
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
15

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 5
:4

3:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Prediction of stru
aMaterials and Process Simulation Cent

Pasadena, California 91125. E-mail: wag@
bKey Laboratory of So Chemistry and F

Chemical Engineering, Nanjing University

210094, P. R. China

† Electronic supplementary information (
and atomic coordinates for the most stable
See DOI: 10.1039/c5ta06426k

Cite this: J. Mater. Chem. A, 2016, 4,
1264

Received 15th August 2015
Accepted 2nd November 2015

DOI: 10.1039/c5ta06426k

www.rsc.org/MaterialsA

1264 | J. Mater. Chem. A, 2016, 4, 1264
ctures and properties of 2,4,6-
triamino-1,3,5-triazine-1,3,5-trioxide (MTO) and
2,4,6-trinitro-1,3,5-triazine-1,3,5-trioxide (MTO3N)
green energetic materials from DFT and ReaxFF
molecular modeling†
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2,4,6-Triamino-1,3,5-triazine-1,3,5-trioxide (MTO) and 2,4,6-trinitro-1,3,5-triazine-1,3,5-trioxide (MTO3N)

were suggested by Klapötke et al. as candidates for green high energy density materials (HEDM), but

a successful synthesis has not yet been reported. In order to predict the properties of these systems, we

used quantum mechanics (PBE flavor of density functional theory) to predict the most stable

conformations of MTO and MTO3N and their optimum packing into the most stable crystal structures.

We found that MTO has the P21 space-group with a density of r ¼ 1.92 g cm�3 while MTO3N has the

P21/c space-group with a density of r ¼ 2.10 g cm�3. The heats of reaction (DHrxn) were computed to

be 1036 kcal kg�1 for MTO, 1412 kcal kg�1 for MTO3N, and 1653 kcal kg�1 for a mixture of them. These

properties are comparable to those of such other useful energetic materials as RDX (r ¼ 1.80 g cm�3,

DHrxn ¼ 1266 kcal kg�1), HMX, and PETN, making MTO and MTO3N excellent candidates for

environmentally friendly HEDMs. In addition, we predicted the stability of –NH2, –NO, and –NO2 groups

in water solution. We also show that the ReaxFF-lg reactive FF leads to an accurate description of the

structural properties of MTO and MTO3N crystals making it practical to carry out large-scale reactive

molecular dynamics simulations practical for these systems to determine the sensitivity and performance

(CJ point calculation and velocity) under shear, shock, and thermal loads.
1 Introduction

High energy density materials (HEDMs) react very rapidly upon
initiation releasing large amounts of energy, which makes them
suitable for a number of civil and industrial applications.
Recent research efforts have led to the design, characterization
and evaluation of HEDMs that achieve higher performance.1

However, increased environmental and safety concerns now
require consideration of such other aspects of HEDMs as
toxicity, emission, contamination of ground water and soil,
environmentally friendly synthesis and processing, destruction
or disposal, life-span (chemical stability), storage, handling,
and vulnerability to a variety of external stimuli such as acci-
dental impact, shock, or re. Of particular interest is the design
er, California Institute of Technology,

wag.caltech.edu

unctional Materials of MOE, School of

of Science and Technology, Nanjing

ESI) available: The unit cell parameters
crystal structures of MTO andMTO3N.

–1276
of new HEDMs that are more stable, less sensitive and more
environmentally friendly while meeting or exceeding the
performance of benchmark materials such as RDX, HMX and
ammonium perchlorate (AP).2 We consider here two candidate
energetic materials 2,4,6-triamino-1,3,5-triazine-1,3,5-trioxide
(MTO) and 2,4,6-trinitro-1,3,5-triazine-1,3,5-trioxide (MTO3N)
designed by Klapötke et al. to meet these criteria. The possible
synthesis steps for MTO andMTO3N are shown in Fig. 1. Korkin
et al. estimated the gaseous heat of formation of MTO3N to be
108 kcal mol�1 using ab-initio calculations.3 Klapötke et al.
estimated that the velocity of detonation for MTO would be
8.979 km s�1 (which places it between 8.855 km s�1 for RDX and
9.247 km s�1 for HMX-b) with a density of 1.9 g cm�3 and an
impact sensitivity >30 J, much better than HMX (7 J) and RDX
(7.5 J).4 They used EXPLO5 soware for these calculations.5

