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Introduction

Initial decomposition pathways of
1,1-diamino-2,2-dinitroethylene (a-FOX-7)
in the condensed phaset

Komal Yadav,” Yuheng Luo,® Ralf I. Kaiser (2®° and Rui Sun () *?

The initial decomposition pathways of a-FOX-7 in the condensed phase (crystal) were investigated via
density functional theory. Calculations were carried out using three FOX-7 systems with increasing
complexity from 1-layer (sheet) via 2-layer (surface) to 3-layer (bulk). The encapsulated environment of
the central a-FOX-7 molecule, where decomposition takes place, is reconstructed by neighbouring
molecules following a crystal structure. A minimal number of neighbouring molecules that have an
impact on the energetics of decomposition are identified among all surrounding molecules. The results
show that the presence of intermolecular hydrogen bonds due to the encapsulated environment in the
condensed phase decreases the sensitivity of a-FOX-7, i.e. it increases the barrier of decomposition, but
it does not alter the initial decomposition pathways of the reaction compared to the gas phase.
Moreover, increasing the complexity of the system from a single gas phase molecule via sheet and
surface to bulk increases the decomposition barriers. The calculations reveal a remarkable agreement
with experimental data [A. M. Turner, Y. Luo, J. H. Marks, R. Sun, J. T. Lechner, T. M. Klap&tke and
R. I. Kaiser, Exploring the Photochemistry of Solid 1, 1-Diamino-2, 2-Dinitroethylene (FOX-7) Spanning
Simple Bon Ruptures, Nitro-to-Nitrite Isomerization, and Nonadiabatic Dynamics, J. Phys. Chem. A,
2022, 126, 29, 4747-4761] and suggest that the initial decomposition of a-FOX-7 likely takes place at
the surface of the crystal.

essential to understanding its superior performance as an
energetic material. Molecules are aligned end-to-end, facilitat-

The development of energetic materials with low sensitivity to
shock, temperature, and friction while having high detonation
performance is an active area of research. In this regard, 1,1-
diamino-2,2-dinitroethylene, commonly known as FOX-7 or
DADNE, is a promising candidate that has attracted consider-
able attention over the past decades. This molecule was first
synthesized by Ostmark and Bemm in 1998 and features easy
synthesis procedures,"™ low sensitivity to heat,>'® and high
detonation performance.'™? Thus, it has been considered an
alternative to well-known explosives, such as 1,3,5-trinitro-
2-oxo-1,3,5-triazacyclo-hexane (RDX) and 1,3,5,7-tetranitro-
1,3,5,7-tetraazacyclo-octane (HMX)."*?

The establishment of the interplay between the molecular
structure of FOX-7 and its decomposition mechanism is
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ing a two-dimensional wave-shaped structure with extensive
hydrogen-bonding in the crystal of FOX-7.'* X-ray diffraction
analysis has exposed as many as four different polymorphic
phases, named the o-, B-, y-, or §-phase, with the a-phase being
the most stable at room temperature.'*'® The crystal structure
plays an important role in the chemical properties of FOX-7.
Gupta and coworkers reported that the FOX-7 crystal can
undergo structural transformation upon heating, which leads
to the strengthening of its intramolecular and intermolecular
hydrogen bonds and decreases the sensitivity of FOX-7 to
shock.” Computational studies performed by Kuklja et al.
suggest that the presence of internal defects in the crystal
structure, such as reversed oriented molecules and shear strain
defects, ie., disruption of intermolecular hydrogen bonds
decreases decomposition barriers."® Numerous experimental
studies have been attempted to establish the interplay between
the chemical structure and properties of FOX-7.%131823 Jones
and co-workers studied the thermal decomposition of FOX-7
in different phases with simultaneous thermogravimetry-
differential thermal analysis-Fourier transform infrared spectro-
scopy-mass spectrometry (TG-DTA-FTIR-MS) measurements and
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differential scanning calorimetry. They observed a two-step
decomposition process: the first step yields water (H,0), carbon
dioxide (CO,), dinitrogen oxide (N,0), hydrogen cyanide (HCN),
nitrogen dioxide (NO,), and isocyanic acid (HOCN), and the
second step forms nitrous acid (HONO) and formic acid
(HCOOH).>* The key step in the decomposition reaction,
i.e., nitro-to-nitrite isomerization, was supported by differential
scanning calorimetry experiments carried out by Chen et al.*®
Kyncl and co-workers used a combination of laser-induced
breakdown spectroscopy (LIBS) and selected ion flow tube mass
spectroscopy (SIFT-MS), and observed the formation of a dif-
ferent set of compounds, including nitrogen oxide (NO), NO,,
formaldehyde (HCHO), HCN, acetylene (C,H,), HONO, and
ethanol (CH;CH,OH)." Recently, in a series of studies of
photon-induced photolysis of FOX-7, Turner et al. observed
that the NO, and amino radical (NH,) loss channels are not
accessible with 355 and 532 nm photons, while nitrogen oxide
(NO) was observed only with the 355 nm photon.?***2®

