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ABSTRACT
This computational study focuses on the mechanism of the consecutive decomposition of FOX- 7 and compares the results with re-
cent experimental study [J. Phys. Chem. A 2023, 127, 7707] under 202 nm photolysis (592 kJ/mol). The mechanisms of forming 
these compounds, including cyanamide variants (HNCNH and NH2CN), hydroxylamine (NH2OH), nitrosamine (NH2NO), 
diaminoacetylene (H2NCCNH2), cyanogen (NCCN), water (H2O), ammonia (NH3), urea ((NH2)2CO), hydroxyurea (NH2C(O)
NHOH), and formamide (NH2CHO), have only been speculated on without any energetic information previously. This study 
employed an unsupervised potential energy profile search protocol and ab initio molecular dynamics (AIMD) simulations to 
identify reaction pathways leading to these compounds. The calculations reveal that although some products (e.g., HNCNH, 
NH2CN, H2NCCNH2, and NCCN) can be formed via unimolecular decomposition, other products (e.g., NH2OH, NH2NO, H2O, 
NH3, (NH2)2CO, NH2C(O)NHOH, and NH2CHO) are energetically favored if  they are formed via bimolecular recombination 
between unimolecular decomposition products or a product and a FOX- 7 molecule.

1   |   Introduction

1,1- Diamino- 2,2- dinitroethene (FOX- 7), first synthesized 
in 1998 [1], has emerged as a powerful energetic material due to its 
low sensitivity and high detonation capabilities [2–6]. Compared 
to widely utilized explosives like cyclo- 1,3,5- trimethylene- 2,4,6- 
trinitramine (RDX), which is known for its high detonation ca-
pabilities and straightforward manufacturing processes [7, 8], 
FOX- 7 offers reduced sensitivity to heat, impact, and friction [9], 
which mitigates several challenges associated with its storage, 
transport, and handling. As a result, FOX- 7 has been consid-
ered a viable alternative to RDX [10–12] and a comprehensive 
understanding of the decomposition mechanism is crucial for 
harnessing its capabilities.

Over the past decade, the decomposition of FOX- 7 has been 
extensively studied both experimentally and computation-
ally [13–21]. A series of gas- phase products, for example, ni-
trogen dioxide (NO2) [13, 15, 17–27], amino radical (NH2) 
[13, 14, 17, 19, 21, 22, 25], nitric oxide (NO) [14, 15, 17–21], nitrous 
acid (HONO) [14, 19–21], carbon monoxide (CO) [14, 18, 20], and 
hydrogen isocyanide (HNC) [14], have been reported. Different 
research groups employed various strategies to tackle this prob-
lem, and their results differed in detail, but the consensus is that 
the nitro- to- nitrite isomerization and the intermolecular hy-
drogen bonds directly correlate with the sensitivity (e.g., initial 
decomposition) of FOX- 7. Recently, an experiment–computation 
combined study on the initial decomposition of photon- excited 
FOX- 7 (with 532 and 355 nm photons) conducted by our groups 
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also highlighted the role of conical intersections and nonadia-
batic dynamics, with molecular oxygen detected as a primary 
product for the first time [28]. Interestingly, although gas- phase 
products NO and O2 were detected in this study, the crystal 
structure changed negligibly before and after the radiation, 
indicating that an overwhelming majority of the molecules re-
mained intact.

Compared to the mechanism of initial decomposition, the mech-
anism of subsequent decomposition is less clear from experi-
ments. This is due to the energetic nature of these materials—if 
the excitation energy is above the threshold of the detonation, the 
decomposition reaction is vicious and fast (by the very definition 
of an energetic material), making it difficult to capture the inter-
mediates. Computational studies are not limited by such issues. 
For example, following the initial decomposition study [17, 28], 
our group characterized the full subsequent unimolecular de-
composition of FOX- 7 on the singlet surface which includes 54 in-
termediates and 37 transition states. Twenty gas- phase products 
were reported in this study, which were later used to compare 
with the decomposition products observed at a higher level of ex-
citation (202 nm or 592 kJ/mol) [29]. A good match was found in 
some of the products, including NO, NO2, CO, and carbon diox-
ide (CO2); however, certain products observed in the experiment 
clearly indicate that they are unlikely to have been formed via 
unimolecular decompositions, for example, water (H2O), am-
monia (NH3), cyanogen (NCCN), hydroxylamine (NH2OH), and 
nitrosamine (NH2NO), without a significant rearrangement of 
atoms or breaking the molecule into smaller fragments first.

The current research reveals the significant role of bimolecular 
recombination in the subsequent decomposition of FOX- 7. There 
has been only one computational study [30] on the bimolecular 
reaction mechanism of FOX- 7, where it collides with OH and 
NO2 radicals. Four pathways were reported for OH + FOX- 7 (H 
abstraction, forming H2O; OH addition to either of the two car-
bon atoms; and OH addition to the nitrogen atom of the nitro 
groups), and two pathways were reported for NO2 + FOX- 7 (O ab-
straction, forming NO3 radical; H abstraction, forming HNO2). 
These bimolecular recombination reactions possess activation 
energies that are significantly lower than the decomposition 
of FOX- 7. Although this pioneering research points to the im-
portance of bimolecular recombination during the subsequent 
decomposition of FOX- 7, the species that it employed (e.g., OH 
and NO2 radical) are not among the products of initial decom-
position. Further, there are disagreements between the reported 
products and the experiments. For example, NO3 radical (formed 
in the O abstraction channel of NO2 + FOX- 7 reaction) has not 
yet been detected in any of the experiments [18, 20, 28, 29].