Since the synthesis of these compounds has not yet been
successful, we introduced a computational methodology to
predict crystal structures of molecular solids that we illustrate
by predicting the structures of these new promising green
energetic materials, MTO and MTO3N. There are several tech-
niques for structural prediction of new materials. A review of
them can be found elsewhere.6 Our newmethodology combines
Monte Carlo (MC) sampling with molecular dynamics (MD)
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Steps for synthesizing MTO and MTO3N.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
15

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 5
:4

3:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
based both on generic force elds (FFs) and on DFT calcu-
lations to provide computationally feasible FF sampling over
enough number of crystal structures with QM based optimi-
zation of the lower energy predicted structures. Thus we rst
apply Monte Carlo simulated annealing using Dreiding FF for
crystal packing within the typical space groups of the organic
materials.7,8 This allows a very large number of candidates to
be sampled within each space group to ensure a sufficient
sampling of the congurational space to identify candidate
structures for the global minimum. We then optimize the
best using MD. Finally, the best structure of each space
group is optimized with QM. This methodology provides
a straightforward and robust method to obtain the optimum
space group and crystal structure of other unknown crystals.
We use the PBE avor of density functional theory (DFT)9 that
has been validated abundantly in the literature to produce
accurate results for many properties such as density, cohe-
sive energy, and equations of state. However, until recently,
DFT methods did not describe well the London dispersion or
van der Waals (vdW) attraction forces resulting from
dynamical correlations between uctuating charge distribu-
tions. This problem has been solved over the last few years by
Fig. 2 The molecular structures of MTO (left) and MTO3N (right). Mullik

This journal is © The Royal Society of Chemistry 2016
adding empirical parameters to DFT functionals to correct
for dispersion forces while keeping the scalability. Many
popular approaches include: the Grimme corrections (e.g.
DFT-D2), the M05-12 family and PBE-ulg.10–12 The Grimme
corrections have been tested for a wide variety of non-cova-
lent complexes including large vdW systems and molecules
with atoms beyond the second-row.10 They have been also
used to study known energetic materials. For example, Peng
et al.13 used Grimme vdW corrections (DFT-D2) to study the
molecular structures, mechanical properties, electronic
properties, and equations of state (up to 100 GPa) of b-HMX.
They obtained very good agreement between the DFT-D2 and
experimental results. In addition, PBE-ulg which has been
developed by our group performs DFT calculations in the
periodic system that correctly captures the non-covalent
interaction within 2 kcal mol�1,11 which is in the range of
chemical accuracy.

Such prediction methods are very important as we attempt
to use in silico techniques to design new materials with novel
properties, allowing us to study the properties of these mate-
rials prior to synthesis. Indeed, we have also used the crystal
structures predicted in this paper to study the thermal
en charges (red) and bond distances (blue) are shown.
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Table 2 Computed pKa values for protonation and deprotonation of
–NH2, –NO2, and –NO groups of MTO and MTO3N molecules

No. Reaction QM

1 4.1 (exp. 5.0)

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
15

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 5
:4

3:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
decomposition of MTO and MTO3N using ab initio quantum
mechanics molecular dynamics (QMMD) methods.14 These
high level QM calculations showed that the proposedMTO and
MTO3N materials should have excellent performance;
however, we found that MTO should be more sensitive than
MTO3N because it undergoes a simultaneous two proton
transfer at modest temperature or pressure. This shows the
value of the structures reported herein and the importance of
having a practical methodology for crystal structure predic-
tion, which is the focus of the current paper. In addition, we
report here the reaction mechanism and the expected perfor-
mances of the MTO and MTO3N molecular models. We also
validate the accuracy of ReaxFF reactive force eld for large
scale simulation of these materials.

