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Abstract

The dominant initial decomposition mechanism of TATB is believed to be a dehy-
dration reaction that forms mono- and di-furazans, although other mechanisms have
been reported. In this work, a mono-furazan mechanism is discovered that involves
a proton hopping process between TATB and water. A first principles nudge elas-
tic band calculation was performed that shows the mechanism has an energy barrier
of 44.1 kcal/mol, 25.4 kcal/mol lower than the monofurazan mechanism without wa-
ter. The reaction rate of the proton hopping mechanism was found to be 107 to 102
times (at 300-600 K) higher than the mechanism without water. Metadynamics simu-
lations were also performed that indicate the mechanism is qualitatively more probable
at lower temperatures (near 300 K) and higher pressures (near 100 bar), although a
quantitative confirmation is needed. Future work should focus on modeling the proton

hopping mechanism in the condensed state at elevated temperatures (near 600 K).



Introduction

2,4,6-Triamino-1,3,5-trinitrobenzene (TATB, CgHgOgNg) is an insensitive high explosive
(HE) that uniquely exhibits two typically contrasting characteristics of being extremely
insensitive yet moderately powerful.! The insensitivity of TATB is believed to be related to
it’s layered crystal structure and layer sliding processes that help stabilize the structure un-
der external mechanical stimuli.?? Nevertheless, the sensitivity of HE is inevitably linked to
the rate of exothermic decomposition reactions. Understanding the atomistic decomposition
mechanisms has been a challenge for TATB. This is partially because there have been many

d* 15 and the full atomistic pathways,

decomposition mechanisms that have been reporte
including intermediates, are not well understood.
The energetics and transitions states of the decomposition mechanisms of TATB were
modeled from first principles by Wu et al.'® and Tsyshevsky et al.'* using Density Functional
Theory (DFT) methods mostly in the gas phase. Wu and Fried calculated the reaction
energies for several proposed mechanisms and found that NH, scission, ring cleavage, and
a single hydrogen release had large reaction energies greater than 100 kcal/mol, while NO,
scission had a reaction energy of 68.5 kcal/mol. In contrast, the reaction energy for an
intra-molecular hydrogen transfer from the amino group to the nitro group was found to be
only 35.0 kcal/mol, while the inter-molecular hydrogen transfer had a much higher reaction
energy. Wu and Fried proposed two 3 step mechanisms leading to HyO loss and either a mono-
benzofurazan or mono-benzofuroxan-like compound. Note that the mono-benzofurazan-like
compound may also be considered a mono-benzofurazan intermediate. The first step was
an intra-molecular hydrogen transfer to the biradical (BR) state, and the next step was a
rotation of the C-N bond to an intermediate state, then finally a second hydrogen transfer
to the final state. Wu and Fried'® calculated the energy barrier for the first hydrogen
transfer to be 47.5 kcal/mol, but did not calculate the energy barrier for the next two

steps. Steele calculated the energy barrier to be 69.5 kcal/mol in the gas phase, but found

it could potentially be lower in a disordered condensed state.® Steele also calculated that



the kinetic isotope effect (KIE) for the furazan mechanism was equal to 1.4 which matches
experiment. This adds support in favor of this mechanism. Tsyshevsky et al. modeled
a different mechanism for H,O loss and a furazan derivative as two sequential hydrogen
transfers with a barrier of 65.3 kcal/mol.'* Tsyshevsky et al. also modeled the CONO
mechanism and the HONO release mechanism and found that the CONO mechanism had
the smallest barrier of 54.9 kcal/mol. However, Tsyshevsky also found the NO, scission
mechanism had a large prefactor (10'® s71) in the reaction rate, which made the NO, scission
mechanism favorable at high temperatures. 4