Our study focuses on the complex processes involved in the for-
mation of various compounds (CO, CO2, NH3, H2O, NH2OH, 
NH2CN, NH2CHO, H2N2O, NCCN, (NH2)2CO, H2NCCNH2, 
and NH2C(O)NHOH) detected in the experiment [29]. These 
compounds have been considered to be formed from subse-
quent decomposition, but many of their reaction pathways re-
main largely speculative [28, 29, 31]. Although the current study 
focuses on the reactions in the gas phase as a starting point of 
this complicated system, by no means it should be viewed as 
diminishing the importance of the encapsulated environment 
in the decomposition. As our previous research shows, the 

intermolecular hydrogen bonds stabilize the molecules and 
increase the activation energy of the decomposition in general 
[17]. It is also worth noting that as the decomposition progresses, 
particularly in the context of an explosive event, the system un-
dergoes a significant transformation from a condensed (crystal) 
phase and releases gas- phase products, enabling bimolecular 
collisions between them with high excess energy. Accounting 
for this factor is critical, which greatly enhances the relevance of 
the calculations in the gas phase.

2   |   Computational Methods

This study explores the single- molecule decomposition of FOX- 7 
and bimolecular reactions between an initial decomposition 
product and another FOX- 7 molecule in a gaseous environment. 
All relevant stationary points (e.g., intermediates and transition 
states) were optimized using the dispersion- corrected density 
functional theory M06- 2X- D3 [32]/def2- TZVPP [33] in NWChem 
(version 6.8.1) [34]. This level of theory has been selected based 
on its proven accuracy in a previous study on the same system 
[28]. The stationary points were validated with vibrational fre-
quency analyses using the same level of theory by ensuring that 
intermediates possess 3N − 6 positive vibrational frequencies 
and transition states possess 3N − 7 positive vibrational fre-
quencies plus one imaginary vibrational frequency, where N is 
the number of atoms in the molecule. The unscaled zero- point 
energy (ZPE) was computed based on harmonic vibrational fre-
quencies. The connections between the transition states and in-
termediates were confirmed using intrinsic reaction coordinate 
(IRC) [35–37] calculations. If the IRC calculations failed, such as 
hitting a shoulder or a small barrier in potential energy along the 
reaction coordinate, geometry optimizations were performed at 
the failed configuration. Attempts were made to locate poten-
tial transition states for the association between two separate 
molecules. These molecules were initially separated by over 
10 Å while aligning them to mimic the target intermediate, and 
the system was allowed to relax along the energy gradient. If a 
consistent decrease in both distance and potential energy was 
observed until the system stabilized at the target intermediate 
configuration, a barrierless association was inferred. In cases 
where this was not observed, the presence of a transition state or 
a van der Waals complex may be indicated. To further investigate 
these scenarios, the nudged elastic band (NEB) [38] methodolo-
gies were applied. This method has been proven to be effective 
in identifying transition states and van der Waals complexes for 
reaction systems of similar complexity [39, 40]. To refine the 
energy calculations of all stationary points, CCSD(T)- F12A/cc- 
pVTZ- F12 [41–44] was carried out with Molpro (version 2021.2) 
[45, 46]. The built- in acceleration features of Molpro, such as den-
sity fitting (DF) [47] and resolution of the identity (RI) approx-
imations [48], render the computational cost of CCSD(T)- F12/
cc- pVTZ- F12 just slightly higher than CCSD(T)/cc- pVTZ, yet 
maintaining accuracy comparable to CCSD(T) with a complete 
basis set (CBS) limit [49, 50]. The choice of CCSD(T)- F12A over 
CCSD(T)- F12B is based on the former's suggested superior per-
formance with triple- zeta basis sets [44].

Even in the gas phase, finding an exhaustive list containing 
all the unimolecular decomposition and bimolecular recom-
bination pathways for a molecule like FOX- 7 represents a 
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tremendous challenge as the enormous number of possible 
ways of breaking apart the molecule into fragments, each of 
which could potentially have constitutional and conforma-
tional isomers [40]. Ab  initio molecular dynamics (AIMD) 
simulation has been proven to be an effective way of exploring 
the potential energy surface that is most relevant to chemi-
cal reactions. In AIMD, molecules are excited in a controlled 
manner (e.g., collision energies or temperatures) to start with 
and the subsequent trajectories are sorted through to find dis-
tinct isomers. To assist in finding new bimolecular recombi-
nation pathways, a series of small molecules observed from 
the early stages of FOX- 7 decomposition (NO, NO2, OH, CO, 
CO2, NH2, and triplet atomic O) were set to collide with one 
FOX- 7 molecule. The rotations and vibrations of FOX- 7 and 
the small molecules were set to the ground state. The colli-
sion energies were set to equal to the maximum accessible en-
ergy as a result of the unimolecular decomposition of FOX- 7 
under 202 nm photolysis (592 kJ/mol). For example, the heat 
of reaction for forming (H2N)2CC(O)NO2 (I4) and NO via 
the FOX- 7 → I4 + NO pathway is −15 kJ/mol [28]; thus, the 
maximal translational energy of NO was set to 607 kJ/mol 
(592 + 15 kJ/mol). In addition, the relative orientation be-
tween FOX- 7 and the small molecule was randomly sampled 
and as they were separated by 12 Å. The positions and mo-
menta of the atoms were propagated by VENUS [51, 52] using 
the velocity Verlet algorithm with a timestep of 0.1 fs, with 
the energy gradients calculated in NWChem [34]. We could 
not afford AIMD simulations with M06- 2X- D3/def2- TZVPP; 
thus, B3LYP/6- 31G* [53, 54] was used, which has good effi-
ciency and reasonable accuracy for reactions of similar sizes 
[17, 55, 56]. Hundred trajectories were sampled for each pair of 
reactants, and the trajectories were halted once the products 
were formed, or when they returned to the reactants. The re-
active trajectories were visualized in VMD [57] and examined 
for the reaction mechanisms. The distinct geometries found in 
the trajectories were used as an initial guess to find the new 
stationary points of the potential energy profile.