Section 2 reports predictions of the structures of the isolated
MTO andMTO3Nmolecules and their heats of reaction. Section
3 reports the pKa values computed for various molecular groups
in the presence of water. Section 4 reports the computational
search of the optimal crystal packings of these materials using
Monte Carlo simulated annealing with the Dreiding non-reac-
tive force eld.15,16 Section 5 analyzes these structures further to
nd the minimum-energy structures of the MTO and MTO3N
using periodic DFT calculations. Section 6 validates the accu-
racy of the ReaxFF-lg for modeling the structural properties of
MTO and MTO3N crystals. Finally, the results are summarized
in Section 7.
Fig. 3 The energy change with the N–C–N–O dihedral angle (red) in
the MTO3N molecule. The out-of-plane –NO2 group (89.5�) was
found to be the most stable form.

Table 1 Comparison of the heats of reaction (DHrxn) of MTO, MTO3N,
and their mixture with those of RDX, HMX, PETN, and TNT2

Compound DHrxn (kcal kg�1)

MTO �1036
MTO3N �1412
MTO + MTO3N �1653
RDX �1266
HMX �1255
PETN �1398
TNT �871

1266 | J. Mater. Chem. A, 2016, 4, 1264–1276
2 Structures and heats of reaction

The structures of MTO and MTO3N molecules were obtained
using the B3LYP avor of density functional theory (DFT),
a hybrid method including both the generalized gradient
approximation and a component of the exact Hartree–Fock (HF)
exchange.17–21 These calculations were done using the 6-
311G(d,p) (or 6-311G**++) basis set.22 The optimized geometries
of MTO and MTO3N with the analysis of bonds and charges are
shown in Fig. 2. The charges were calculated by the Mulliken
population method using 6-31G** basis set.23 The six CN bonds
in the rings of both MTO and MTO3N indicate strong reso-
nance. For MTO the charge in the nitroxide is formally (N+)(O�)
2 18.5

3 �4.8

4 �5.8

5 �30.2

6 �11.7

7 �13.4

This journal is © The Royal Society of Chemistry 2016
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Table 3 MC simulated annealing parameters for optimal packing
search

Param. Value

Th 0.025
Tc 0.001
nh 12
Tmin 300.0 K
Tmax 100 000.0 K
Nmax 7000
mfmin

0.1 � 10�8
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but there is strong resonance with the ring to incorporate the
NO pi bond character with the concomitant CN double bond
character to the NH2, leading to a planar structure with a 1.32 Å
NO bond and a 1.33 Å CN bond. For MTO3N the steric inter-
actions between the NO2 and the nitroxide, forces the NO2 plane
to be perpendicular to the ring. The energy change with the N–
C–N–O dihedral angle (see Fig. 3) shows the same effect. This
leads to a normal CN single bond of 1.47 Å but a shorter
nitroxide NO bond of 1.26 Å. Both MTO and MTO3N have zero
dipole moment by symmetry.

The heats of reaction (DHrxn) were computed with the B3LYP
functional and 6-311G**++ basis set. We referred them to the
most likely stable products from the decomposition of MTO and
MTO3N and their mixtures shown in reactions (1)–(3). MTO and
MTO3N have good performances and the mixture of them has
much higher performance compare to standard energetic
materials (see Table 1).

