Downloaded via UNIV OF HAWAII on November 9, 2023 at 00:47:04 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCA

Ultraviolet-Initiated Decomposition of Solid 1,1-Diamino-2,2-

dinitroethylene (FOX-7)

Andrew M. Turner, Joshua H. Marks, Jasmin T. Lechner, Thomas M. Klap6tke, Rui Sun,

and Ralf I. Kaiser*

Cite This: J. Phys. Chem. A 2023, 127, 7707-7717

I:I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

> Supporting Information

ABSTRACT: FOX-7 (1,1-diamino-2,2-dinitroethylene) was photo-
lyzed with 202 nm photons to probe reaction energies, leading to the
decomposition of this energetic material and to compare results from
irradiations using lower-energy 532 and 355 nm photons as well as
higher-energy electrons. The photolysis occurred at 5 K to suppress
thermal reactions, and the solid samples were monitored using Fourier
transform infrared spectroscopy (FTIR), which observed carbon
dioxide (CO,), carbon monoxide (CO), cyanide (CN™), and cyanate
(OCN"™) after irradiation. During warming to 300 K, subliming
products were detected using electron-impact quadrupole mass
spectrometry (EI-QMS) and photoionization time-of-flight mass
spectrometry (PI-ReTOF-MS). Five products were observed in
QMS: water (H,0), carbon monoxide (CO), nitric oxide (NO),
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carbon dioxide (CO,), and cyanogen (NCCN). The ReTOF-MS results showed overlap with electron irradiation products but also
included three intermediates for the oxidation of ammonia and nitric oxide: hydroxylamine (NH,OH), nitrosamine (NH,NO), and
the largest product at 76 amu with the proposed assignment of hydroxyurea (NH,C(O)NHOH). These results highlight the role of
reactive oxygen intermediates and nitro-to-nitrite isomerization as key early reactions that lead to a diverse array of decomposition

products.

1. INTRODUCTION

1,1-Diamino-2,2-dinitroethylene (FOX-7) represents a next-
generation energetic material to replace current explosives such
as 1,3,5-trinitro-1,3,5-triazinane (RDX), octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX), and conventional trini-
trotoluene (TNT).*™ These energetic materials, along with
CL-20 (hexanitrohexaazaisowurtzitane) and octanitrocubane
are cyclic compounds possessing nitro (—NO,) groups,®
while a FOX-7 molecule (Scheme 1) is acyclic and contains
amino groups (—NH,) along with nitro groups. For FOX-7,

Scheme 1. 1,1-Diamino-2,2-dinitroethylene (FOX-7)
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these molecular di erences contribute to a distinct variety of
reaction products that provide critical information for an
understanding of the decomposition mechanisms. Such
information is necessary to fully evaluate the sensitivity,
e ciency, stability, and safety of energetic materials.”~** The
study of the underlying reaction pathways is complicated by
carbon-, oxygen-, and nitrogen-centered radicals and unstable
reaction intermediates born from a complex nonequilibrium
chemistry, leading to first-generation products that may rapidly
react to form higher-order products.**'* Considering these
di culties, computational studies often investigate the
decomposition of energetic materials, while experimental
results complement but very often contradict theoretical
predictions. Such is the case for FOX-7, with several conflicting
computational and experimental results presenting an unclear
picture of FOX-7 decomposition pathways.*>~°
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A key initial decomposition step involves the nitro-to-nitrite
isomerization?* with a 245 kJ mol~* isomerization barrier.***®
Experiments have shown the cleavage of the newly formed O—
NO bond generates nitric oxide (NO),** while subsequent
decomposition leads to hydrogen isocyanide (HNC) and
carbon monoxide (CO).*® Another prominent initial reaction
step breaks the C—NO, bond, which is much weaker (280—
301 kJ mol™)**82272% than the C—NH, bond (461—503 kJ
mol™),#72% and this produces nitrogen dioxide (NO,).*°
These initial steps exhibit a temperature dependence such that
breaking the C—NO, bond is preferred over the nitro-to-nitrite
isomerization above 250 K.?” A hydrogen shift from the amine
group (—NH,) to the nitro group (—NO,), followed by C—
NO, bond cleavage results in nitrous acid (HONO).*®
Although this hydrogen shift is not predicted in the gas
phase, it is a significant step in solid-state decomposition.*®
Since calculations consider predominantly only a single gas-
phase FOX-7 molecule, the influence of the solid matrix has
often been overlooked even though FOX-7 experiences
intermolecular hydrogen bonding that a ects the reaction
energies and, hence, reaction mechanisms of decomposi-
tion.""?°