Extensive computational research has also been conducted
on the gas and condensed phase decomposition of FOX-7.2%%¢?
In one of the earliest studies, Politzer et al. reported the C-NO,
and C-NH, dissociation energies to be 293 and 467 kJ mol ',
respectively, using density functional theory (DFT) calculations at
the B3P86/6-31+G(d,p) level of theory.”® Kimmel and colleagues
reported that the decomposition of FOX-7 in the excited states
features low barriers, and changes the reaction type from
endothermic to exothermic (B3LYP/6-31+G(d,p)).”” The mecha-
nism of the initial decomposition of FOX-7 was proposed by
Bernstein et al., where the nitro-to-nitrite isomerization is
followed by a NO dissociation (B3LYP/6-31+G(d,p)).>" Luo et al.
performed an exhaustive search for the different decomposi-
tion pathways of FOX-7 in the gas phase, and suggested that
the sensitivity of FOX-7 is primarily determined by the nitro
group.®® Xia and co-workers investigated the impact of inter-
molecular forces in a dimer and bulk of FOX-7 (B3LYP with
6-311G(d,p), 6-311++G(d,p), and D95), and concluded that
certain features of the bulk (such as molecular packing) can
be observed in the dimer.*® Zhao and Liu investigated the
initial decomposition of FOX-7 under high pressure, and found
the C-NO, bond to be the most sensitive under compression.*!
The thermal decomposition of FOX-7 (at 3000 K) was studied by
Zheng et al. by solving the non-SCF Harris functional approxi-
mation using local density approximation (LDA), and indicated
that most of the energy is released within the first 15 ps with
H,0 and nitrogen molecule (N,) as the primary products.*?
Michalchuk et al. studied the impact sensitivity on different
polymorphs of the FOX-7 crystal using a theoretical model
based on vibrational up-pumping. They observed that increas-
ing the layer of polymorphs reduced the impact sensitivity,
which was validated by the BAM fall hammer testing."’

The experiment by Turner et al. offered an ideal case to
probe the initial decomposition of FOX-7, as the excitation
energy is barely enough to trigger the initial decomposition.
After the radiation from 355 and 532 nm photons, the spectrum
indicates that an overwhelming majority of the molecules
in the crystal remains intact. In the same study, our group
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investigated the impact of the condensed phase by calculating
the decomposition of FOX-7 with a small molecular cluster of
the crystal structure. The calculation replaced a FOX-7 molecule
in the molecular cluster with a gas-phase optimal structure
(intermediates or transition states), while the neighboring
molecules remained frozen. Clearly, this approach is a work-
around to avert the high cost of geometry optimization of the
entire molecular cluster. Nonetheless, an improved agreement
(compared to the gas phase calculation) with the experiment
was achieved, which indicates that the encapsulated environ-
ment plays an important role in the initial decomposition.

In this study, we demonstrate the effect of the condensed
phase environment on the initial decomposition of FOX-7.
The DFT method was validated by previous experiment and
high-level calculations on this specific system.*®> The initial
decomposition barriers for FOX-7 were computed in three
different environments: (i) sheet, (ii) surface, and (iii) bulk.
In each scenario, the FOX-7 molecule at the center of the system
was considered the reactive site, and the influence of neigh-
bouring molecules on the decomposition of the reactive site
was analyzed. We have also identified a minimal list of neigh-
bouring molecules that directly affect the decomposition. Our
computation indicates that the decomposition is likely to first
take place at the surface of the FOX-7 crystal, is validated by the
experiments of Turner and coworkers.*°