MTO / 3N2 + 3H2O + 3C (1)

MTO3N / 3N2 + 1.5O2 + 3CO2 (2)

2(MTO3N) + MTO / 9N2 + 3H2O + 9CO2 (3)

3 Stability of –NH2, –NO2, and –NO
groups in water

In order to determine the stability of –NH2, –NO2, and –NO
groups in water the acid dissociation constants (pKa) were
computed for reactions shown in Table 2. The pKa of HA (aq)
was computed according to the thermodynamic cycle shown in
Fig. 4 and based on the following computational method.24–26

Here, DG0
g is the gas phase standard free energy, and DG0

aq is the
solution-phase standard free energy of deprotonation.
DG0

solv(HA), DG0
solv(A

�), and DG0
solv(H

+) are the standard free
energies of solvation of HA, A�, and H+, respectively. According
to Fig. 4, the DG0

aq is expressed by

DG0
aq ¼ DG 0

aqðA�Þþ DG 0
aqðHþÞ þ DG 0

aqðHAÞ

¼
n
DG 0

gðA�Þþ DG 0
solvðA�Þ

o

þ
n
DG 0

g

�
Hþ�þ DG 0

solv

�
Hþ�o

�
n
DG 0

gðHAÞþ DG 0
solvðHAÞ

o

¼ DG 0
g þ DG 0

solvðA�Þ þ DG 0
solv

�
Hþ�� DG 0

solvðHAÞ;
(4)
Fig. 4 Thermodynamic cycle used in the calculation of pKa.

This journal is © The Royal Society of Chemistry 2016
and then is used in the following equation to calculate the pKa

of HA (aq),

pKa ¼ 1

2:303RT
DG 0

aq (5)
Fig. 5 The acceptance ratio (top) and temperature change (middle)
with time duringMonte Carlo simulated annealing of MTO3N (P212121).
The energy versus density (bottom) is plotted after the Dreiding FF
optimization of accepted crystal trials. The structure with the lowest
energy is selected for the periodic DFT optimization.
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The DG0
g in eqn (4) refers to the sum of the standard Gibbs

free energies of HA, A�, and H+. Each standard gas free energy
was computed using

DG0
g(X) ¼ E0 K + ZPE + DDG0/298 K, (6)

where X is HA, A�, or H+, E0 K is the total energy at 0 K, ZPE is the
zero-point energy, and DDG0/298 K is the Gibbs free energy
change from 0 to 298 K. The E0 K for eachmolecule was obtained
by QM for the optimized geometry. The ZPE andDDG0/298 K are
computed from the vibrational frequency calculations. The
translational and rotational free energies were computed in the
ideal gas approximation. The geometries and energies used the
B3LYP functional and 6-311G**++ basis set. The standard free
energy of solvation in water (i.e. DG0

solv(HA) and DG0
solv(A

�)) was
calculated using the continuum-solvation approach27–29 at the
B3LYP/6-311G**++ level where the interactions between the
molecule and solvent were computed by the Poisson–Boltz-
mann (PB) equation numerically.30 To build the solute envelop
the following atomic radii were used based on previous
studies:29 2.00 Å for C (sp2), 1.50 Å for N in the –N]O group,
2.00 Å for N in the –NO2 group, 2.00 Å for O, and 1.15 Å for H.
The DG0

g(H
+)¼ 2.5RT� TDS0 and DG0

solv(H
+) were obtained to be

�6.28 kcal mol�1 and �270.3 kcal mol�1 according to the
literature.24–26,31 Since some of the molecules have two or more
equivalent sites for protonation or deprotonation (see below),
an extra stabilization in free energy due to the congurational
Fig. 6 Most stable structures of MTO for 5 different space groups obtaine

1268 | J. Mater. Chem. A, 2016, 4, 1264–1276
entropy (�RT ln nd) was added for such cases, where nd is the n-
fold degeneracy number, R is the gas constant and T is the
temperature (298.15 K). Reaction (1) in Table 2 shows the
deprotonation reaction for one of the melamine's tautomers.
The tautomer is made by the protonation of the nitrogen atom
on the triazine ring. Because there are three equivalent sites for
this nitrogen, the degeneracy is considered to be 3-fold degen-
eracy (nd ¼ 3). The computed pKa value for reaction (1) is in
good agreement with the experimental one32,33 which shows the
accuracy of the computational method. Reaction (2) shows the
deprotonation from one of the –NH2 groups of the MTO mole-
cule (nd ¼ 3). The pKa of 18.5 shows the high stability of the
–NH2 group toward dissociation in water. In reaction (3), the
protonated –NH2 group (–NH3