Thermal decomposition of solid FOX-7 above 500 K
produces carbon monoxide (CO), carbon dioxide (CO,),
ammonia (NH;), hydrogen cyanide (HCN), cyanic acid
(HOCN), isocyanic acid (HNCO), formic acid (HCOOH),
water (H,0), nitric oxide (NO), nitrogen dioxide (NO,),
nitrous acid (HONO), nitrous oxide (N,O), and dinitrogen
trioxide (N,05).***" In such cases, hydroxyl radicals (OH)
and NO, were found to abstract hydrogen to generate H,O
and HONO.*? At elevated temperatures, a-FOX-7 transitions
to a B-phase above 385 K and eventuaIIQ/ to y- and 3-FOX-7
before thermally decomposing.’*82873133736 Recently, ¢- and
(-phases have also been synthesized that convert to a y-phase
upon heating.>” Although subtle changes were observed in the
infrared spectrum upon cooling to cryogenic temperatures
under vacuum, a distinct low-temperature phase has not been
observed.'” While di erent reaction characteristics are
observed among the various phases, changes due to
deuteration of FOX-7 were found to a ect only the a-phase
but not the y-phase.*

Recently, research into energetic materials has expanded to
mixing FOX-7 with energetic constituents and utilizing FOX-7
as a model compound while studying various derivatives to
improve explosion and handling characteristics. FOX-7 has
been theoretically investigated mixed with 2,3,5,6-tetra(l -
tetrazol-5-yl)pyrazine (H,TPP)* and experimentally mixed
with CL-20 and HMX that resulted in greater thermal and
shock stability.***° In addition, nanosized FOX-7 was mixed
with zeolitic imidazolate framework-8 (ZIF-8), which resulted
in a catalyzed decomposition with less mechanical sensitivity.**
FOX-7 was reacted with bases such as hydrazine (N,H,),
hydroxylamine (NH,OH), ammonia (NH;), pimagedine
(NH,C(NH)NHNH,), and inorganic hydroxides (OH™) to
form energetic salts with propulsive and detonation character-
istics superior to RDX.*” Derivatives of FOX-7 have also
provided additional insight into decomposition mechanisms.
By increasing the amine group (—NH,) to a multinitrogen
amine chain, NO, and HONO were produced by a distinct
method to that of FOX-7.** Computational and solution
studies of diazacylic derivatives of FOX-7 found similar initial
decomposition pathways as FOX-7 but were in disagreement
in the solid state due to catalytic products generated in the
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partially liquefied samples.***> A computational study that
replaced the central carbon—carbon double bond of FOX-7
with various nitrogen-containing heterocycles found improved
detonation characteristics with higher nitrogen content.® A
similar study with a four-membered heterocyclic ring inserted
into the carbon—carbon double bond of FOX-7 showed lower
impact sensitivity with good detonation parameters.*’

While computational studies often consider the energetics
and decomposition mechanisms for individual reactions, purely
experimental investigations of FOX-7 usually focus on bulk
properties, and thus molecular-scale computational findings
rarely reconcile with experiments. Here, we present exper-
imental results of the 202 nm photon-initiated decomposition
of solid FOX-7 at 5 K that extends a systematic investigation of
previously reported irradiations using 532 and 355 nm
photons®’ along with energetic electrons in order to elucidate
how molecular decomposition processes relate to the
impinging energy and reaction energetics.”® The 532 nm
photolysis only generated a small quantity of molecular oxygen
(0,), while 355 nm photolysis produced four times greater
molecular oxygen (O,) along with nitric oxide (NO). Utilizing
electronic structure calculations, these photolysis experiments
probe the individual mechanisms involved in FOX-7
decomposition by limiting the photon energy to discrete
values capable of overcoming calculated reaction barriers to
compare predicted products with experimental results. In
addition to targeted photolysis studies, solid FOX-7 was
previously irradiated with low-energy electrons generated in
the wake of energetic electrons with the largest products
having a mass-to-charge ratio ( /) of 96, which was assigned
to C3N,0, and the proposed isomer of cyano(oxo)methyl
cyanate (NCC(O)OCN).*®* No molecular oxygen was
observed, but instead, the terminal oxidation products carbon
monoxide (CO), carbon dioxide (CO,), and nitrogen dioxide
(NO,) formed, which were absent in the 532 and 355 nm
photolysis studies. Thus, an investigation utilizing 202 nm
photolysis provides an intermediate energy between 355 nm
photons and electron irradiation capable of accessing discrete
intermediates associated with the fate of oxygen eventually
locked up in the “terminal” oxidation products (CO, CO,,
NO,). The photolysis products that remain in the solid were
observed using Fourier transform infrared spectroscopy
(FTIR) while subliming products, either during irradiation or
heating to 300 K, were monitored using two mass
spectrometry methods: electron-impact quadrupole mass
spectrometry (EI-QMS) and the more sensitive photo-
ionization reflectron time-of-flight mass spectrometry (PI-
ReTOF-MS). The results are compared to those from lower-
energy photolysis and higher-energy electron irradiation to
illuminate the energetics required to achieve various reaction
products.