Methodology

The initial decomposition of FOX-7 was studied using DFT. The
stationary points on the potential energy profile were optimized
at the M06-2X-D3/6-31G(d) level of theory.”*™*> The selected
level of theory employed a rather small basis set to balance the
computational cost and the accuracy of the calculations for a
system of considerable size (especially for the surface and the
bulk systems). However, it was carefully benchmarked with a
previous study by Luo et al,*® where a much larger basis set
(def2-TZvPP*®) was employed (e.g., the root mean square error,
RMSE between our values and those reported by Luo et al. was
found to be ~9.5 k] mol™"), and the results agree well with the
experiments. It is important to note that including dispersion
corrections is necessary to get an accurate description of the
intermolecular (van der Waals) interaction within energetic
materials. Dispersion effects have a significant impact on the
precision of theoretical reaction thermodynamics, and are also
crucial for obtaining a good understanding of non-covalent
and intermolecular interactions. Empirical dispersion is an
approach that takes into account the fact that DFT generally
underestimates the van der Waals interaction in molecular
systems. Among the different variants available, Grimme’s D3
correction has proven to provide accurate results as the dispersion
coefficients are geometry-dependent and hence are adjusted
based on the local geometry. Therefore, Grimme’s D3 correction
was used in our calculations.****° The intermediates and
transition states are verified by their number of imaginary fre-
quencies. For a partially optimized geometry (i.e., frozen second
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solvation shell) such as the one reported in the manuscript, the
Hessian matrix components corresponding to frozen atoms are
set to zero. The 3(N-m) normal modes are calculated, where N and
m are the total number of atoms in the system and the number of
frozen atoms, respectively. The intrinsic reaction coordinate (IRC)
calculations were carried out to verify the connection between
transition states and intermediates.>® To further validate the
accuracy of the M06-2X-D3/6-31G(d) level of theory, the single-
point energies of the stationary points optimized at the M06-2X-
D3/6-31G(d) level of theory in the sheet system were calculated at
the ®b97X-D*?/6-31G(d) level of theory. The double-hybrid DFT
functional ®b97X-D accurately modeled the dispersion inter-
action, which is important in the condensed phase system like
the current one. The energies computed with M06-2X-D3/6-31G(d)
and ©b97X-D/6-31G(d) are almost identical. In addition, both
M06-2X-D3 and ®b97X-D DFT functionals have previously been
reported to successfully model reactions involving radicals. More-
over, these methods provide a reasonable balance between the
computational cost and chemical accuracy, which is crucial in
studying large molecular clusters like the ones reported in this
manuscript.**>*" All calculations were performed using the
Gaussian16 software package.®

As noted in the introduction, the crystal of FOX-7 possesses
a wave-shaped structure (Fig. 1). This research focuses on the
energetics of the initial decomposition of 4-FOX-7, the most
stable crystal among all forms at room temperature. Hence,
to understand the effect of the encapsulated environment on
the initial decomposition, an additive approach with increasing
complexity is adapted to mimic the initial decomposition of
FOX-7 in the crystal (gas — sheet — surface — bulk, Fig. 2).
The initial structures of these systems were obtained from the
0-FOX-7 crystal structure provided by Bemm and Ostmark.®
The decomposition occurs at the central molecule. During
geometry optimization, the central molecule and its neighbouring
molecules that have direct contact with the reaction site are
allowed to fully relax, while the rest of the molecules are held
fixed to maintain the wave-shaped structure of the FOX-7 crystal.
A promising approach is to wisely choose the neighbouring
molecules that most significantly impact the energetics of the
decomposition of the central molecule to minimize the number
of degrees of freedom in geometry optimization. A detailed

Table 1 Relative energies (kJ mol™) of different stationary points for the
initial decomposition of FOX-7 on a sheet. The relative energies (ZPE
corrected) are calculated concerning the respective reactants at the M06-
2X-D3/6-31G(d) level of theory. The energies in parentheses are single
point energies calculated at ®97X-D/6-31G(d) on the optimized geome-
tries obtained at the M06-2X-D3/6-31G(d) level of theory

One-layer (sheet)

Stationary point 1st solvation shell Nearest neighbours

ts1 291.9 [292.0] 293.0 [293.6]
ts1’ 287.6 [285.9] 289.1 [285.8]
ts3 252.8 [263.3] 252.8 [263.3]
int5 + NO, 291.0 [279.2] 291.0 [279.2]
int6 + NO, 341.7 [330.6] 345.6 [333.9]
int7 + NH, 511.6 [535.2] 513.7 [536.2]

This journal is © the Owner Societies 2024
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Fig. 1 (a) Molecular structure of FOX-7 in the gas phase; (b) unit cell of
a-FOX-7; (c) top view of a-FOX-7 with intramolecular (black) and inter-
molecular (cyan) H-bonds highlighted.

Fig. 2 Representation of a-FOX-7 (a) one-layer (sheet), (b) two-layer
(surface), and (c) three-layer (bulk) used for the calculations.

discussion of how these molecules are selected is provided in
the following sections.

Results
1. Initial decomposition of FOX-7 in the gas phase

The potential energy profile for the initial decomposition of
FOX-7 in the gas phase is given in Fig. 3. A total of four
pathways resulting in three gas-phase products are reported:
(i) a nitro (-C-NO,) to nitrite (-C-ONO) isomerization via a
cyclic 3-membered transition state ts1 (271.6 k] mol ") leads to
the formation of an intermediate int1 (—19.4 k] mol ). It is
interesting to note that intl can be formed via another transi-
tion state, ts1’ (296.5 k] mol™"), of a higher energy. The ts1 is
lower in energy than ts1’ due to the intramolecular hydrogen-
bond between the oxygen atom of the isomerizing -NO, group
and the neighbouring -NH, group (Fig. S1 in the ESIY).
A torsion about the C-O bond in int1 forms another intermediate
int2 (—25.1 kJ mol™") via transition state ts2 (13.2 kJ mol "),
which is followed by the C-O bond dissociation, leading to the
formation of int4 and NO. The reaction energy of this pathway is
slightly exothermic (—15.5 k] mol™"). The second (ii) pathway
involves an H-atom migration from the -NH, group to the
neighbouring C-atom containing the -NO, moiety via the cyclic