3   |   Results and Discussion

It is important to note that almost all the intermediates reported 
in the figures in this section have multiple reaction pathways. 
The focus, however, is not to present a comprehensive reaction 
map of all these pathways but, instead, to show the reaction 
pathways of the lowest energy barrier that lead to the products 
identified in the experiment.

3.1   |   The Formation of Cyanamide (HNCNH, I14 
and NH2CN, I19)

Both I14 and I19 could be formed via unimolecular decompo-
sition. Krisyuk and Sypko propose that I14 and I19 are both 
formed from FOX- 7 via a two- step process: Hydrogens are first 
transferred from amine group(s) to nitro group(s), which is fol-
lowed by a C–C bond cleavage [58]. For I14, one hydrogen from 
each of the two amine groups migrates to the nitro groups, while 
for I19, both hydrogens are eliminated from the same amine 
group. The highest barriers of both pathways are associated with 

the step of the C–C bond cleavage (322 and 309 kJ/mol for I14 
and I19, respectively). Our previous study suggests that the for-
mation of I14 could be a sequential decomposition product of I4, 
which is the initial decomposition product of FOX- 7 via a nitro- 
to- nitrite isomerization (forming NO as the gas- phase product, 
Figure 1) [31]. Another nitro- to- nitrite isomerization takes place 
in I4, which is then followed by the C C bond cleavage to form 
methanediamine (C(NH2)2, I13) and CO2. I13 could undergo 
different H2 loss reactions to form either HNCNH (I14, the hy-
drogen atoms are from two different NH2 groups) or NH2CN 
(I19, the hydrogen atoms are from the same NH2 group). The 
energy barriers for these H2 loss reactions are 136 and 204 kJ/
mol, respectively, both of which are lower than that of the initial 
nitro- to- nitrite isomerization of 273 kJ/mol [31]. Therefore, the 
overall barriers for the pathways leading to I14 and I19 are de-
termined by the highest energy barrier in the pathway, which is 
the initial isomerization step of 273 kJ/mol. This value is lower 
than the 322 and 309 kJ/mol barriers proposed by Krisyuk and 
Sypko [58], where they are formed directly from FOX- 7. We note 
that I14 and I19 are interconvertible through a high hydrogen 
transfer barrier.

3.2   |   The Formation of Hydroxylamine (NH2OH) 
and Nitrosamine (NH2NO)

Intuitively, NH2OH and NH2NO are not likely to be primarily 
produced via unimolecular dissociations of FOX- 7 as the amine 
group would have to migrate to react with the nitro groups, 
which reside at the opposing ends of FOX- 7. However, as Figure 1 
shows, radicals such as NH2 (formed with I58), OH (formed with 
I34, a sequential dissociation product of I4), and NO (formed 
with I4) can be readily formed via unimolecular decomposi-
tion of FOX- 7. Thus, NH2OH and NH2NO could potentially be 
formed via bimolecular recombination (NH2 + OH → NH2OH 
and NH2 + NO → NH2NO). These mechanisms were proposed 
by the experimental study [29] without providing the energet-
ics. Both recombination reactions forming NH2OH and NH2NO 
are exothermic and releasing 256 and 189 kJ/mol, respectively. 
These energies are in good agreement with the experimental 
heat of formation data at 0 K (259 and 195 kJ/mol, respectively) 
[59]. NEB calculations were performed to prove that both re-
combination reaction pathways occur without a transition state.

3.3   |   The Formation of Diaminoacetylene 
(H2NCCNH2, I126)

The recent experimental study proposed that diaminoace-
tylene (H2NCCNH2, I126) was formed via the bimolecular 
collision of two CNH2 fragments, which were sequential de-
composition products of H2NCC(NO2)2 (I7), the initial decom-
position product of FOX- 7 after NH2 cleavage [29]. A potential 
issue with this mechanism is the high energy barrier—the 
formation of I7 is endothermic by 461 kJ/mol [28], and the fol-
lowing C–C bond cleavage takes another 513 kJ/mol, a total 
of 974 kJ/mol. Our calculations partially agree with the pro-
posed products' recombination pathway, except that the CNH2 
fragments should be generated from the C–NH2 bond cleav-
age in C(NH2)2 (I13, see its genesis in Figure 1). The energy 
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required for this pathway (311 kJ/mol with respect to FOX- 7, 
see Figure 1) is much lower than the previously proposed C C 
bond cleavage of H2NCC(NO2)2 (I7). The potential energy and 
NEB calculations show that two CNH2 fragments can recom-
bine to form H2NCCNH2 (I126) without a transition state, re-
leasing 448 kJ/mol of energy.