Molecular dynamics (MD) simulations are instructive for understanding the decompo-
sition chemistry and to quantify the kinetics for decomposition. Several high temperature
(2000 K+) MD simulations have noted that NO, scission is a dominant initial step of de-
composition of TATB using Reax force fields and Density Functional Tight Binding (DFTB)
methods. ! ?? Intra-molecular hydrogen transfer and water, hydroxyl (OH), and NO release
mechanisms have also been suggested from these studies.'® 2! Mono- and dibenzofurazans ac-
companied by water were reported in the shock simulations by Manaa et al. using DFTB. !
Manaa et al. also reported the formation of nitrogen-rich heterocycles that inhibits the
formation of the final decomposition products Ny and solid carbon and therefore inhibits
exothermic chemistry.!! Decomposition mechanisms that produce N, under shock compres-
sion have been suggested by Tiwari et al..'®

The consensus from these studies and others?® has been that the dehydration reaction
leading to furazans and reactions leading to furoxans are the dominant initial decomposi-
tion mechanisms of TATB, however there have been reports of many other mechanisms. In
this work, we wish to gain a better understanding of the the decomposition mechanisms of
TATB by modeling decomposition mechanisms of TATB in the presence of water. In order
to describe the strength of chemical bonds most accurately we used using Density Func-

tional Theory (DFT). We performed Nudged Elastic Band (NEB) calculations to obtain the

transition state of a furazan mechanism in the presence of water. Metadynamics simulations



were performed to model the the decomposition mechanisms and to qualitatively model the

pressure and temperature effects on those mechanisms.

Computational Methods

General DFT Parameters

To model the component decomposition mechanisms of TATB the energetics and kinetic rates
of 7 mechanism were modeled. The energetics along the reaction coordinates were modeled
by performing a combination of geometry optimizations, nudged elastic band (NEB), and
thermodynamic integration (TI) simulations with a single TATB molecule using the CP2K
simulation package at the DFT level.?* The forces were obtained via QuickStep’s implemen-
tation of DFT with the GPW approach.? 2 GPW is a dual basis set method utilizing both
Gaussian type orbital basis set (TZV2P) and plane-waves expanded to 400 Rydberg cutoff
for the valence electronic density. Norm conserving GTH pseudopotentials were utilized for

the core electronic states. 3031

PBE exchange-correlation functional with Grimme dispersion
correction was utilized due to its predictability and computational efficiency.??33 The energy

tolerance for SCF crycles was set to 1 x 1077 hartree.

NEB Parameters

Geometry optimizations were performed for local minima along the reaction coordinates, i.e.
the initial, intermediate, and final states. The positions of the atoms were optimized until
the forces were less than 1 x 1072 Hartree/bohr and the maximum displacement between
optimization steps was less than 5x 10~ A. Climbing image nudge elastic band (CI-NEB) 343
calculations were performed to obtain transition state molecular structures and energies.
The number of replicas in the CI-NEB were chosen so that the distance between any two

replicas were less than 2 A to prevent abrupt changes in the structure or energy. Force

constants between each adjacent bead was set to 560.3 kcal/mol - A=2. Calculations were
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performed until the maximum displacement, root mean square displacement, and maximum
force converged to less than 5 x 1073 A, 2.5 x 1072 A, and 1.1 keal/mol - A~ respectively

were met on each atom.

Metadynamics Parameters

36 simulations were performed using 2 TATB molecules with and without 3

Metadyanmics
H50 molecules. Two collective variables (S1 and S2) were chosen to accelerate the reaction
that produces a monofurazan. However, other mechanisms are also accelerated with these
collective variables (CVs). The CVs are defined to be related to the coordination number,

which is approximately equal to 1 when two atoms are covalently bonded and equal to 0

when they are not. The functional form of the coordination number is:

The first CV, S1, is chosen to be the coordination between nitrogen and oxygen atoms.
The second CV, S2, was chosen to be the coordination between oxygen and hydrogen atoms.
S1 was chosen to accelerate cleavage of the nitrogen-oxygen bond in the nitro group of TATB
and S2 was chosen to accelerate hydrogen transfer processes to oxygen atoms on the nitro
group of TATB and water molecules. For SI, values of 10, 18, and 1.59 A were used and
for S2, values of 10, 16, and 1.16 A were used for NN, ND, and Ry respectively. Repulsive

potential was laid down every 7.5 fs with a height of 3.13 kcal/mol.