2. EXPERIMENTAL SECTION

FOX-7 was synthesized"” according to procedures described
by Latypov et al.*? and Astrat’ev et al.>° and thin polycrystal-
line films with a thickness of 2.0 + 0.3 pm were prepared on
polished silver substrates by dispensing dropwise a dilute
solution of FOX-7 in dimethyl sulfoxide (DMSO) and
evaporating under vacuum. The nature of the waved sheets
that comg)ose condensed FOX-7 has been described
previously.” Experiments were performed in a stainless steel
ultrahigh vacuum (UHV) chamber evacuated to less than 1 x
1071 Torr.***? Within the experimental chamber, the
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substrates were a xed to copper cold finger cooled by a two-
stage helium refrigerator (Sumitomo Heavy Industries) to 5.0
+ 0.1 K. After cooling to 5 K, the sample was annealed to 320
K to remove residual DMSO from the FOX-7 matrix and then
returned to 5 K. The sample was irradiated with 202 nm
photons (10 mW cm™2, 1.0 x 10% photons s* c¢cm™)
generated by tripling the 606 nm output of a dye laser utilizing
a Rhodamine 610/640 dye solution pumped by the second
harmonic (532 nm) of an Nd:YAG laser (Spectra Physics PRO
250, 30 Hz). During photolysis, Fourier transform infrared
(FTIR) spectra were collected using an external Thermo
Nicolet 6700 along a dry nitrogen-purged beam path that
passes into and out of the UHV chamber using di erentially
pumped potassium bromide (KBr) windows. The infrared
beam interacts with the sample through absorption—
reflection—absorption at a 44° angle of incidence and is
recorded using an external liquid nitrogen-cooled mercury—
cadmium—telluride type-B (MCT-B) detector.>"“%°* After
2.5 h of irradiation, the sample was warmed to 320 K at 1 K
min~! as a temperature-programmed desorption (TPD)
protocol. During TPD, subliming molecules were detected
using photoionization reflectron time-of-flight mass spectrom-
etry (PI-ReTOF-MS, Jordan TOF Products) utilizing 10.49 eV
photons generated by tripling the third harmonic (355 nm) of
the Nd:YAG laser using nonresonant four-wave mixing ng =
3w,) with pulsed xenon gas as the nonlinear medium.> The
photoion signals were amplified (Ortec 9305) and recorded by
a FAST ComTec MCS6A multichannel scalar operating at 30
Hz (Quantum Composers 9518). In addition, electron-impact
(El, 70 eV) quadrupole mass spectrometry (QMS) monitored
the residual gases during irradiation and TPD, which was
useful for detecting compounds with ionization energies (IEs)
greater than 10.49 eV that would not be observed using PI-
ReTOF-MS. In order to confirm mass spectral assignments,
isotopically labeled samples were prepared by dissolving
deuterated FOX-7 (d4-FOX-7)** in deuterated DMSO under
a sealed nitrogen atmosphere to limit hydrogen exchange,
which was prevalent in solution under ambient air. However,
the dried thin film was found to be inert to hydrogen exchange.
In addition, blank experiments without irradiation were
performed to ensure any observed products and changes to
FOX-7 were only caused due to the irradiation.

3. RESULTS

3.1. Infrared Spectroscopy. The infrared spectra taken
before and after irradiation (Figure 1 and Table S1) display
similar decreases across all FOX-7 peaks and contain new
product peaks from 2000 to 2400 cm™ (Figure 1, bottom).
The decrease in intensity of the vibration bands associated
with functional groups of FOX-7, such as C C (vg), —NH
(vi—vy), and —NO, (vy0),"" are shown in Figure 2 and
indicate that 81.5 + 1.0% of FOX-7 remains after irradiation.
The decline generally follows a pseudo-first-order decay with
rate constants of o =24 x107°s71 y=23%x10°s7
and o, =2.1x 107> s7%. These rate constants indicate similar

decomposition rates between functional groups. In contrast,
the rate constants from electron irradiation ( ¢ ¢ =6.8 x 107
s ww=21x103sh and o, = 1.3 x 1073 s71)* display
greater variance between their values a 1:3:2 ratio and are
30 to 90 times larger in magnitude than the rate constants from
202 nm photolysis. Unlike the infrared signals from electron
irradiation,”® which showed an asymptotic behavior as the
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Figure 1. Infrared spectra of solid FOX-7 collected before (black) and
after (red) irradiation at 5 K.

uppermost 320 nm FOX-7 layer decomposed, the spectra from
202 nm irradiation show no such behavior, suggesting that the
FOX-7 sample transmits a large portion of the irradiation and
the sample is processed at all depths. Based on the number of
reacted molecules and the photon flux, 300 photons impinged
the sample on average for every reacted molecule. Assuming
that multiphoton processes are absent and that the absorption
of one photon results in the decomposition of one molecule,
this indicates FOX-7 is largely transparent to 202 nm photons,
which is consistent with previously recorded UV—vis spectra of
solid FOX-7 that show diminishing absorption strength at
energies higher than the 395 nm peak.*’

Two neutral products were observed in the infrared
spectrum after irradiation: carbon dioxide (CO,) at 2341
cm™t and carbon monoxide (CO) at 2141 cm™. In addition,
two ionic species were identified including cyanide (CN7,
2090 cm™) and cyanate (OCN™, 2171 cm™), and the C N
stretching of the nitrile functional group (v(CN)) was assigned
to 2233 cm™L. Using the integrated absorption coe cients for
the molecular and ionic species (CO, 7.3 x 107Y cm
molecule™; CO, 1.1 x 107" cm molecule™; CN™, 3.7 x 1078
cm molecule™; OCN™, 1.3 x 107 c¢cm molecule™), the
column densities for each species (i.e., the number of
molecules per cm? along the line of sight of the infrared
beam) were calculated and temporal profiles (Figure 3) were
obtained during irradiation. Cyanide is the most abundant

https://doi.org/10.1021/acs.jpca.3c03215
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Figure 2. Infrared intensities for three functional groups of FOX-7
(C C, —NH, and —NO,) relative to their pre-irradiation starting
values. The plots show that about 81.5% of the functional groups
remain after irradiation. Red lines indicate fitting using first-order rate
constants.