+) in the MTOmolecule (nd ¼ 3) is
very unstable (pKa ¼ �4.8) and quickly dissociates to produce
the –NH2 group. The –N]O group is also very stable in water as
shown in reaction (4), because the deprotonation of the –N]
OH+ tautomer (nd ¼ 3) is the favorable reaction (pKa ¼ �5.8).
Similarly in reaction (5), the –NO2 group is very stable and
deprotonation of –NO2H

+ (nd ¼ 1) occurs quickly. Reactions (6)
and (7) show the stability of the –N]O group toward proton-
ation in the presence of both –NH2 and –NO2 groups at 1- and 2-
fold degeneracies (nd ¼ 1, 2).

In summary, our calculations predict that the proposed MTO
and MTO3N materials would remain stable and safe in a water
environment or severe weather conditions which are important
factors in developing new energetic materials.
d using Monte Carlo simulated annealing and Dreiding FF optimization.

This journal is © The Royal Society of Chemistry 2016
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4 Crystal packing using Monte Carlo
(MC) simulated annealing

Predicting crystal structures should in principle require exam-
ining all 230 space groups considering various numbers of
molecules per asymmetric unit. However, 75% of organic crys-
tals belong to only ve space groups: P21/c (36.0%), P�1 (13.7%),
P212121 (11.6%), P21 (6.7%) and C2/c (6.6%).34,35 Therefore, we
considered the packing of MTO and MTO3N into the crystals of
just these ve space groups using the Dreiding non-reactive
FF15,16 with charges fromQM based on the Mulliken populations.
Fig. 7 Most stable structures of MTO3N for 5 different space group
optimization.

This journal is © The Royal Society of Chemistry 2016
We used Ewald summation for long-range non-bond interac-
tions.36 Geometry optimizations used conjugate gradient (CG)
algorithm.

We used Monte Carlo (MC) simulated annealing to search
for the global minimum energy as a thermodynamic problem.
This involves heating the crystal quickly to high temperature
and then cooling slowly to anneal the heated structure. During
both phases, we sampled a large number of trial packings by
rotating and translating the rigid molecular units, within the
asymmetric unit cell while modifying the cell parameters. This
procedure efficiently selects low potential energy (E) packings
s obtained using Monte Carlo simulated annealing and Dreiding FF

J. Mater. Chem. A, 2016, 4, 1264–1276 | 1269
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for each space group. The standard Metropolis algorithm37 is
used to determine whether generated trial structures are
accepted or rejected. The acceptance ratio (probability) is
computed by

P ¼ min

�
1;� ðEn � EmÞ

RT

�
(7)

where En and Em are the energy of new and old congurations, R
is the universal gas constant and T is the temperature. There-
fore transition from higher energy to lower energy (i.e. En� Em <
0) is always accepted but transition from lower to higher energy
Table 4 DFT:PBE-ulg and PBE-D2 results. Heat of vaporization (DHvap, k
the five predicted MTO crystals (shown in Fig. 8)

Structure rulg (g cm�3) DHvap
ulg (kcal mol�1) rD

MTO molec. — 0.0 —
P21 1.86 �38.7 1.9
P212121 1.79 �35.5 1.8
P21/c 1.81 �33.4 1.8
P�1 1.80 �33.3 1.8
C2/c 1.78 �33.1 1.8

Fig. 8 Most stable structures of MTO for 5 different space groups obtain
functional with dispersive force corrections.