Results and discussion

A proton-hopping (PHOP) decomposition mechanism of TATB mixed with 3 H,O molecules
was discovered that creates a monofurazan intermediate and water. The energy barrier for
this mechanism is much lower than the barrier without water in the gas phase.!3!¢ The

activation energy barriers that were calculated with/without water using the NEB method



Table 1: Calculated activation energies (E,) and Zero-Point Energies (ZPE) at 0 K for the
furazan decomposition mechanisms of TATB.

H;0 Molecules | E4 (kcal/mol) | ZPE (kcal/mol)
0 69.5 2.3
3 44.1 4.6

are given in Table 1. The barrier was calculated to be 69.5 kcal /mol without water and 44.1
kcal/mol with the PHOP mechanism with 3 HyO molecules. The presence of water lowers
the barrier by 25.4 kcal/mol, which is a large decrease.

The PHOP mechanism involves proton-hopping from the amino group of TATB through
2 H50 molecules while a 3rd water molecule makes a hydrogen bond with the water and
the amino group of TATB. The NEB method optimizes the pathway such that it is the
minimum energy pathway (MEP) from one local minima to another. The energy along the
MEP for each bead in the NEB calculation is displayed in Fig. 1 and the corresponding
image of the molecular structure at each bead is displayed in Fig. 2. The hydrogen from
the amino group of TATB is transferred to the first water molecule, then a hydrogen from
the first water molecule is transferred to the second water, see bead 9 in Fig. 2. The
second water molecule then transfers a hydrogen to the nitro group (bead 11), followed by
an intra-molecular hydrogen transfer from the amino group to the nitro group which releases
a water (bead 13). Bead 13 is the transition state. The mechanism makes monobenzofurazan
tautomer. It is a tautomer because the hydrogen is located on the 5-membered furazan ring.

The reaction rate for the PHOP mechanism was calculated by performing a vibrational
calculation at the transition state (bead 13) and using the energy barrier calculated with
the NEB method and assuming an arrhenius rate law,3” displayed in Fig. 3. The rate of
the PHOP mechanism is compared to the rate calculated without water in ref.!6 Also to
get a rough estimate of the timescales involved in the reaction 1/hour and 1/(10 years) is
also displayed. The reaction rate of the PHOP mechanism is calculated to be 7-12 orders

of magnitude higher than the monobenzofurazan mechanism that involves intra-molecular



TATB+3H,0: Proton Hopping Mechanism to Mono-furazan
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Figure 1: Energy profile for the proton-hopping furazan decomposition mechanism calculated
using the NEB method. The x-axis is the bead number in the NEB calculation. Snapshots
of some beads are displayed in Figure 2.

hydrogen transfer. The vibrational calculation also confirms that bead 13 is the transition
state because there is 1 and only 1 imaginary frequency.

Metadyanmics simulations were also performed to explore various reaction pathways
focused on the hydrogen transfer mechanisms leading to monofurazan. The initial simulation
cell that was in the metadynamics simulation is displayed in Fig. 4, which consists of 2 TATB
molecules and 3 water molecules in a 20x20x20 A box. The simulation box is large to
avoid self-interaction. Two TATB molecules were used to potentially model inter-molecular
hydrogen transfer processes. The two TATB molecules were initially arranged in the same
layer so that the inter-molecular distance between the oxygen and hydrogen atoms were
small. The system was thermalized at 300 K for about 5 ps with fixed number of atoms,
volume of the cell, and temperature (NVT). The simulation box is large, so the pressure at
300 K was -68 bar. Since the pressure is negative, the simulation with the large cell is only

qualitatively representative of a low pressure system. An additional set of metadynamics