Phys. Chem. Chem. Phys., 2024, 26, 11395-11405 | 11397
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Fig. 3 Potential energy profile (in kJ mol™, zero-point energy included)
for the initial decomposition pathways of FOX-7 in the gas-phase at the
M06-2X-D3/6-31G(d) level of theory. Pathway (i), black; pathway (ii),
green; pathway (iii), olive; pathway (iv), purple.

four-membered transition state ts3 (210.9 k] mol™') to form
intermediate int3. The H-atom shift causes a change in the
hybridization of the C-atom containing the -NO, groups from
sp> to sp>. The intermediate int3 then undergoes a C-NO, bond
dissociation, producing int5 and NO,. Alternatively, intermediate
int5 and NO, can also be formed via pathway (iii), which starts
with the dissociation of one of the C-NO, bonds, leading to the
formation of int6 and NO, (321.5 k] mol ). This is followed by an
H-atom migration of the -NH, group to the carbon atom of
-C-NO, to form intermediate int5 via ts4 (436.7 kJ mol™"). The
formation of int5 and NO, is an endothermic (+222.6 k] mol )
process. The fourth (iv) pathway involves the dissociation of one
of the C-NH, bonds to form int7 + NH, (474.5 k] mol"). This
pathway is the most endothermic among the three initial gas-
phase products.

2. Initial decomposition of FOX-7 on a sheet

The crystalline structure of FOX-7 indicates that a single unit
cell consists of four FOX-7 molecules,®® ie., 56 atoms. The
molecules in the crystal are aligned end-to-end, facilitating
a two-dimensional wave-shaped structure with extensive inter-
molecular H-bonding within a layer and van der Waals inter-
action between layers. These interactions stabilize the FOX-7
molecule.®® It is also important to note that the structure of
FOX-7 in the crystal deviates from its optimal gas phase
structure (Fig. S2 in the ESI{), thus destabilizing the molecule.
The exact chemistry of the initial decomposition of FOX-7
depends on the balance between these two competing factors.
It is important to note that our previous calculations for a
tetramer of FOX-7 did not maintain the wave-shaped structure
of the FOX-7 crystal. However, the experiments showed that the
wave-shaped structure of the crystal is preserved during
the initial decomposition reaction. Therefore, to replicate the
experimental setup accurately, we have performed a restrained
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Fig. 4 A representation of the neighbouring molecules to the central
FOX-7 molecule (enclosed in an orange circle) for FOX-7 (left) and tsl
(right). Panel (a) shows all the molecules in the first solvation FOX-7, and
panel (b) shows the minimum number of neighbouring molecules for tsl.

optimization of the sheet/surface/bulk by keeping the mole-
cules in the second solvation shell frozen. For the sheet model
(Fig. 4a), the central FOX-7 (where the decomposition takes
place) is surrounded by two solvation shells. The six FOX-7
molecules in the first solvation shell are allowed to fully relax
during the optimization, while the 12 FOX-7 molecules in the
second solvation shell are frozen to maintain the wave-shaped
structure of the system. The sheet model consists of a total
of 19 FOX-7 molecules. Since the product molecules in Fig. 3
have been shown to agree with the experiments well,**>>*° the
focus of the condensed phase study is on how the encapsulated
environments alternate the energetics. It should be noted that
in the current setup, only the central FOX-7 molecule in the
sheet is set to be reactive - in the initial structure for geo-
metry optimization, only its structure deviates from the crystal
structure. Considering that almost all FOX-7 molecules remain
intact after the radiation from 355 and 532 nm lasers, this setup
mimics the initial decomposition.**

The barrier (ts1, the -NO, to -ONO isomerization) of the
pathway (i) slightly increased from 271.6 kJ] mol™ "' in the gas
phase to 287.6 k] mol " in the sheet due to the restriction of the
intermolecular hydrogen bonds (Fig. 5b and c). Interestingly,
the transition state for the other torsional isomer for the
-NO, to -ONO isomerization, ts1’, slightly decreased from
296.5 k] mol ' in the gas phase to 291.9 k] mol . As a result,
the two pathways of -NO, to -ONO have comparable barriers
(AAEy 51 = 4.6 k] mol ") as compared to the difference in the
gas phase of ~25 kJ mol . The decrease in energy difference
between ts1 and ts1’ can be explained by the presence of
intermolecular H-bonding among the FOX-7 molecules in the
sheet model. As Fig. 5¢ shows, the isomerizing -NO, group in
ts1’ is stabilized by an intermolecular H-bond of O-H distance

This journal is © the Owner Societies 2024
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Fig. 5 The restructures of important intra-(black) and intermolecular
(cyan) hydrogen bonds of (a) FOX-7, (b) ts1, (c) ts1’, and (d) ts3.

of 2.1 A. Although the isomerizing -NO, group in ts1 also forms
an intermolecular H-bond, this interaction is much weaker
(e.g., O-H distance is 2.3 A). The second (ii) pathway accounts for
an H-atom migration from -NH, to the C-atom containing the
-NO, groups via the cyclic four-membered transition state ts3.