product observed after irradiation (1.2 x 10'® molecules),
followed by carbon dioxide (5.8 x 10'® molecules), carbon
monoxide (3.2 x 10 molecules), and cyanate (3.3 x 10
molecules). Considering that 18.5 % 1.0% of the 2 pm x 1 cm?
layer reacted and using the density of FOX-7 of 1.89 g cm™,
2.8 = 0.7 x 10 molecules of FOX-7 were photolyzed.
Equating this to 5.7 x 107 carbon atoms and comparing to the
species trapped in the matrix after irradiation, 2.1% of the
reacted carbon produced cyanide, 0.6% produced carbon
dioxide, 0.3% formed carbon monoxide, and only 0.03%
resulted in cyanate. Thus, only 3% of the reacted carbon is
accounted for by small molecules in the infrared spectra, with
the remaining carbon likely remaining in the solid matrix as a
variety of partially reacted species. The temporal profiles for
these four product peaks (Figure 3) display an initial
exponential rise that becomes linear by the latter portion of
the irradiation, indicating that the photolysis is still in the early
stages as production has yet to diminish.

3.2. Quadrupole Mass Spectrometry. lon signals for five
species were observed during TPD using quadrupole mass
spectrometry: / =18, 28, 30, 44, and 52 (Figure 4). Four of
these signals were observed at the same mass-to-charge ratio
( /) inthe d4-FOX-7 experiments, / =28, 30, 44, and 52,
indicating that the products associated with these ion counts
have no hydrogen atoms. The final signal at / = 18 matched
the TPD profile of / =20 for d4-FOX-7, signifying that this
product has two hydrogen atoms. Thus, the assignments are
water (H,O, / = 18), carbon monoxide (CO, / = 28),
nitric oxide (NO, / =30), carbon dioxide (CO,, / =44),
and cyanogen (NCCN, / = 52). Carbon monoxide was
assigned to / = 28 instead of dinitrogen (N,) because the

/ =12 signal of C* follows the / = 28 trace, indicating a
carbon-containing species. The TPD profile of water presents
as a single sublimation event starting at 150 K and peaking at
172 K. The other four molecules detected by QMS also have
corresponding peaks at this temperature, indicating that a
portion of these molecules were bound to water and were

1.5x10"

1.0x10" -

5.0x10"

Column Density (molecules cm™)

0.0 1

CN

0 25 50

——
75 100 125 150
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Figure 3. Column densities of carbon dioxide (CO,, red), carbon monoxide (CO, black), cyanide (CN™), and cyanate (OCN™) within the FOX-7

sample during irradiation.
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Figure 4. TPD sublimation profiles recorded using QMS showing
signals at mass-to-charge ratios ( / ) based on FOX-7 with hydrogen
(“H,” red) and deuterium (“D,” black). The scale indicates the counts
observed for H-FOX-7.

released during water sublimation. Carbon monoxide has the
lowest sublimation temperature observed, beginning at 28 K
and peaking at 42 K. Additional peaks occurred at 85 K, which
is during NO and CO, sublimation, and during H,O
sublimation at 168 K, which suggests that CO was weakly
bound to these products and co-sublimed during their initial
sublimation. This suggests CO must overcome approximately
20 and 50 kJ mol~ additional binding energy to sublime with
NO/CO, and H,0.>® Each sublimation peak of CO occurs at
the same temperature in the FOX-7 and d4-FOX-7 samples,
and variations in intensity are simply due to di erences in the
sample matrix.

The TPD profiles for NO ( / =30) and CO, ( / =44)
are similar: both began subliming at 75 K, passed through a
shoulder at 90 K to a peak at 112 K (this shoulder and peak
designation are reversed in the d4-FOX-7 experiments), had a
small peak at 138 K, and finished with a peak at 168 K. The
similarity between the / = 30 and 44 profiles suggests a
connection between these signals, such as a compound with

/ =44 fragmenting to the lower-intensity (1:20 signal ratio)

