + NO2(2) asym. str. in plane 1566.0 1558 1579
55 ring asym. str. + NO2 asym. str. + N-H bend. in plane 1588.0 1603 1609
56 C-H (ring) stretching 3121.0 3092 3097
57 N-H sym. str. (not synchronized) 3334.0 3282
58 N-H sym. str. (synchronized) 3334.0 3289
59 N-H asym. str. (not synchronized) 3452.0 3388 3398
60 N-H asym. str. (synchronized) 3461.0

a B3LYP/6-311G++(2df,2pd) level of theory. b ref 27.
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lecular distances of hydrogen bonds increase to stabilize the
molecule in the crystalline state. These hydrogen-bonding
networks may play an important role as a “molecular
stabilizer” in energetic materials. The practical pressure of
an ordinary booster to initiate secondary explosives is
estimated to be up to 20-30 GPa. This stimulus is the same
order as the pressure range around the transition range found
in this work. Without the above hydrogen-bonding networks
in the DATB crystal, the crystal would explode, even in a
weak stimulus of <20 GPa.

5. Conclusions

In the area of nitro aromatic explosives, a number of studies
have been carried out to support the idea that the C-NO2 bond
is a key to determining the shock sensitivity.27 From these
studies, it has been noted that the increment in the number of
amino group substitutions in the molecule decreases the
sensitivity of nitro aromatic explosives.28–30 In view of the
electronic theory of organic chemistry, the electronic density
of the C-NO2 bond increases by the substitution of strongly

electron-donating groups, such as -NH2.31,32 This is a widely
accepted explanation of why the sensitivity of nitro aromatic
explosives decreases with the increment of the C-NO2 bond
strength introduced by the electron donation. This explanation
seems to be rational when we consider the mechanism underly-
ing the sensitivity of an isolated molecule. However, we also
have data showing that the crystal polymorphism would affect
the sensitivity of the explosive molecules. This phenomenon
cannot be explained when we consider the properties of only
the isolated molecule. In the actual explosion process, external
high pressure is exerted on a crystal structure of explosives.
This indicates the necessity of the study not only for the isolated
molecule but also for the crystal system.

In the present work, MD calculations were performed to
reveal the effect of high pressure on DATB in the crystalline
state. The pressure dependence of the intermolecular distance
of hydrogen bonds in DATB was calculated by increasing the
pressure up to 25.0 GPa. A unique structural change in DATB
crystal was found around 7.5 GPa. The intermolecular distance
begins to increase at 7.5 GPa and keeps increasing to 8.5 GPa.

TABLE 4: Force Constants of DATB at the B3LYP/6-31G(d,p) level

bond kb (kcal/(mol ·Å2)) l0 (Å)a bond kb (kcal/(mol ·Å2)) l0 (Å)a

C1-C2 358.47 1.4502 N16-H18 501.32 1.0163
C1-C6 357.47 1.4502 C2-N20 486.98 1.3289
C2-C3 354.17 1.4425 N20-H21 501.57 1.0191
C6-C5 354.17 1.4425 N20-H22 501.32 1.0163
C3-C4 434.70 1.3811 C5-N7 274.91 1.4556
C4-C5 434.70 1.3811 N7-O8 575.86 1.2498
C1-N13 256.37 1.4390 N7-O9 562.42 1.2286
N13-O14 561.82 1.2480 C3-N10 274.91 1.4556
N13-O15 561.82 1.2480 N10-O11 575.86 1.2498
C6-N16 486.98 1.3289 N10-O12 562.42 1.2286
N16-H17 501.57 1.0191 C4-H19 358.63 1.0819

bond angle kθ (kcal/(mol · rad2)) θ0 (deg)b bond angle kθ (kcal/(mol · rad2)) θ0 (deg)b