Compared to the gas phase, the same procedure in the sheet
must break one intermolecular hydrogen bond before the
H-atom migration (Fig. 5d). Indeed, the barrier for H-migration
via ts3 increased to 252.8 k] mol " (41.9 k] mol " higher than ts3
in the gas phase). Pathway (iii) involves the dissociation of the
C-NO, bond to form NO, and int6. Once formed, NO, is assumed
to have left the sheet. Thus, two intermolecular hydrogen bonds
are broken, resulting in a 20.2 k] mol ' increase in int6. Both
pathways (ii) and (iii) eventually form int5 and NO,, whose energy
is also increased from the gas phase by ~72 k] mol ™" due to the
breaking of three intermolecular hydrogen bonds (two from the
escaping NO, molecule, and one from the migrated hydrogen
from the -NH, group). The fourth (iv) pathway involves the
highly endothermic C-NH, dissociation, which also leads to
the breaking of two intermolecular hydrogen bonds, resulting
in a 70.2 k] mol™" increase in the energy of the dissociation
product, int7 and NH,.

As given in Fig. 5, the decomposition of FOX-7 in the
condensed phase involves reconstruction of intermolecular
hydrogen bonds with its neighboring molecules, which results
in different energetics as compared to the same process in the
gas phase. Therefore, it is reasonable to expect that only those
FOX-7 molecules that form the hydrogen bonds with the central
(reactive) molecule make a significant contribution to such a
difference (Fig. 4b). It is of interest to investigate whether there
exists a minimal number of neighbouring molecules, with
which the calculations reproduce the ones with the full first
solvation shell. This is particularly important for the study of

This journal is © the Owner Societies 2024
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the decomposition at the surface and in the bulk, where
allowing a minimal number of neighbouring molecules will
play an essential role in the feasibility of the calculation.
A comparison of the energetics computed from relaxing the
entire first solvation shell and relaxing only a minimal number
of neighbouring molecules is given in Table 1. As the results
show, relaxing only a minimal number of neighbouring mole-
cules provides a near-identical representation of the energetics
obtained from considering the entire first solvation shell.
In fact, the maximum energy difference between the two cases
was found to be only ~4 kJ mol '. With a much smaller
number of degrees of freedom to optimize, a significant num-
ber of computational resources can be saved. The general rule
is that all molecules that form hydrogen bonds with the reactive
site of the central molecule (either -NH, or -NO,) need to be
included in the minimal number of neighbouring molecules.
However, for ts3 and int5, which involve changes in both
C-(NO,), and C—~(NH,), groups, all molecules in the first solva-
tion shell of the reactive FOX-7 play a significant role and must
be included in the calculation. From this point on, the geo-
metry optimizations to study the decomposition of FOX-7 will
only relax a minimal number of neighbouring molecules in the
first solvation shell with the rest, and molecules in the second
solvation shell remain frozen.

3. Decomposition of FOX-7 on a surface

To mimic the decomposition of FOX-7 on a surface, a two-
layered FOX-7 system is constructed (Fig. 2) by adding another
layer directly beneath the sheet following the crystal structure.
The second layer consists of 12 FOX-7 molecules, among which
the central three molecules situated directly below the reaction
site are bound to play an important role in the decomposition
reaction. Hence, during the search for stationary points, these
three molecules are added to the list of the minimal number
of neighbouring molecules identified in the previous section
and are allowed to relax. The rest of the molecules are frozen
to maintain the structure of the system (Fig. S5, ESIt). The
additional sheet complicates the decomposition pathways.
Unlike the decomposition in the sheet structure, the gas phase
product (and the transition states leading to it) can be shed off,
facing either the vacuum or the bulk. An example of the
vacuum-facing and bulk-facing transition state (e.g., tsl in
the pathway (i), the nitro-to-nitrite isomerization leading to
the formation of NO) is given in Fig. 6a and b. The energy of the
vacuum-facing barrier, tslv, is 314.9 kJ mol %, slightly lower
than the energy of the bulk-facing barrier tsib of 325.4 kJ mol .
As the figure shows, the steric hindrance caused by the underlying
layer leads to the bond elongation towards the vacuum in both
cases. The steric hindrance also leads to both transition states
possessing a higher energy than its counterpart in the sheet
(287.6 k] mol™"). The nitro-to-nitrite isomerization can also
occur via ts1’, facing either the bulk or vacuum. Interestingly,
ts1v’ (292.5 k] mol ') is very similar in energy compared to ts1’
(293.0 k] mol™') obtained in the sheet model; tsib’ is about
15 kJ mol~* higher in energy compared to ts1’ (Fig. 6¢ and d).
Similar to the arguments made in the previous section, the low
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Fig. 6 The structure of tsl, ie., nitro-to-nitrite isomerization occurring
facing the (a) vacuum, tslv, and (b) bulk, tslb; ts1’ facing the (c) vacuum,
tslv’ and (d) facing bulk, tslb’; and the H-transfer transition state (ts3)
facing the (e) vacuum, ts3v, and (f) bulk, ts3b.