Figure 2: Snapshots of the molecular structure of the proton-hopping furazan mechanism
modeld with the NEB method. The bead number in the NEB calculation is displayed
corresponding to the bead number in Fig. 1.

simulations were performed at a fixed pressure of 100 bar, to qualitatively represent a higher
pressure result.
Snapshots of the molecular structure during the metadynamics simulation at 300 K is

displayed in Fig. 5. There are several intra-molecular hydrogen transfers such as the ones



Rate for TATB+H,0 Proton Hopping Mono-Furazan Mechanism
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Figure 3: The calculated reaction rate vs temperature for the proton-hopping mechanisn
with 3 H,O molecules and the mechanism without water calculated in ref.!6

displayed at 8.17 meta ps and 13.24 meta ps. At 13.82 meta ps, the proton-hopping process
occurs to transfer a hydrogen from the amino group to the nitro group nearly simultane-
ously as an intra-molecular hydrogen transfer occurs which releases a water and makes the
monofurazan tautomer. This mechanism is very similar to the one modeled with the NEB
method. A second proton-hopping process occurs that transfers a hydrogen to the amino
group to create the monobenzofurazan displayed at 23.75 meta ps. At a later time in the
simulation, instead of making a difurazan, there was instead a ring opening process displayed
at 30.78 meta ps. The ring opening occured via an intra-molecular hydrogen transfer and a
hydrogen transfer to the water. It is possible that this second ring opening mechanism is an
artifact of overdriving the reaction in the metadynamics. Nevertheless, the metadynamics
simulation does show a similar mechanism as the one modeled with the NEB method which
is additional confirmation that this mechanism is a highly probably mechanism with TATB

mixed with water. It is not clear exactly what the ratio of water to TATB is necessary
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Figure 4: Snapshots of the initial structure used in the metadynamics simulations that
consists of 2 TATB molecules and 3 water molecules. The simulation box is 20x20x20 A3 to
avoid self-interaction.

for this reaction to be significant, since this was not studied, but the results qualitatively
indicates that the decomposition of TATB can be significantly accelerated in the presence
of water.

Another metdynamics simulation at 300 K was also performed without water and no
reaction was oberved after 31 ps. This is additional evidence that water accelerates the
monofurazan mechanism significantly.

Another aspect of the PHOP mechanism to consider are entropic effects because the
energy barrier calculated with the NEB method does not include entropy in the energy
barrier. It is plausible that the PHOP mechanism may not be entropically favorable because
it requires 2 or 3 water molecules and a TATB molecule to collide with each other in a
particular geometry in order for the mechanism to be possible. The required geometry is one
of many macrostates that are thermodynamically accessible and so therefore the reaction

may not be entropically favorable.
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13.24meta ps

13.82metaps 14.48 meta ps

23.75meta ps 30.78 meta ps

Figure 5: Snapshots of the molecular structure of the proton-hopping monofurazan mecha-
nism modeled with metadynamics at 300 K at low pressure. The timestamp in the metady-
namics simulation is displayed in each image. The monofurazan is displayed at 23.75 meta
ps. At a later time, ring opening mechanism occurs displayed at timestamp 30.78 meta ps.

In an attempt to test whether the PHOP mechanism is entropically unfavorable another
metadynamics simulation was performed at 600 K, snapshots of the structure are displayed in

Fig. 6. Interestingly the PHOP mechanism did not occur. Instead intra- and inter-molecular
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13.8 meta ps 15.73 meta ps

Figure 6: Snapshots of the molecular structure in the metadynamics simulation at 600 K
at low pressure. The monofurazan mechanism does not occur, instead a combination of an
intra- and inter- molecular hydrogen transfer lead to water release.

hydrogen transfer processes occured that released a water. Inter-molecular hydrogen transfer
has been found to have a higher barrier than intra-molecular hydrogen transfer by Wu et
al. without water present.!® Since the PHOP mechanism was not observed 600 K, but did
occur at 300 K it is plausible that the mechanism is not entropically favorable. It is also
possible that this may an issue assosciated with thermodynamic sampling.