In this study, the possibility of forming H2NCCNH2 (I126) via 
unimolecular decomposition mechanisms was also explored. As 
shown in Figure 2, starting from the initial decomposition prod-
uct NO2 + (NH2)2CCNO2 (I6, 300 kJ/mol) reported in Turner 
et al. [28], the NH2 group that is further away from the remain-
ing NO2 group can migrate from one carbon atom to another 
via a C C N three- membered ring transition state TS6 (544 kJ/
mol) to form a more stable intermediate H2NCC(NH2)NO2 
(I166, 284 kJ/mol). Similarly, the NH2 group closer to the NO2 
group can form I166 following a similar procedure (e.g., cross-
ing a C C N three- membered ring transition state TS165, 
506 kJ/mol), where a very shallow intermediate I165 (468 kJ/
mol) is involved. It should be noted that the potential energy 
of TS166 is higher than that of I165 by 0.5 kJ/mol without 
ZPE. I166 will further undergo C NO2 bond cleavage to form 
H2NCCNH2 (I126) and NO2 via an exit barrier TS167 (356 kJ/
mol). The major barriers associated with these unimolecular 
decomposition pathways are the C C N three- membered ring 
transition states (TS165 and TS6), which are feasible in the ul-
traviolet photolysis experiment using 202 nm photons (592 kJ/

mol). However, the overall barriers involved in the unimolecular 
decompositions are much higher than the bimolecular reaction 
route discussed in the previous paragraph.

3.4   |   The Formation of Cyanogen (NCCN, I128)

Turner et al. also proposed the formation of cyanogen (NCCN, 
I128) via two CN fragments recombination [29]. The source 
of CN was hypothesized to be from the hydrogen loss of hy-
drogen isocyanide (CNH, I18). I18 is produced from the uni-
molecular decomposition of (NH2)2CCO2 (I11, see its genesis 
from FOX- 7 in Figure 1). A hydrogen atom first migrates from 
the  NH2 group to the oxygen atom, which is followed by the 
C C bond cleavage, making HNCNH2 (I17) and HCO2 (243 kJ/
mol, Figure S1). I17 can further dissociate into CNH (I18) and 
NH2 [29, 31]. However, the calculations show that the hydrogen 
loss step of CNH (I18) to form CN requires an additional 463 kJ/
mol of energy, resulting in a total of 807 kJ/mol above FOX- 7 
(Figure S1).

In this study, a new reaction pathway of forming cyanogen 
(NCCN, I128) with significantly lower barrier is proposed. This 
pathway starts from diaminoacetylene (H2NCCNH2, I126), the 
product reported in the previous section. As Figure  3 shows, 
each of the  NH2 groups in H2NCCNH2 (I126) undergoes a mo-
lecular hydrogen loss reaction and eventually forms cyanogen 

FIGURE 1    |    The potential energy profile (in kJ/mol) of the decomposition pathways of FOX- 7 calculated at the CCSD(T)- F12/VTZ- F12A//M06- 
2X- D3/Def2- TZVPP + ZPE(M06- 2X- D3/Def2- TZVPP) level of theory. Intermediates and products are labeled as “I” in black, and the transition states 
are labeled as “TS” in red.
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(NCCN, I128). The barrier of the dissociation of the first and 
second H2 is 349 and 319 kJ/mol, respectively. It is important to 
note that if H2NCCNH2 (I126) is formed by the recombination 
of CNH2 (I58), as the previous section shows, it would be highly 
vibrationally excited as the recombination releases 448 kJ/mol of 
(electronic) potential energy. Therefore, it is reasonable to expect 
that the barriers involved in the I126 → TS126 → I127 → TS127 
→ I128 pathway are feasible and the overall barrier of forming 
cyanogen (NCCN, I128) is actually the same as the one reported 
in the previous section (forming CNH2, 311 kJ/mol with respect 
to FOX- 7). Comparing the potential energy profiles of the two re-
action pathways (CN recombination vs. I126 → I128 via H2 loss), 
the latter is much more energetically favored.

3.5   |   The Formation of H2O and NH3

The experimental study proposed that the H2O and NH3 can 
be formed via atomic hydrogen in addition to OH and NH2 
radicals, respectively [29]. According to Figure 1, the energies 
required for the fragments of these reactions, H, OH, and NH2, 
are 219, 181, and 311 kJ/mol (Table  1), respectively, accessi-
ble under the experimental conditions using 202 nm photons 
(592 kJ/mol) [31]. As a result, after irradiation, H, OH, and 
NH2 fragments generated in the system could form H2O and 
NH3 via barrierless and exothermic H + OH → H2O (−491 kJ/
mol in this work; −492 kJ/mol according to experiments [59]) 
and H + NH2 → NH3 (−442 kJ/mol in this work; −444 kJ/mol 

FIGURE 2    |    The potential energy profile (in kJ/mol) of the decomposition pathways of FOX- 7 calculated at the CCSD(T)- F12/VTZ- F12A//M06- 
2X- D3/Def2- TZVPP + ZPE(M06- 2X- D3/Def2- TZVPP) level of theory. Intermediates and products are labeled as “I” in black, and the transition states 
are labeled as “TS” in red.

FIGURE 3    |    The potential energy profile (in kJ/mol) of the H2 decomposition pathways of I126 calculated at the CCSD(T)- F12/VTZ- F12A//M06- 
2X- D3/Def2- TZVPP + ZPE(M06- 2X- D3/Def2- TZVPP) level of theory. Intermediates and products are labeled as “I” in black, and the transition states 
are labeled as “TS” in red.
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according to experiments [59]) recombination reactions, re-
spectively. The overall barriers and heats of reaction for form-
ing H2O and NH3 are summarized in Table 2.