energy of ts1v’ can be explained by looking at the O (in -NO,
of the reacting molecule)-H (in -NH, of the neighbouring
molecule) distance, which is 2.0 and 2.8 A for ts1v’ and ts1b/,
respectively. In other words, ts1v’ is stabilized by an H-bonding
to a greater extent than ts1b’. Similarly, the H-atom transfer via
ts3 (pathway (ii), leading to the formation of NO,) could
also take place in the direction facing the vacuum (ts3v,
292.0 k] mol™) or the bulk (ts3b, 308.6 k] mol'). In ts3v
(Fig. 6e), the CC(NH,) plane is twisted to a 63.5° angle to the
(approximate) plane containing (NO,),CC, while in ts3b
(Fig. 6f), the CC(NH,) plane is more tilted (43.1°) to minimize
the steric hindrance from the layer beneath. It should be noted
that the upper layer of FOX-7 is slightly displaced vertically
(the distance between the layers increases) after optimization.
This perpendicular expansion can be a result of the breaking of
the weak van der Waals interaction present between the layers,
which is consistent with the experimental observations made
by Thompson and coworkers.®* Once again, both ts3v and
ts3b are higher in energy than their counterpart in the sheet
(252.8 kJ mol ™ 1).>°

In the two-layer surface model, the gas phase products (NO,,
NH,, and NO) are assumed to dissipate eventually from the
surface without major energy barriers. Therefore, these gaseous
products formed with int5, int6, and int7 are optimized with
the rest of the neighbouring molecules. Formation of these
intermediates (int5, int6, and int7) in the surface model results
not only in the breaking of different inter- and intramolecular
H-bonds as reported in the sheet, but also loss of van der Waals
interaction between the leaving group and the FOX-7 molecules
of the basal layer. Hence, the energy required for these
pathways is expected to be higher as compared to the sheet
model. Specifically, the reaction energy of int5 and NO, is
348.7 k] mol™', higher than its counterpart in the sheet
(291.0 kJ] mol™") and gas phase (222.6 k] mol ). Similarly,
the energy of NO, and int6 (377.9 k] mol ') is approximately
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32 and 56 k] mol™" higher compared to the sheet and gas
phase, respectively. Finally, the most endothermic initial
decomposition product, int7 (543.3 k] mol *) and NH,, also
increased by 68.8 and 29.6 k] mol ' compared to the decom-
position in the gas phase and sheet model, respectively.

Among the reaction pathways discussed above, another
potential pathway where a FOX-7 molecule first desorbs from
the surface, subsequently dissociating in the gas phase, cannot
be ruled out. Assuming no transition state is involved in the
desorption, the energy required for the first FOX-7 molecule to
escape the surface (i.e., creating a vacant site) is 348.3 kJ mol .
It takes only 225.6 k] mol " to remove a second FOX-7 molecule
that is neighbouring the vacant site from the surface, as the
crystal structure has been undermined. A pictorial representa-
tion of the desorption process is shown in the ESI (Fig. S7
and S8). The desorbed FOX-7 molecule can dissociate in the
gas phase following the pathways, as discussed in the earlier
section of the manuscript. Therefore, the desorption-decomposi-
tion pathway is energetically unfavourable compared to decompo-
sition in the condensed phase.