O14-N13-O15 171.55 119.6198 C2-C3-N10 179.71 122.9368
O14-N13-C1 143.7 120.1896 C5-N7-O8 145.69 119.3541
O15-N13-C1 143.7 120.1896 O8-N7-O9 167.47 122.4741
N13-C1-C6 206.15 119.0232 C5-N7-O9 145.69 119.3541
N13-C1-C2 206.15 119.0232 C3-N10-O11 145.69 119.3541
C1-C6-N16 139.69 122.9404 O11-N10-O12 167.47 122.4741
C1-C2-N20 139.69 122.9404 C3-N10-O12 145.69 119.3541
C6-N16-H18 61.33 117.7976 C4-C5-N7 168.83 115.9762
C6-N16-H17 61.33 117.7976 C5-C4-H19 63.11 118.8495
H17-N16-H18 45.66 125.6607 C4-C3-N10 168.83 115.9762
C2-N20-H22 61.33 117.7976 C3-C4-H19 63.11 118.8495
C2-N20-H21 61.33 117.7976 C2-C1-C6 190.45 121.9622
H21-N20-H22 45.66 125.6607 C1-C2-C3 188.98 116.7715
N16-C6-C5 145.34 120.2900 C2-C3-C4 177.22 121.0932
N20-C2-C3 145.34 120.2900 C3-C4-C5 169.04 122.3162
C6-C5-N7 179.71 122.9368 C4-C5-C6 177.22 121.0932
C1-C6-C5 188.98 116.7715

dihedral angle kΦ (kcal/(mol · rad2)) n δ (deg) dihedral angle kΦ (kcal/(mol · rad2)) n δ (deg)

H17-N16-C6-C1 3.6748 2 180 O11-N10-C3-C2 2.5095 2 180
H17-N16-C6-C5 3.6748 2 180 O11-N10-C3-C4 2.5095 2 180
H18-N16-C6-C1 3.6748 2 180 O12-N10-C3-C2 2.5095 2 180
H18-N16-C6-C5 3.6748 2 180 O12-N10-C3-C4 2.5095 2 180
H21-N20-C2-C1 3.6748 2 180 O14-N13-C1-C2 3.8935 2 180
H21-N20-C2-C3 3.6748 2 180 O14-N13-C1-C2 0.4108 4 180
H22-N20-C2-C1 3.6748 2 180 O14-N13-C1-C6 3.8935 2 180
H22-N20-C2-C3 3.6747 2 180 O14-N13-C1-C6 0.4108 4 180
O8-N7-C5-C4 2.5095 2 180 O15-N13-C1-C2 3.8935 2 180
O8-N7-C5-C6 2.5095 2 180 O15-N13-C1-C2 0.4108 4 180
O9-N7-C5-C4 2.5095 2 180 O15-N13-C1-C6 3.8935 2 180
O9-N7-C5-C6 2.5095 2 180 O15-N13-C1-C6 0.4108 4 180

a Equilibrium value. b Equilibrium value.
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The changes in the dihedral angles of nitro groups and amino
groups of intermolecular hydrogen bonds under pressure were
analyzed, and these results proved that intermolecular distances
increased in proportion to the change in the dihedral angle. By
analyzing the pressure dependence of the crystal parameter, we
found that the distance of only the a axis in the direction of
intermolecular hydrogen bonds hardly changed. Also, it was
proved that the hydrogen bond plays an important role in
stabilizing the whole energy of the crystal system. These inter-
and intramolecular hydrogen-bonding networks may play im-
portant roles in the “safety circuit” in energetic materials. These
results of the MD calculations are in good agreement with our
experimental data. Experimental works to obtain detailed
information about the relationship between these data under high
pressure and the insensitive property of the DATB crystal are
in progress and will be published in the near future.
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TABLE 5: Electrostatic Charges for DATB Molecule
Determined by Merz-Kollman-Singh Procedure at the
B3LYP/6-31G(d,p) Level

atom charge (|e|)

C1 –0.4593
C2 0.5159
C3 –0.2363
C4 –0.0563
C5 –0.2503
C6 0.5410
N7 0.7270
O8 –0.4558
O9 –0.3803
N10 0.7220
O11 –0.3795
O12 –0.4537
N13 0.8135
O14 –0.4605
O15 –0.4607
N16 –0.9055
H17 0.4708
H18 0.4773
H19 0.1775
N20 –0.8834
H21 0.4631
H22 0.4733

TABLE 6: Calculated Rotational Barrier of the Amino and
Nitro Groups in DATB Molecule at the B3LYP/6-31G(d,p)
Level

group rotational barrier (kcal/mol)

nitro group (1) 16.2
nitro group (2) 12.9
amino group 23.4
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