1270 | J. Mater. Chem. A, 2016, 4, 1264–1276
(i.e. En � Em > 0) is accepted with a probability which goes to
zero as En and Em become close to each other. In addition, if the
density of the structure falls below 0.3 g cm�3, during a trial
step, it is always rejected. During the heating phase the new
temperature is obtained by Tnew ¼ Told (1.0 + Th) where Told is
the temperature of the previous trial and Th is the heating
factor. The heating continues until the predened number of
consecutive trial moves (nh) have been accepted. If the current
trial is rejected, the MC move factor (mf) is halved and if it is
accepted the mf is doubled. During the cooling phase the new
temperature is obtained in the same way by Tnew¼ Told (1.0 + Tc)
cal mol�1 per MTO), density (r, g cm�3) and minimum-energy rank for

2 (g cm�3) DHvap
D2 (kcal mol�1) Rankulg RankD2

0.0 — —
2 �42.2 1 1
6 �39.2 2 2
8 �36.8 3 3
7 �36.7 4 4
7 �36.4 5 5

ed from optimization using periodic DFT calculations and the PBE-ulg

This journal is © The Royal Society of Chemistry 2016
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Table 5 DFT:PBE-ulg and PBE-D2 results. Heat of vaporization (DHvap, kcal mol�1 per MTO3N), density (r, g cm�3) and minimum-energy rank
for the five predicted MTO3N crystals (shown in Fig. 9)

Structure rulg (g cm�3) DHvap
ulg (kcal mol�1) rD2 (g cm�3) DHvap

D2 (kcal mol�1) Rankulg RankD2

MTO3N molec. — 0.0 — 0.0 — —
P21/c 2.02 �14.9 2.10 �18.4 1 1
C2/c 1.91 �14.3 2.00 �16.9 2 3
P�1 1.95 �13.8 1.99 �17.0 3 2
P21 1.95 �12.6 1.99 �16.0 4 4
P212121 1.98 �11.0 2.04 �14.1 5 5
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where Tc is the cooling factor. It is crucial to utilize correct
temperature schemes to obtain accurate and efficient
samplings of packing arrangements. For example, lower Tc
values should be used when it is hard to pack the structure (i.e.
more degrees of freedom). Therefore, Tc is dened by the
Fig. 9 Most stable structures of MTO3N for 5 different space groups ob
ulg functional with dispersive force corrections.

This journal is © The Royal Society of Chemistry 2016
following equation to be a dynamic function of number of
fragments in the unit cell,

Tc ¼ Tc

�
1� N �1

N þ1

�
(8)
tained from optimization using periodic DFT calculations and the PBE-
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where N is the number of fragments in the unit cell. The
packing parameters used during MC simulated annealing are
given in Table 3. The nal crystal structures from the MC
consist of a series of unoptimized molecular packings for each
space group, which must be optimized subsequently to obtain
the true minimum energy structures. An example of MC simu-
lated annealing steps is shown in Fig. 5 for MTO3N with the
P212121 space group. During the heating phase the temperature
was increased to about 5200 K and then reduced to 300 K during
cooling phases. During 4680 steps (heating and cooling), 2930
structures were accepted. Before geometry optimization,
duplicates were ltered and removed reducing the number of
accepted structures to 206.

Fig. 5 shows that the stability generally increases (lower
E values) as the density increases for each space group. The
Fig. 10 Different views of the crystal structure of MTO (P21) obtained afte
b ¼ 7.0 Å, c ¼ 10.0 Å, a ¼ 90.0�, b ¼ 103.6�, and g ¼ 90.0�.

Fig. 11 Different views of the crystal structure of MTO3N (P21/c) obtaine
19.4 Å, b ¼ 9.0 Å, c ¼ 8.5 Å, a ¼ 90.0�, b ¼ 144.1�, and g ¼ 90.0�.

1272 | J. Mater. Chem. A, 2016, 4, 1264–1276
optimized structure with the lowest potential energy (i.e. the
most stable) was selected for periodic QM calculations in the
next step.