4. Decomposition of FOX-7 in bulk

To study the impact of an encapsulated environment on the
initial decomposition in bulk, an additional layer was added
above the surface model described in the previous section
(Fig. 6). Following the crystal structure, the top and bottom
layers are mirror images of each other. Same as the bottom
layer, the central three molecules on the top layer are situated
directly on the top of the reactive molecule, and they were also
added to the list of minimal neighbouring molecules to relax
during geometry optimization. It is expected that the initial
decomposition of FOX-7 will be further hindered due to an
increase in steric repulsion from the layers above. Fig. 7(a)
shows the nitro-to-nitrite isomerization via transition state ts1
in bulk. Compared to its counterparts on the surface (Fig. 6a
and b), the largest difference lies in the elongated bond in the
-NO, moiety. Instead of stretching out of the crystal plane and
to the vacuum, the -NO, moiety rotates with respect to the C-N
bond to minimize the interaction with neighbouring layers.
The energy of ts1 is 350.8 k] mol™", the highest among ts1
found in all environments. In addition to ts1, the isomer ts1’
also has the highest barrier (323.9 kJ mol ™) as compared to its
counterparts in gas (296.5 k] mol™'), sheet (293 k] mol "), and
surface models (292.5 k] mol ™" for ts1v’ and 308.4 k] mol ™" for
ts1b’). Compared to ts3 on the surface, the additional top layer
pushes the CC(NH,) plane to become more parallel to the
(approximate) (NO,)CC plane - the angle between them is only
36.4° compared to 43.1° and 63.5° in ts3b and ts3v, respectively.
In this scenario, the barrier for the H-transfer pathway via ts3 is
found to be 346.9 k] mol *, greater than the ts3 energetics on
the surface (292.0 k] mol "' for ts3v and 308.6 k] mol *
for ts3b), on a sheet (252.8 k] mol "), and in the gas phase
(210.9 kJ mol™*). The physical meaning of the energetics of
int5, int6, and int7 is less clear, as it is somewhat invalid to
assume the accompanying gas-phase products have left the
reaction site (diffusing through at least one layer of FOX-7)
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Fig. 7 Side view of the transition states obtained using the bulk model (a)
tsl, (b) ts1’, and (c) ts3.

without significant barriers. Nonetheless, their energies were
computed (374.8, 406.3, and 561.4 k] mol ™" for int5, int6, and
int7, respectively). Compared to their counterparts on the sur-
face, int5, int6, and int7 in bulk have even higher energies for
the same reason argued in the previous section.

Discussion

A comparison of the barriers involved in the initial decomposi-
tion of a-FOX-7 in the gas phase, sheet, surface, and bulk is
given in Table 2. As discussed in the previous section, although
the condensed phase environment theoretically has competing
effects on the decomposition energetics (e.g., destabilizing the
molecule by deviating its geometry from the gas-phase opti-
mized structures, and stabilizing the molecule by forming an
intermolecular hydrogen bond), the results clearly show that
the latter outweighs the former in all cases. A more direct
comparison can be found in Fig. 8, where the relative energy of
species in the gas phase is set to zero, and only the differences
of the same species in various environments are plotted. There
are four key observations:

Table 2 Comparison of the energetics for the initial decomposition
pathways of FOX-7 in gaseous and condensed phase environments.
Relative energies (ZPE-corrected) are calculated concerning the respec-
tive reactants and are reported in kJ mol™*

Stationary Gas
point phase

One-layer
(sheet)

ts1 (—» NO) 2716  289.1
ts1’ (- NO) 2965  293.0
ts3 (- NO,) 2109  252.8

Two-layers Three-layers
(surface) (bulk)

314.9", 325.4°  350.8
292.5",308.4°  323.9
292.0, 308.6°  346.9

int5 + NO, 222.6 291.0 348.7° 374.8
int6 + NO, 321.5 345.6 377.9" 406.3
int7 + NH, 474.5 513.7 543.3" 561.4

The notations v and b indicate that the reaction takes place facing the
vacuum and bulk, respectively.
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The relative energies of different species optimized in the gas phase are set
to zero and reported in kJ mol™.

(1) As the environment gets more encapsulated (gas — sheet
— surface — bulk), the barrier of decomposition increases in
all cases except for ts1’.

(2) The amount of increase in the decomposition barrier is
directly related to the number of H-bonds broken during the
reaction. For example, those pathways that lead to the breaking
of three intermolecular hydrogen bonds (ts3 and int5) possess a
larger increase in energy compared to those that involve the
breaking of only two intermolecular hydrogen bonds (ts1, int6,
and int7).

(3) In the only two cases where the decomposition barrier
decreases (ts1’, gas — sheet; sheet — surface (vacuum facing)),
the transition state is stabilized by an intermolecular hydrogen
with a neighbouring molecule.

(4) The condensed phase alters the reaction pathway. For
example, ts1 is replaced by ts1’ as the energetically favoured
pathway for nitro-to-nitrate isomerization.

As this study represents the most comprehensive computa-
tional account to date for the initial decomposition of a-FOX-7
in the condensed phase, it is interesting to compare with the
experiments by Turner and co-workers where the system
was given just enough excess energy to observe the initial
decomposition.?® In the study reported by Turner and co-
workers, o-FOX-7 was excited at two levels: 225 kJ mol ™!
(532 nm) and 337 kJ mol~* (355 nm), and the results that are
relevant to this study can be summarized as follows:

(1) The NO loss channel (through ts1 and/or ts1’) is not
accessible at 225 kJ mol ™", but is accessible at 337 k] mol™".