/ = 30. Since the profiles do not exactly match, two
compounds could contribute to the / = 44 signal, one of
which fragments to NO, or NO may also have formed during
irradiation and supplement any fragmentation signal. Besides
CO,, nitrous oxide (N,O) has a mass-to-charge ratio of 44
without hydrogens, and N,O can fragment to NO. To confirm
the assignment for / =44, the TPD profile for / =45 was
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compared to the expected isotopic distribution of CO, and
N,O with carbon-13 (1.08%), nitrogen-15 (0.36%), and
oxygen-17 (0.04%).>® Figure S1 demonstrates that the signal
for / =45 can be entirely explained by *CO, without the
need for N,O, and the primary sublimation event with a 75 K
onset is consistent with the sublimation temperature of pure
CO, ice.’” Additionally, the / = 30—44 fragmentation ratio
for nitrous oxide using electron-impact QMS is 1:3,>® which is
far greater than the 1:20 ratio observed between these TPD
profiles and further supports the nonassignment of N,O to  /
= 44, Instead, this signal belongs to CO,, while NOat / =
30 co-sublimed, creating similar TPD profiles. The final signal
observed using QMS was cyanogen at / = 52. The TPD
profile has a single sublimation peak beginning at 150 K and
peaking at 167 K in a manner similar to the profile of H,O.
Previous experiments of electron-irradiated FOX-7 detected
the same five compounds using QMS. This is in contrast with
lower-energy photon irradiation at 355 and 532 nm, which
only observed nitric oxide (NO) and molecular oxygen (O,) as
products. However, O, was not detected from 202 nm
irradiation, but instead, the combustion products of carbon-
containing molecules CO and CO, were produced, high-
lighting a critical energy di erence between 202 and 355 nm
photons capable of supplying su cient energy not only to
generate oxygen atoms but to proceed with higher-order
reactions involving these oxygen atoms. The electron
irradiation also imparted excess energy to the sample, such
that most of the gas-phase products were detected by QMS
during irradiation and not during TPD. In contrast, a negligible
quantity of products degassed from the sample during 202 nm
irradiation, and instead, the products were observed during
TPD. By depositing known quantities of CO, or NO ices and
utilizing ionization cross sections, previous experiments*®
performed QMS calibrations that reported conversion factors
( ) between the number of detected molecules and the
number of molecules that had sublimed. The factors for these
five products are 40 =6.5 % 10°, o =58x10° yo=4.2
x 10°, ¢o,=5.0 x 10% and ycen = 35 x 10° meaning one
in every 3.5 x 10° molecules of NCCN that sublime from the
sample is detected by QMS. The most abundant molecule
detected by QMS was carbon monoxide, with 1.9 x 10'°
molecules subliming from the sample. This value accounts for
the fragmentation of CO, to CO by QMS, which resulted in a
/ = 28 signal that was 8% of the / = 44, and thus the
carbon monoxide quantities were corrected for this. After
carbon monoxide, carbon dioxide was the next most abundant
species with calculated 6.0 x 10 gas-phase molecules. This
value is in excellent agreement with the number of CO,
molecules detected after irradiation using FTIR (5.8 x 10%).
However, the QMS results indicate that six times greater
amounts of CO sublimed from the sample than were detected
by the FTIR after irradiation (3.2 x 10%). This suggests that
irradiated FOX-7 released additional carbon monoxide in the
warm-up phase. Much lower quantities of water (6.5 x 10
molecules), nitric oxide (2.5 x 10 molecules), and cyanogen
(1.4 x 10%) were calculated using the QMS results. Although
large quantities of cyanide were observed in the infrared
spectrum after irradiation, in the TPD phase, this did not
translate to large amounts of cyanogen or other cyano-
containing compounds, such as hydrogen cyanide (HCN), and
thus most of the cyanide generated by irradiation remained in
the solid sample. Using the QMS data for CO, CO,, and
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NCCN, 2 x 10 carbon atoms sublimed from the FOX-7
sample, leaving 97% of the 5.7 x 10% reacted carbon atoms
remaining in the solid state.

3.3. Reflectron Time-of-Flight Mass Spectrometry.
After irradiation, subliming molecules were also monitored
during the TPD phase with ReTOF-MS utilizing 10.49 eV
photons for photoionization (Figures 5 and 6). While ReTOF-
MS is a more sensitive method than QMS, this ReTOF-MS
method is limited to molecules with ionization energies (IE)
less than 10.49 eV. Thus, H,O (IE = 12.62 eV), CO (IE =
14.01 eV), CO, (IE = 13.78 eV), and NCCN (IE = 13.37 eV),
which were observed in QMS, cannot be detected using 10.49
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eV photons. Furthermore, compounds that might be expected
from the FTIR spectra, such as hydrogen cyanide (HCN, IE =
13.6 eV)*® and cyanic acid (HOCN, IE = 11.9 eV) or isocyanic
acid (HNCO, IE = 11.6 eV)*® would not be detected.
However, nitric oxide (NO, IE = 9.26 eV, / = 30) was
observed and began subliming at 33 K and passed through
several lower-intensity regions before peaking with water
sublimation at 162 K. The matching TPD profile for d4-FOX-7
at / =30 confirms the assignment. Nitric oxide also has the
highest intensity signal in ReTOF-MS, and given that NO was
among the least abundant species detected using QMS (only
higher than NCCN)), it is not surprising that QMS could not
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pathway for reaction 1 is labeled R1 and so forth.