The most stable structures from MC simulated annealing
and FF optimization for different space groups of MTO and
MTO3N are shown in Fig. 6 and 7, respectively.
5 Crystal optimization using periodic
DFT calculations

Each of the nal structures of each of the ve space groups
obtained in the previous section was used as an input for crystal
cell optimization using periodic DFT, based on the Perdew–
Burke–Ernzerhof (PBE) generalized gradient approximation
(GGA) for the exchange–correlation energy9 and a plane wave
r periodic DFT cell optimization. The unit cell parameters are: a¼ 4.6 Å,

d after periodic DFT cell optimization. The unit cell parameters are: a ¼

This journal is © The Royal Society of Chemistry 2016
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energy cutoff of 550 eV. We used the convergence criteria of E
�6 eV for energy and E �4 eV Å�1 for force. The k-space
sampling was the gamma point centered with full space group
symmetry. All calculations in this section were performed using
the VASP package.38,39

These calculations include either the empirical correction
for long-range dispersive forces from Grimme (PBE-D2)10 or the
universal low-gradient12 corrections (PBE-ulg) in separate cell
optimizations.

The results of periodic DFT calculations for MTO are shown
in Table 4 and Fig. 8 and for MTO3N are shown in Table 5 and
Fig. 9. Tables 4 and 5 provide the optimized crystal density, heat
of vaporization (DHvap), and stability (i.e. the minimum-energy)
rank for the space groups using PBE-D2 and PBE-ulg. DHvap was
computed with respect to the single molecule of the corre-
sponding system. The P21 space group was predicted by both
PBE-D2 and PBE-ulg methods to be the most stable minimum-
energy structure of MTO with close densities of around 1.92 g
cm�3 and 1.86 g cm�3, respectively (Table 4). The PBE-ulg and
PBE-D2 predict the P21 space group to be 3.2 kcal mol�1 and 3.0
Fig. 12 The hydrogen-bond (HB) effect on the MTO (P21) crystal. For
a better view, a super cell was generated by duplicating a and c
dimensions. The dotted lines show the HB between H and O atoms of
the adjacent molecules (displayed with solid balls and sticks). For
distinction, other molecules in the system are displayed by thin lines.

This journal is © The Royal Society of Chemistry 2016
kcal mol�1 more stable than P212121, respectively. In the case of
MTO3N, the P21/c was also predicted to be the most stable
structure by both PBE-D2 and PBE-ulg methods with close
densities of 2.10 g cm�3 and 2.02 g cm�3, respectively (Table 5).
The unit cell parameters with visualization from different
angles for MTO (P21) andMTO3N (P21/c) are given in Fig. 10 and
11, respectively. The coordinates and cell information of these
crystals are provided in the ESI.†

The hydrogen-bond (HB) coupling in the MTO (P21) crystal
is shown in Fig. 12 which includes a super-cell crystal of the
MTO (P21). The intermolecular HB attraction between the H
atom of the –NH2 groups and the O atom of a nearby –NO
group causes the –NH2 to slightly bend toward the –NO group
pulling it out of the plane. To further understand this effect,
we selected two adjacent molecules from the crystal structure
of MTO (P21) for non-periodic QM optimization (see Fig. 13)
using the M06 functional11 with the 6-311G**++ basis set,
which allows for a more accurate description of the interac-
tion. The results in Fig. 13 show that the hydrogen-bond
interaction (site 1) keeps the –NH2 group out of plane as in the
crystal structure whereas the other –NH2 group (site 2) no
longer has intermolecular interaction with the –NO group
becoming planar.
6 Reactive molecular dynamics using
ReaxFF-lg

Simulating such phenomena as shock compression and
detonation require length and time scales far beyond DFT
capabilities. Instead, we use ReaxFF reactive FF40–44 to study
the decomposition mechanism and shock behavior. This
methodology has been used for many energetic materials,
including triacetonetriperoxide (TATP),45 hexahydro-1,3,5-
trinitro-1,3,5-s-triazine (RDX),46–48 pentaerythritol tetrani-
trate (PETN),49 octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazo-
cine (HMX),50 1,3,5-triamino-2,4,6-trinitrobenzene (TATB),50

and nitromethane.51
Fig. 13 The hydrogen-bond (HB) effect before (left) and after (right)
QM minimization using the M06 functional and 6-311G**++ basis set.
The molecules were extracted from the crystal of MTO (P21) (see
Fig. 12). After minimization site 1 remains unchanged due to the HB
effect while the –NH2 groups at site 2 become planar since the HB
effect does not exist for this site.
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Table 6 Comparison of the equilibrium super-cell lattice parameters for the most stable MTO (P21) and MTO3N (P21/c) structures calculated
from ReaxFF-lg and from DFT