(2) Neither NO, nor NH, were formed at both excitation
levels.

(3) The structure of a-FOX-7 had negligible change after the
excitation; thus, an overwhelming majority of the molecules in
the crystal remained intact.

The comparison between the computations and experiment
can be found in Table 3. The comparison was made based on
the assumption that the excess energy of the system equals to
the energy of the photon, which determines whether a reac-
tion channel is accessible. The most exothermic product, NH,,
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Table 3 Comparison between experimental observations and computational prediction for the detection of different species in a condensed phase
environment. The green background indicates that the computation results agree with the experiment

Exp. Gas phase

Sheet Surface Bulk

Excess energy

225 337 225 337 225 337 225 337 225 337

(kI mol ™)

Forming NH, No No No No No No No No No No
Forming NO No Yes No Yes No Yes No Yes No Yes
Forming NO, No No Yes Yes No Yes No No No No

cannot be formed in any of the computed environments with
either level of excitation, in good agreement with the experi-
ment. Regarding the NO product, it is quite interesting to note
that the computations in all environments can reproduce the
experimental result (NO not formed at 225 kJ mol™', NO
formed at 337 k] mol ). These results suggest that although
the gas phase calculation is a grotesque estimation of the
condensed phase system, errors from all sources cancel out.
To further distinguish the performance of the calculations
in different environments, more experiments with excitation
energy between 225 and 337 k] mol™' are required. The
formation of NO, via path (i) seems unfavourable on a surface
and bulk using the photons of both energies. In contrast, the
formation of NO, highlights that a realistic environment is key
in comparison with the experiment. The barrier (ts3) and
reaction energies (NO, + int5/int6) computed in the gas phase
are severely underestimated; thus, the formation of NO, should
be allowed at both 225 and 337 kJ mol™*. The barrier and
reaction energies computed in the sheet are a step in the right
direction in mimicking the decomposition in the con-
densed phase, and predict that NO, would only be formed at
337 k] mol . It indeed takes a realistic model (the surface and
bulk) to correctly characterize the energy profile of this decom-
position pathway that prevents the formation of NO, at neither
225 nor 337 k] mol~". As Table 3 shows, the decomposition of
FOX-7 using the surface and bulk model was found to be in
great agreement with the experimental observations.

It is also of interest to compare the results with the study
from Luo et al., where the energetics of the initial decomposi-
tion were computed with an additive model. Similar to this
research, this model assumes that only the central molecule is
reactive in a 3-layered a-FOX-7 crystal. Restraining the neigh-
bouring molecules to their crystal structure, Luo et al. simply
replaced the central FOX-7 molecule with various stationary
points (e.g., tsl, ts3, etc.) optimized in the gas phase. The energy
of these hybrid systems (gas phase optimal structure plus
condensed phase environment) was used as the energetics of
the decomposition in the condensed phase. Luo et al.’s additive
model is an attempt to balance the computational cost and the
realism of the model, and their results exhibited better agree-
ment with the experiment than the energetics computed in the
gas phase. However, it is worth pointing out that the reaction
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occurring in a crystal structure could be directly impacted by
the neighbouring molecules, and not letting them relax could
undermine the validity of the results. The additive model
predicts that NO, can be observed at 337 k] mol™" and NO
can be observed at both 225 and 337 k] mol %, in clear contrast
to the experimental results. This discrepancy in experimental
observations is overcome by considering the immediate neigh-
bours around the reactive center during a stationary point
search in our calculations.

Among all the scenarios investigated, only the decomposi-
tions on a surface and in the bulk mimic the experiments in the
condensed phase. Between the two, the initial decomposition
(e.g., forming NO via a nitro-to-nitrate isomerization) takes
place more easily in the molecules on the surface than in the
bulk. In other words, the chemical bond in the -NO, moiety is
the weakest when it is on the surface of the crystal. Given that
the formation of NO is exothermic, the decomposition of
a-FOX-7 is hypothesized as follows:

(1) The FOX-7 molecules on the surface of the crystal are
more sensitive (i.e., less stable) than those in bulk because they
are restrained by a lower amount of intermolecular hydrogen
bonds. They are more likely to be involved in the initial
decomposition, and create defects that destabilize molecules
in the bulk.

(2) The decomposition of molecules in the bulk undermines
the integrity of the crystal structure, which in turn reduces
the energy barriers for the initial decomposition of more
molecules.

(3) More molecules decompose, and the crystal structure
is completely destroyed. Enough energy is released for the
explosion.

As noted earlier, although experiments with more levels of
excitation are required to further distinguish all the models
employed in this manuscript, the surface and bulk models can
accurately describe the decomposition of o-FOX-7. It is of
interest to examine the performance of these models with other
energetic materials.
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