detect the other molecules with ReTOF-MS profiles. The
lowest mass-to-charge observed was / =17 and matched the
profile of / =20 using d4-FOX-7, giving the assignment for
ammonia (NH,, IE = 10.07 eV),”® which began subliming at
177 K and peaked at 207 and 240 K. Also at 177 K, the profile
for / = 33 with the corresponding / = 36 profile in d4-
FOX-7 began subliming with peaks at 212 and 232 K. This can
be assigned to hydroxylamine (NH,OH). The profile for /
= 46 displays peaks caused by the sublimation of two distinct
molecules. The first and most intense peak at 166 K closely
aligns with a peak in d4-FOX-7 at / = 46, indicating no
hydrogen atoms and the formula for nitrogen dioxide (NO,).
Note that NO, was not observed after the 532 and 355 nm
photolysis, even though calculations of gas-phase FOX-7
predict that NO, should have formed at these energies.
However, calculations that take into account the crystalline
structure of FOX-7 correctly predicted the lack of detection
after 532 nm photolysis, but a disagreement still existed for 355
nm photolysis. The detection of NO, with the current 202 nm
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photolysis confirms that these photons have su cient energy
to overcome the discrepancy between the calculated energetics
and those of the actual crystalline structure in order to initiate
the predicted reactions. A higher temperature peak at 268 K
matches the d4-FOX-7 profile at / = 48, meaning the
molecule assigned to this peak has two hydrogen atoms. Two
formulas satisfy these requirements: HCOOH (formic acid)
and H,N,O (nitrosamine, NH,NQO). However, formic acid has
an ionization energy of 11.0 eV and thus would not be ionized
and detected with 10.49 eV photons, so this peak at / =46
belongs to H,N,O. This example highlights the issues with
assigning larger molecules because multiple possible formulas
can satisfy a given mass-to-charge, even when deuterated
experiments constrain the number of hydrogen atoms.
Additional TPD profiles with multiple possible assignments
occur at the following mass-to-charge ratios (with the
corresponding profile from d4-FOX-7 in parentheses): 42
(44), 45 (48), 56 (60), 60 (64), and 76 (80). To assign these
masses, previous experiments and calculations studying FOX-7
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decomposition reactions must be considered, which is
continued in the Discussion section.

4. DISCUSSION

By utilizing previous computational and experimental results, a
detailed mechanistic discussion of the observed products is
presented. A detailed discussion for / = 30 (NO) is
included in the analysis of the 355 nm experiment,’ while
discussions of / = 17 (NH;), 18 (H,0), 28 (CO), 30
(NO), 42 (CH,N,), 44 (CO,), 45 (CH3NO), 46 (NO,), 52
(NCCN), 56 (C,H;N,), and 60 (CH4N%O) are presented
with the electron irradiation experiment.”®* To summarize,
irradiated FOX-7 may undergo nitro-to-nitrite isomerization
(reaction 1, Figure 7 and Table S2), a critical first step toward
many reactions and observed spectroscopically from 355 nm
photolysis.*” Nitric oxide (NO) is then produced from
cleavage of the CO—NO bond (reaction 2), leaving the
C(NH,),C(O)NO, radical. The loss of the nitro group from
the resulting fragment gives nitrogen dioxide (NO,, / =46)
and C(NH,),CO (reaction 3), which can further decompose
to carbon monoxide (CO, / = 28) and the C(NH,),
fragment (reaction 4). Returning to the C(NH,),C(O)NO,
radical, a second nitro-to-nitrite isomerization, followed by NO
loss (reaction 5), results in C(NH,),CO,. Breakage of the C
C bond produces carbon dioxide (CO,, [/ = 44) and
C(NH,), (reaction 6). The generation of atomic oxygen from
a FOX-7 molecule (reaction 7) can react with carbon
monoxide as an alternate path to CO, (reaction 8) a
reaction observed in carbon monoxide ice.’ In addition to
reaction 3 and reaction 5, the C(NH,),C(O)NO, radical can
undergo a hydrogen shift and then split into the NH,C(NH)-
CO and HONO fragments (reaction 9). Carbon monoxide is
produced from the C C bond cleavage of NH,C(NH)CO
(reaction 10), while the HONO fragment can decompose to
NO and the hydroxyl radical (OH, reaction 11). The addition
of hydrogen to OH, for example, through radical—radical
recombination or through abstraction of a hydrogen atom from
FOX-7, results in water (H,O, / =18, reaction 12).
These mechanisms highlight the importance of an initial
nitro-to-nitrite isomerization. This isomerization can also occur
in a later step; for example, FOX-7 can initially lose a nitro
group to form NO, and the C(NH,),CNO, radical (reaction
13), which can undergo a hydrogen shift and nitro-to-nitrite
isomerization to NH,C(NH)CHONO (reaction 14). The loss
of NO from this fragment gives NH,C(NH)CHO (reaction
15). Further decomposition at the C  C bond gives the HCO
and C(NH,), fragments (reaction 16). The C(NH,), fragment
was also generated from reactions 4 and 6 and serves as a
significant intermediate toward several products. The recombi-
nation of C(NH,), with an oxygen atom could form urea
(NH,C(O)NH,, / =60, reaction 17), while the loss of two
hydrogens from C(NH,), creates C(NH), (reaction 18) and
its more stable tautomer, cyanamide (NH,CN, / =42). The
C(NH,), fragment can also dissociate with hydrogen
isocyanide (HNC) and the amino radical (NH,, reaction
19). Hydrogen addition to NH, gives ammonia (NH;, / =
17, reaction 20), while radical—radical recombination of NH,
and HCO from reaction 16 produces formamide (NH,CHO,
/ =45, reaction 21). Hydrogen loss from HNC generates
the cyano radical (CN), which can either combine with
another cyano radical to form cyanogen (NCCN, / =52,
reaction 22) or with an amino radical, resulting in cyanamide
(NH,CN, / = 42, reaction 23). The amino radical could
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also cleave directly from a FOX-7 molecule as an initial first
step (reaction 24), which serves as a more direct route to
ammonia formation with the addition of a hydrogen atom
(reaction 25). The counter fragment, NH,CC(NO,),, can
further decompose to C(NO,), and CNH, (reaction 26), and
the recombination of two CNH, fragments produces
diaminoacetylene (NH,CCNH,, / =56, reaction 27).