Additionally, bimolecular collision pathways for forming H2O 
and NH3 are characterized in this study. Considering the decom-
position products such as OH and NH2 from FOX- 7, they could 
collide with other FOX- 7 molecules. Similar radical elimination 
mechanisms have been previously investigated by Lyu et  al., 
where they explored the potential energy profile and reactive 
MD simulations leading to the formation of H2O and NH3 [21]. 
Compared to Lyu et al., the heats of reaction for the two reac-
tion pathways (forming H2O and NH3) are similar, but the en-
ergy barrier of the transition state calculated in our study at the 
CCSD(T)- F12A level is higher. In our study, the potential energy 
profile of OH + FOX- 7 (Figure  4) shows that they can directly 
associate with each other and form two distinct van der Waals 
complexes depending on the approaching angle. The OH fetches 
the hydrogen atom in the –NH2 group of FOX- 7 via transition 
states TS113 and TS114 to form H2O with HNC(NH2)C(NO2)2 
(I111/I112). I111 and I112 can isomerize to each other via 
transition state TS110. In AIMD simulations, both bimolecu-
lar reaction pathways are observed, and the animations can be 
found in Movie  S1 (forming I111 + H2O) and Movie  S2 (form-
ing I112 + H2O) in Supporting Information. The lowest barrier 
of FOX- 7 + OH → HNC(NH2)C(NO2)2 + H2O is as low as 28 kJ/
mol (TS114) and the reaction releases 61 kJ/mol potential energy 

(I112). This makes the minimal excess energy required for the 
FOX- 7 + OH reaction to be 209 kJ/mol with OH formation (with 
(NH2)2CC(NO2), I34) being the rate- limiting step. Therefore, 
FOX- 7 + OH recombination pathway should be favored over the 
H + OH pathways reported by the experiment [29], because (1) 
forming H requires more excess energy in the system (219 kJ/
mol, Tables 1 and 2) more importantly, for the initial phase of the 
decomposition, the abundance of FOX- 7 should be much greater 
than that of H.

Similarly, as shown in Figure 5, the NH2 radicals can also ab-
stract a hydrogen atom from the –NH2 groups of FOX- 7. The 
minimum energy path of these hydrogen abstraction pathways 
is the colinear abstraction (TS112, 40 kJ/mol), leading to the 
formation of hydrogen loss products HNC(NH2)C(NO2)2 (I112) 
and NH3. As shown in Movies S3 and S4, NH2 could also ap-
proach perpendicularly to FOX- 7 and abstract a hydrogen atom 
via higher transition states TS111a (60 kJ/mol) and TS111b 
(66 kJ/mol), forming hydrogen loss products I111 (an isomer of 
I112) and NH3. Both hydrogen abstraction reactions are slightly 
exothermic (−12 and −15 kJ/mol), with low reaction barriers as 
low as 40 kJ/mol. Similar to the case of FOX- 7 + OH recombi-
nation, the preparation of NH2 (endothermic by 311 kJ/mol) is 
the rate- limiting step of FOX- 7 + NH2 recombination, which 
requires a minimal excess energy of 351 kJ/mol. Although this 
value is higher than what is required for the H + NH2 → NH3 re-
action (Table 2), colliding with another FOX- 7 molecule is much 
more likely for NH2 during the initial phase of the decomposi-
tion. As the decomposition progresses, the abundance of free H 
fragments is expected to increase, making the H + NH2 → NH3 
reaction more predominant.

3.6   |   The Formation of Urea ((NH2)2CO, I29)

The experimental study proposed that the singlet I29 is a recom-
bination reaction product of diaminocarbene (I13, C(NH2)2) and 
atomic oxygen [29]. Previous experiment and computation have 
revealed that (triplet) atomic oxygen is one of the two gas- phase 
products (the other is NO) of the initial decomposition. In this 
study, a recombination pathway between (triplet) atomic oxygen 
and FOX- 7 is characterized. As shown in Figure 6, triplet atomic 
oxygen is able to bond to the carbon atom connecting to  NO2 
groups of FOX- 7 via a small entrance reaction barrier TS135a 

TABLE 1    |    The summary of the reaction fragments and their 
corresponding minimum energy pathways and barriers in kJ/mol. The 
highest barrier is with respect to FOX- 7.

Fragment
Minimum energy  

pathways

Minimal  
excess 
energy 

required
H FOX- 7 → I4 → TS11 → I11 → TS12 →  

I12 → I13 → I16 + H
219

OH FOX- 7 → I4 → TS31 → I31 → I34 + OH 181
NH2 FOX- 7 → I4 → TS11 → I11 → TS12 →  

 I12 → I13 → I58 + NH2

311

Note: Intermediates and transition states are marked in bold.

TABLE 2    |    The summary of the recombination reactions and their corresponding total reactions, barriers, and total heat of reaction in kJ/mol.