Higher pressures may increase the probability of the PHOP mechanism because it reduces
the overall volume and therefore increases the probability that the molecules will collide. The
original system was thermalized at 300 K at 100 bar for 20 ps, then at 600 K and 100 bar
for another 15 ps. The system transformed into a condensed state with water mixed into

the structure displayed in Fig. 7. A more appropriate system for the simulation would be
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Figure 7: Snapshots of the initial structure in the metadynamics simulations that consists of
2 TATB molecules and 3 water molecules at 600 K and a pressure of 100 bar. Some periodic
images are displayed to show that the structure is partially layered with water mixed into
the structure.

to simulate a surface of TATB arranged in the crystal structure which would require more
atoms in the simulation. Here the system size is kept small for computational efficiency, but
there are likely self interaction issues for such a small system size. Nevertheless, this small
system can still qualiatively represent the effect pressure can have on the PHOP mechanism.

The PHOP mechanism does occur at 600 K at 100 bar, displayed in Fig. 8. The mech-
anism only involves 1 water molecule while the other two water molecules make hydrogen
bonds. The mechanism involves an intra-molecular hydrogen transfer and an inter-molecular
hydrogen transfer mediated through the water. Since the PHOP mechanism does occur at
100 bar, but not at a low pressure at 600 K we conclude that pressure qualitatively makes the
PHOP mechanism more probably to occur. This is likely due to entropic effect that increases
the probability of molecular collisions, and although the simulation cell is too small to make
strong conclusions this qualitative effect should still have an impact in larger simulation cells.

At a later time in the metadynamics simulation at 600 K and 100 bar there is a ring-
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Figure 8: Snapshots of the molecular structure of the proton-hopping monofurazan mecha-
nism modeled with metadynamics at 600 K at a pressure of 100 bar. The timestamp in the
metadynamics simulation is displayed in each image. The monofurazan is displayed in the
bottom image at 12.38 meta ps.

cleavage mechanism that occurs via hydrogen transfer OH transfer processes, displayed in
Fig. 9. After the OH transfer, the ring opens as shown at 16.38 meta ps. This quickly
leads to ring cleavage at 16.75 meta ps. This mechanism may be related to the ring cleavage

mechanism reported by Ostmark.®?
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Figure 9: Snapshots of the molecular structure of a ring-cleavage mechanism modeled with
metadynamics at 600 K at a pressure of 100 bar. The timestamp in the metadynamics
simulation is displayed in each image.

Conclusions

Ab initio modeling methods were used to discover a proton hopping mechanism between
TATB and water that lowers the energy barrier of the monofurazan mechanism by 25.4
kcal/mol and increases the rate of decomposition by 7-12 orders of magnitude. The energy
barrier and transition state were found using the NEB method. A vibrational calculation
assuming harmonic vibrational modes was performed at the transition state to confirm the
transition state has one and only one imaginary mode. The mechanism was also observed in
a metadynamics simulation at 300 K at low pressure, but a different mechanism occured at

600 K. This qualitatively indicates that the mechanism is not entropically favorable and is
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less likely to occur at higher temperatures. However, a similar proton-hopping mechanism
was also observed at 600 K at a pressure of 100 bar which qualitatively indicates that pressure
increases the probability of the proton hopping mechanism. The simulation cell at 100 bar
was too small to make quantitative conclusions. Future work should focus on quantifying
the barrier and reaction rate of the proton hopping mechanism in the condensed state as
a function of pressure and temperature. This work demonstrates that the proton hopping
mechanism with TATB and water exists and that it can lower the barrier by a large amount,
but we can only provide qualitative evidence that the mechanism may or may not be possible

at elevated temperatures where the decomposition of TATB is observed experimentally.
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