In addition to these products, signalsat / =33, 46, and 76
were also observed after 202 nm irradiation but were not
detected after electron irradiation. Each of these masses can be
assigned to products capable of forming by the recombination
of two intermediate species identified in computational studies
and presented previously. As mentioned in the Results, a
formula with  / = 33 and three hydrogen atoms can be
uniquely assigned to hydroxylamine (NH,OH), which can be
formed by radical—radical recombination of amino (NH,) and
hydroxyl (OH) radicals. The route to amino radical
production is through the separation of the amine group
from FOX-7 (reaction 24), which requires 461 kJ mol™ (4.78
eV) of energy. A 202 nm photon (6.14 eV) has su cient
energy to cleave this carbon—nitrogen bond, while the 355 nm
(3.49 eV) photons used in previous studies are insu cient and
explain why amine-based products were not observed after 355
nm irradiation. The formation of the hydroxyl radical
necessarily involves a hydrogen atom transfer from an amine
(NH,) group to oxygen from the nitro (NO,) group. This can
proceed after nitro-to-nitrite isomerization (reaction 1), which
stabilizes the molecule by 18 k] mol™ after passing through a
273 kJ mol™ transition state, and subsequent loss of nitric
oxide (reaction 2, 3 kJ mol™t). After hydrogen transfer through
a 16 kJ mol ™ transition state to the nitro group and separation
of the resulting HONO group (reaction 9, 112 kJ mol™?), the
nitrous acid (HONO) molecule can decompose into nitric
oxide (NO) and the hydroxyl radical (OH, reaction 11, 197 kJ
mol™1). Hydroxylamine (NH,OH) is thus formed by the
recombination of the amino and hydroxyl radicals (reaction
28), which is exoergic by 260 kI mol™® and serves as a
transitional oxidation compound, providing a missing link
between reduced ammonia (NH;) and oxidized nitric oxide
(NO) and nitrogen dioxide (NO,). An alternative pathway to
hydroxylamine was found in electron-irradiated ices of
ammonia and molecular oxygen in which suprathermal atomic
oxygen (1D1) was inserted into the nitrogen—hydrogen bond of
ammonia.’” This is the first experimental detection of
hydroxylamine as a decomposition product of FOX-7 and
serves as an archetype linking experimental findings with
theoretical calculations that can be achieved using photolytic
methods to probe individual reactions on a molecular level.

The reaction scheme through reaction 11 can also be
utilized to explain the formation of H,N,O, which is observed
as the second peak (268 K) in the / =46 TPD profile that
matches the / =48 peak using d4-FOX-7. Two isomers with
this formula include the highly unstable cyclic oxadiaziridine
(c-NHNHO) and the more common nitrosamine (NH,NO),
which can be generated from the reaction of the amino radical
(NH,) and nitric oxide (NO).°® Nitric oxide can form after
nitro-to-nitrate isomerization, such as in reactions 2 or 14, or
from the decomposition of nitrous acid (HONO) in reaction
11, while the amino radical results from any cleavage of an
unaltered amine group from the carbon atom, including
reaction 24. Recombination of nitric oxide, a stable radical,
with the amino radical, gives the closed-shell nitrosamine
(NH,NO, reaction 29) and is exoergic by 195 kJ mol™.° Like
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hydroxylamine, nitrosamine is a relatively simple molecule that
has not been detected as a decomposition product of FOX-7,
thus expanding the possibilities of potential higher-order
products.