Recombination reactions Total reactions Minimal excess energy required Heats of reaction

H + OH → H2O (2)FOX- 7 → I16 + I34 + CO2 + (3)
NO + H2O

219 −91

FOX- 7 + OH → I111 + H2O (2)FOX- 7 → I34 + I111 + NO + H2O 213 117

FOX- 7 + OH → I112 + H2O (2)FOX- 7 → I34 + I112 + NO + H2O 209 119

H + NH2 → NH3 (2)FOX- 7 → I16 + I58 + (2)
CO2 + (4)NO + NH3

311 88

FOX- 7 + NH2 → I111 + NH3 (2)FOX- 7 → I58 + I111 + CO2 + (2)
NO + NH3

371 296

FOX- 7 + NH2 → I112 + NH3 (2)FOX- 7 → I58 + I112 + CO2 + (2)
NO + NH3

351 298

Note: Intermediates and transition states are marked in bold.
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(29 kJ/mol) and form triplet intermediate I135a (−25 kJ/mol). The 
carbon–carbon bond is weakened, as it only takes 41 kJ/mol to 
dissociate (via TS135b), yielding the targeted product singlet I29 
and triplet C(NO2)2 (I115). The energy required for the forma-
tion of I29 is 373 kJ/mol, which is primarily due to the formation 

of atomic oxygen (with (H2N)2CC(NO)NO2, I9, 344 kJ/mol) [28]. 
Through TS115 (40 kJ/mol), I115 can further decompose into 
NO2 and the unstable intermediate OCNO (doublet, I116), which 
can eventually decompose into a CO and a NO molecule. The 
energy required for this reaction pathway is 384 kJ/mol, but the 

FIGURE 4    |    The potential energy profile (in kJ/mol) of the bimolecular collision pathways of FOX- 7 and OH calculated at the CCSD(T)- F12/VTZ- 
F12A//M06- 2X- D3/Def2- TZVPP + ZPE(M06- 2X- D3/Def2- TZVPP) level of theory. Intermediates and products are labeled as “I” in black, the Van der 
Waals prereaction complexes are labeled as “Pre,” and the transition states are labeled as “TS” in red.

FIGURE 5    |    The potential energy profile (in kJ/mol) of the bimolecular collision pathways of FOX- 7 and NH2 calculated at the CCSD(T)- F12/
VTZ- F12A//M06- 2X- D3/Def2- TZVPP + ZPE(M06- 2X- D3/Def2- TZVPP) level of theory. Intermediates and products are labeled as “I” in black, and 
the transition states are labeled as “TS” in red.
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overall heat of reaction from FOX- 7 + triplet oxygen to the five 
decomposition products (I9, I29, NO2, CO, and NO) is −139 kJ/
mol. The full animation (Movie S5) of this pathway is reported 
in Supporting Information. Between the two recombination 
hypotheses (I13, C(NH2)2 + atomic oxygen vs. FOX- 7 + triplet 
oxygen), the latter is favored during the early stages of the de-
composition due to the abundance of FOX- 7 molecules.

3.7   |   The Formation of Hydroxyurea 
(NH2C(O)NHOH, I177)

Upon the formation of (NH2)2CO (I29), the experimental study 
proposed that a singlet atomic oxygen could be inserted into one 
of the four nitrogen–hydrogen bonds of I29 [29]. However, we 
are not able to locate any transition state of the insertion path-
way connecting I29 + singlet oxygen and I177. The NEB calcu-
lation also rejects the barrierless insertion mechanism. Instead, 
it confirmed a barrierless addition pathway, which shows that 
the potential energy of the system monotonically decreases as 
the singlet atomic oxygen approaches perpendicularly to one of 
the nitrogen atoms of I29. As shown in Figure 7, the forming 
intermediate NH2C(O)N(O)H2 (I176) of this barrierless addition 
pathway is highly exothermic. A hydrogen migration via transi-
tion state TS176 (107 kJ/mol above I176) results in a more stable 
complex NH2C(O)NHOH (I177a), which can also isomerize to 

I177b via transition state TS177. Both I177a and I177b are the 
reported product NH2C(O)NHOH from experimental study [29]. 
Here, we acknowledge that the association between (NH2)2CO 
(I29) and O(1D) reaction has multireference character; thus, 
the entrance channel (i.e., forming I176) in Figure 7 could be 
inaccurate. The most trustworthy number of the association 
should be computed from multireference method but is beyond 
the scope of this manuscript. Considering that I29 can only be 
formed after several decomposition steps starting from FOX- 7, at 
which point, the access energy in the system is hypothesized to 
allow the association to take place. The consecutive isomeriza-
tion of I176 (Figure 7), nonetheless, should still be valid.

3.8   |   The Formation of Formamide (NH2CHO, 
I171)

I171 was detected in the experimental study [29] and was 
proposed to be formed via radical—radical recombination: 
HCO + NH2 → NH2CHO (−407 kJ/mol). The genesis of NH2 in 
the system has been discussed earlier (Figure  1 and Table  1, 
311 kJ/mol). As Figure 8 shows, HCO is produced by the C C 
bond cleavage of NH2C(NH)CHO (I41) and I41 (and NO) is the 
product of a nitro- to- nitrite isomerization of I5, another initial 
decomposition product of FOX- 7. The energy required to break 
the C C bond in I41 is 373 kJ/mol, making the total energy of 

FIGURE 6    |    The potential energy profile (in kJ/mol) of the bimolecular collision pathways of FOX- 7 and triplet ground state atomic O calculated 
at the CCSD(T)- F12/VTZ- F12A//M06- 2X- D3/Def2- TZVPP + ZPE(M06- 2X- D3/Def2- TZVPP) level of theory. Intermediates and products are labeled 
as “I” in black, and the transition states are labeled as “TS” in red.
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HCO + HNCNH2 (I17) 414 kJ/mol with respect to FOX- 7. Overall, 
the reaction pathway FOX- 7 → I18 + NO2 + NO + NH2CHO 
is endothermic (108 kJ/mol). The highest barrier involved in 
this process is TS17, 538 kJ/mol with respect to FOX- 7, which 
is accessible under the experimental excitation of 592 kJ/mol. 
However, the previous theoretical study [31] found that the C C 
bond is weakened after the hydrogen is transferred from the car-
bon back to the  NH group (TS42). As shown in Figure 8, TS42 
is only 227 kJ/mol above I41, in comparison with the 372 kJ/
mol C C dissociation energy [31], and leads to the formation 
of CO and C(NH2)2 (I13). CO can react with H to form HCO 

(H + CO → HCO, −60 kJ/mol), which then reacts with NO2 to 
form NH2CHO as discussed at the beginning of the paragraph. 
The minimal excess energy required for this pathway is the 
preparation of NH2 (Table 1, 311 kJ/mol).