System Simulation a (Å) b (Å) c (Å) a (deg) b (deg) g (deg) Density (g cm�3)

MTO DFT 9.18 13.95 10.01 90.00 103.64 90.00 1.86
ReaxFF-lg 9.171 13.90 10.05 90.00 103.79 90.00 1.86

MTO3N DFT 19.42 9.02 16.95 90.00 144.10 90.00 2.02
ReaxFF-lg 19.42 9.02 16.95 90.00 144.10 90.00 2.02
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Such simulations have provided valuable information on
initial chemical decomposition and subsequent energy release
processes on a system with millions of atoms.52 ReaxFF-lg is the
extension of ReaxFF, in which the London dispersion (van der
Waals attraction) has been improved by adding a long-range-
correction term. Here we use the low-gradient form, which is
constant for distances much shorter than van der Waals radii
and proportional to 1/r6 for long distances.53 ReaxFF-lg has been
tested for several energetic materials53 and shown to increase
the accuracy of the equilibrium cell parameters for molecular
crystals. To test the accuracy of ReaxFF-lg for MTO (P21) and
MTO3N (P21/c) space groups, we compare in Table 6 the
optimum cell parameters from DFT and ReaxFF-lg. The good
Fig. 14 The change of energy, total pressure, and pressure component
MTO (P21) crystal. A super-cell system was generated by duplicating the

1274 | J. Mater. Chem. A, 2016, 4, 1264–1276
agreement here validates the current ReaxFF-lg for large-scale
simulations of these materials. Fig. 14 and 15 show the
conservation of energy and convergence of the total pressure
and pressure components during the cell optimization of MTO
and MTO3N crystals, respectively. All calculations in this
section were performed using ReaxFF-lg implemented in
LAMMPS.54 The time step was 0.1 fs and the CG method was
used for energy minimization.
7 Summary

We report predictions using quantum mechanics of the most
stable crystal structures of MTO and MTO3N, two promising
s with time during minimization and box relaxation simulations of the
a and b dimensions of the unit cell.

This journal is © The Royal Society of Chemistry 2016
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Fig. 15 The change of energy, total pressure, and pressure components with time during minimization and box relaxation simulations of the
MTO3N (P21/c) crystal. A super-cell system was generated by duplicating the c dimension of the unit cell.
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green high-energy density materials. These predictions were
based on Monte Carlo simulated annealing using the
Dreiding FF to nd the most stable polymorphs of these
materials. Then, for the most promising space groups and
packings, we performed periodic DFT calculations with
correction for non-covalent dispersive interactions (PBE-ulg
and PBE-D2) to optimize for each space group obtained from
the FF annealing step to obtain nally the optimum space
group and crystal structure. For MTO we nd the P21 space
group with a density of 1.92 g cm�3 and a heat of reaction of
1036 kcal kg�1. For MTO3N we nd the P21/c space group
with a density of 2.10 g cm�3 and a heat of reaction of 1412
kcal kg�1. Thus MTO and MTO3N have densities and heats of
reaction in the range of other energetic materials such as
RDX (1266 kcal kg�1), HMX (1255 kcal kg�1), PETN (1398 kcal
kg�1), and TNT (871 kcal kg�1). We also nd that the mixture
of MTO and MTO3N has a heat of reaction of 1653 kcal kg�1

which is much higher than other energetic materials. We
calculated the pKa values for MTO and MTO3N, concluding
that they are stable in water solution. Finally, we validated
that the published ReaxFF-lg reactive FF reproduces the
crystal structures of MTO and MTO3N.
This journal is © The Royal Society of Chemistry 2016
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