The final mass-to-charge ratio to evaluate is / =76. The
corresponding TPD profile for d4-FOX-7 at / = 80 greatly
reduces the possible assignments to those with four hydrogen
atoms: H,N,O, C¢H,, CH,N,O,, and C,H,0;. The H,N,O
formula has never been experimentally observed, while
hydrocarbons, such as CgH,, have never been identified
experimentally nor computationally in the decomposition of
FOX-7, and thus these will not be considered further.
Moreover, isomers of C,H,Os including glycolic acid
(HOCH,COOH) and peracetic acid (CH;C(O)OOH),
require hydrogenated forms of carbon (—CH,— and —CHj,
respectively) never observed in FOX-7 decomposition studies.
Thus, the most plausible assignmentto / =76 is CH,4N,0,.
Unfortunately, numerous isomers belong to this formula, and
determining the particular isomer(s) contributingto / =76
would be unfeasible. However, using the proposed products at
lower mass-to-charge ratios in this and previous studies,
hydroxyurea (NH,C(O)NHOH) can be assigned as a
plausible identification. The formation of hydroxyurea follows
from the diaminocarbene fragment (C(NH,),), which results
from several reaction pathways involving carbon—carbon bond
cleavage, such as reactions 4 and 16. Diaminocarbene can
combine with atomic oxygen, which is liberated from FOX-7
after breaking a nitrogen—oxygen bond of 344 kI mol™?, to
formureaat / =60 ((NH,),CO, reaction 17). The reaction
of urea with an additional oxygen atom, which is expected to
insert barrierlessly in the excited 'D state,”* " would form
hydroxyurea (reaction 30) if inserted into one of the four
nitrogen—hydrogen bonds of urea. Previous studies of FOX-7,
both computational and experimental, have not identified a
productat / =76 as this molecule is much larger than those
typically encountered with FOX-7 degradation and thus a
comparison of this assignment to other works is not possible.
This highlights the need for further studies, especially
theoretical ones, that consider reaction pathways toward
higher-order products.

5. CONCLUSIONS

The 202 nm photolysis of solid FOX-7 at 5 K generated
products from an intermediate irradiation dose between lower-
energy photons (355 and 532 nm) and higher-energy
electrons. The 202 nm and electron irradiation”® observed
the same five products using quadrupole mass spectrometry:
water (H,0), carbon monoxide (CO), nitric oxide (NO),
carbon dioxide (CO,), and cyanogen (NCCN). This agree-
ment highlights the role of these molecules as ultimate
decomposition products of FOX-7, given the high abundance
necessary for detection using QMS. Carbon monoxide and
carbon dioxide are especially notable because FOX-7 does not
contain a carbon—oxygen bond and thus these compounds
indicate near-complete combustion of photolyzed molecules.
The experiments utilizing 355 and 532 nm Photons
predominantly observed molecular oxygen (O,),"’ which
branded FOX-7 as an energetic material capable of providing
its own oxidant. At higher photon/electron energies, O, was
not observed, but instead, the most abundant molecules were
the classical combustion products of a hydrocarbon and
oxygen, suggesting that the increased irradiation energy not
only generated oxygen but provided su cient energy to further
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react and decompose FOX-7 such as to hydroxylamine
(NH,0OH). Water served as the next most abundant
compound detected and could easily form from the
dissociation of oxygen (or hydroxyl after a hydrogen shift)
from FOX-7 and the acquisition of additional hydrogen from
the matrix. Thus, the three most abundant products of 202 nm
irradiation (CO, CO,, H,0) and the most abundant of 355
and 532 nm photolysis (O,) all originate from the release of
oxygen, with the final product determined by the degree of
excess energy. After these products, nitric oxide had the highest
quantity and was observed with both 355 and 202 nm
photolysis. Nitric oxide results after nitro-to-nitrite isomer-
ization, which is an important first step toward higher-order
decomposition products. Finally, cyanogen represents the most
prominent species of detected nitriles that have been observed
in other studies, as well as this experiment, in the form of
infrared absorptions (CN~, OCN~, v(CN)) and ReTOF-
detected products such as cyanamide (NH,CN). ReTOF-MS
also detected three products after 202 nm photolysis, not
observed by other irradiation energies. The formula for
hydroxylamine (NH3O) is explicitly confirmed at / = 33,
along with nitrosamine (H,N,O) at / = 46, which cannot
be formic acid (HCOOH) due to having an ionization energy
(11.0 eV) above the ionizing photon energy (10.49 eV).
Finally, the signal at / = 76 could be assigned to several
formulas and isomers, but by utilizing previous experimental
and computational results, the formula CH,N,O, is proposed
and represented by the hydroxyurea isomer (NH,C(O)-
NHOH). These three products hydroxylamine, nitrosamine,
and CH,N,O, are new experimentally detected decomposi-
tion products of FOX-7 and encourage further experimental
and theoretical studies into higher-order products. The latter
two results pose both a problem and a solution. The use of d4-
FOX-7 constrained the formula for / =76 to four hydrogen
atoms, but this did not uniquely identify one molecular
formula, so additional experiments using other isotopes, such
as carbon-13, would assist in confirming the proposed
assignments. However, once a formula is explicitly defined,
determining the specific isomer is informative. This can be
accomplished in a manner similar to excluding the formic acid
assignment due to its high ionization energy. The ionization
energies for isomers belonging to each molecular formula can
be calculated, and the experiments can be repeated using
tunable photoionization to unambiguously determine the
isomer responsible for the observed signal.>®> This further
highlights the benefits of computations and experiments
working in tandem to investigate energetic materials, which
has been utilized here and in previous works to probe
calculated reaction energies using experimental results and to
confirm theoretical predictions, which are often limited to
small molecules in the gas phase, with condensed-phase
experiments designed to inhibit thermal reactions.
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