3.9   |   Reactive Trajectories Observed in AIMD 
Simulations

To elucidate potential bimolecular reaction pathways, AIMD sim-
ulations were conducted on FOX- 7 colliding with a suite of seven 

FIGURE 7    |    The potential energy profile (in kJ/mol) of the bimolecular collision pathways of I29 and singlet first excited state atomic O calculated 
at the CCSD(T)- F12/VTZ- F12A//M06- 2X- D3/Def2- TZVPP + ZPE(M06- 2X- D3/Def2- TZVPP) level of theory. Intermediates and products are labeled 
as “I” in black, and the transition states are labeled as “TS” in red.

FIGURE 8    |    The potential energy profile (in kJ/mol) of the decomposition pathways of FOX- 7 calculated at the CCSD(T)- F12/VTZ- F12A//M06- 
2X- D3/Def2- TZVPP + ZPE(M06- 2X- D3/Def2- TZVPP) level of theory. Intermediates and products are labeled as “I” in black, and the transition states 
are labeled as “TS” in red.
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small molecules. Among these, NO2, CO, and CO2 exhibited no 
reactivity, while NO, OH, NH2, and atomic triplet O reacted with 
FOX- 7. Table  3 shows the energetics of the observed reactions. 
The AIMD simulation of FOX- 7 with the NO radical (Movie S6) 

reveals a direct oxygen abstraction pathway, slightly endothermic 
at 23 kJ/mol, forming (H2N)2CC(NO)NO2 (I10) + NO2.

The FOX- 7 + OH bimolecular collision results in a series of re-
active trajectories. Section 3.5 introduces two pathways lead-
ing to H2O formation (I111 + H2O and I112 + H2O) through 
direct hydrogen abstraction, as depicted in Movies S1 and S2. 
Moreover, an SN2 reaction is observed (Movie S7) wherein the 
OH radical attacks the carbon atom on the nitro side of FOX- 7, 
promptly repelling one nitro group ( NO2). The trajectory con-
tinues as the remaining nitro group seizes a hydrogen atom 
from an amine group ( NH2), followed by NO radical loss. 
Subsequently, a hydrogen atom from one of the hydroxyl groups 
transfers back to the  NH group, forming (H2N)2CC(O)OH 
(I119). The reaction FOX- 7 + OH → I119 + NO2 + NO is highly 
exothermic (−204 kJ/mol). In a similar SN2 reaction (Movie S8), 
the departing  NO2 captures a hydrogen atom from an  NH2 
group, resulting in the formation of HONO (I33). Subsequently, 
the remaining  NO2 also captures a hydrogen atom from an-
other  NH2 group, making an additional I33. This process 
leaves behind H2N(NH)CCO (I32), which further dissoci-
ates into I17 and CO, marking the reaction FOX- 7 + OH → (2) 
I33 + I17 + CO with the heat of reaction of 51 kJ/mol. 
Additionally, Movie  S9 showcases the C OH bond forma-
tion (OH radical with FOX- 7), facilitating a hydrogen transfer 
from  OH to  NH2 and leading to NH3 production. The final 
products of this reaction are HNCCO (I195) + I33 + NO2 + NH3 
with a heat of reaction of 62 kJ/mol. The last reactive trajectory 

TABLE 3    |    The summary of the reaction pathways observed in the 
AIMD simulations and their heat of reaction in kJ/mol.

Reactive trajectories
Heat of 

reaction
Animation 

in SI
FOX- 7 + NO → I10 + NO2 23 Movie S6
FOX- 7 + OH → I111 + H2O −64 Movie S1
FOX- 7 + OH → I112 + H2O −61 Movie S2
FOX- 7 + OH → I119 + NO2 + NO −204 Movie S7
FOX- 7 + OH → (2) I33 + I17 + CO −51 Movie S8
FOX- 7 + OH → I195 + I33 + NO2 + NH3 62 Movie S9
FOX- 7 + OH → I9 + O2H 74 Movie S10
FOX- 7 + NH2 → I111 + NH3 −15 Movie S3
FOX- 7 + NH2 → I112 + NH3 −12 Movie S4
FOX- 7 + NH2 → I121 + NO2 −157 Movie S11
FOX- 7 + O → I29 + NO2 + NO + CO −483 Movie S5
FOX- 7 + O → NO + OH + I144 −199 Movie S12
FOX- 7 + O → NO2 + I33 + I16 + CO −177 Movie S13
FOX- 7 + O → I9 + O2 −149 Movie S14
FOX- 7 + O → I10 + O2 −169 Movie S15
FOX- 7 + O → (2) NO2 + I13 + CO −155 Movie S16
FOX- 7 + O → I137 + NH2 −77 Movie S17
FOX- 7 + O → I112 + OH 4 Movie S18

Note: Intermediates and transition states are marked in bold.

FIGURE 9    |    The left panel shows the unimolecular decomposition pathways (solid black arrow), the middle panel shows the pathways of bimo-
lecular recombination involving a FOX- 7 molecule and a radical observed from the unimolecular decomposition (hollow black arrow), and the right 
panel shows the pathways of bimolecular recombination products involving two radicals observed from the unimolecular decomposition (solid yel-
low arrow). Products in green dashed boxes were identified in the ultraviolet photolysis experiment [29].
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(Movie  S10) of FOX- 7 + OH involves a direct oxygen abstrac-
tion forming (H2N)2CC(NO)NO2 (I9) and hydroperoxyl radical 
(O2H), with a heat of reaction of 74 kJ/mol.

In addition to the NH3 formation pathways (Movies S3 and S4, 
hydrogen abstraction) outlined in Section 3.5, an SN2 reaction 
(Movie S11) is observed in the AIMD simulation of FOX- 7 + NH2. 
This reaction features the NH2 radical substituting an  NO2 
group on FOX- 7, resulting in the formation of (H2N)2CC(NH2)NO2 
(I121). The reaction, FOX- 7 + NH2 → I121 + NO2, is highly exo-
thermic, with a reaction heat of −157 kJ/mol.

The bimolecular collisions between FOX- 7 and triplet atomic 
oxygen result in a diverse set of products. In addition to the 
highly exothermic reaction described in Section 3.6 (Movie S5), 
seven other reactions were discovered. The first reaction is 
FOX- 7 + O → NO + OH + H2N(NH)CC(O)NO2 (I144), where 
the triplet atomic oxygen attacks the carbon in the C NO2 
group on FOX- 7, triggering a nitro- to- nitrite transition and 
releasing a NO molecule. Subsequently, the oxygen atom ab-
stracts a hydrogen atom from an adjacent  NH2, leading 
to the formation of OH (Movie  S12), with a heat of reaction 
of  199 kJ/mol. The second reaction (Movie S13) involves ox-
ygen replacing a  NO2 group on FOX- 7 to form I31, which 
then dissociates into I32 + I33, with I32 eventually break-
ing down into HNCNH2 (I16) and CO. The overall reaction, 
FOX- 7 + O → NO2 + I33 + I16 + CO, has a heat of reaction of 
−177 kJ/mol. There are also two direct O abstraction reactions 
(Movies S14 and S15), where oxygen abstracts an oxygen atom 
from  NO2 of FOX- 7, respectively, producing I9 + O2 (colinear 
colliding) and I10 + O2 (perpendicular colliding) with heats 
of reaction of −149 and −169 kJ/mol, respectively. The fifth 
reaction (Movie S16) sees oxygen bound to a carbon atom on 
the nitro side of FOX- 7, leading to the rapid breaking of bonds 
between carbon and two  NO2 groups, followed by the cleav-
age of the C C bond to produce I13 + CO. The total reaction, 
FOX- 7 + O → (2) NO2 + I13 + CO, has a reaction heat of −155 kJ/
mol. The sixth reaction (Movie S17) involves oxygen substitut-
ing an –NH2 group on FOX- 7, forming H2N(O)CC(NO2) (I137) 
with a reaction heat of −77 kJ/mol (FOX- 7 + O → I137 + NH2). 
The final reaction (Movie  S18) features oxygen abstracting 
an end hydrogen atom on FOX- 7, producing I112 and OH, 
with the reaction being slightly endothermic at 4 kJ/mol 
(FOX- 7 + O → I112 + OH).

4   |   Conclusions

This study has elucidated several unimolecular decomposition 
and bimolecular recombination key pathways involved in the 
subsequent decomposition of FOX- 7. Figure  9 illustrates the 
various experimentally identified decomposition products char-
acterized in this study. The left, middle, and right panels show 
unimolecular decomposition pathways, bimolecular recombina-
tion pathways involving a FOX- 7 molecule and a radical, and bi-
molecular recombination pathways involving two radicals from 
the unimolecular decomposition, respectively. The formation of 
cyanamide variants (HNCNH, I14 and NH2CN, I19) through 
unimolecular decomposition and hydrogen transfer, as well as 
their interconversion, highlights the complexity of the decompo-
sition process. Notably, the barriers reported for these reactions 

are substantially lower than previously reported [58]. The cal-
culations confirm the exothermic and barrierless pathways for 
the formation of NH2OH and NH2NO through bimolecular re-
combination of decomposition products (NH2, OH, and NO). 
Our study also sheds light on the formation of diaminoacetylene 
(H2NCCNH2, I126), cyanogen (NCCN, I128), and formamide 
(H2NC(O)H, I171), revealing alternative pathways with lower 
energy barriers compared to those previously proposed. Our 
study reports novel bimolecular collision pathways, where OH 
and NH2 radicals abstract hydrogen from FOX- 7 molecules, lead-
ing to the formation of H2O and NH3. These pathways should 
be more favored at the initial stages of the decomposition due to 
the abundance of FOX- 7 compared to free- roaming hydrogen 
atoms. The recombination reaction involving triplet atomic ox-
ygen and FOX- 7 plays an important role in the formation of urea 
(H2NC(O)NH2, I29) and hydroxyurea (H2NC(O)N(H)OH, I177). 
These reactions are highly exothermic with low barriers, thus are 
hypothesized to promote efficient chain reactions and substan-
tial energy release.

In conclusion, this study offers a more comprehensive under-
standing of the subsequent decomposition pathways of FOX- 7, 
revealing the complexity and diversity of reactions that occur. 
These findings not only enhance our understanding of FOX- 7's 
behavior but also contribute to the broader knowledge of ener-
getic material decomposition, with potential implications for 
their synthesis, stability, and safety.
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