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ABSTRACT: Ammonia borane (NH;BH,;, AB) represents a
promising energy-dense material for hydrogen storage and
propulsion; however, its energy release mechanisms on oxidation
by solid-state oxidizers are not well understood. In this study,
through in situ time-of-flight mass spectrometry supported by
attenuated total reflection-Fourier transform infrared spectroscopy
and density functional theory calculations, we investigate the
fundamental reaction mechanisms involved in the energy release
from solid-state AB with different chemical oxidizers. We show that
the reaction of AB with oxidizers like KClO, is mediated by
[NH,;BH,NH;]*[BH,]” (DADB) formation, resulting in its kinetic
entrapment into low-energy BNH, clusters that are resistant to
further oxidation, thus limiting complete energy extraction. In
contrast, with an ammonium-based oxidizer such as NH,ClO,, the
presence of NH," ions enables AB to follow an alternative reaction
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pathway forming [NH,BH,NH,]*[ClO,] ™ rather than DADB,

thus inhibiting the formation of BNH,, species and facilitating its complete oxidation. This alternative reaction route causes the AB/
NH,CIO, system to exhibit remarkably higher energy release rates over that of AB/KCIO, (~27x) and the standard Al/NH,CIO,

propellant (~7x).

1. INTRODUCTION

Ammonia borane (AB) and other chemical hydrides' ™’
possess higher enthalpy of oxidation than commonly employed
metallic or metalloid fuels in solid-state propellants such as Al
Ti, Si, and Mg,g_12 on both a gravimetric and molar basis
(Figure 1). Owing to its high gravimetric hydrogen content
(19.6%) and low hydrogen generation temperature, AB has
found considerable interest in the hydrogen storage application
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Figure 1. Gravimetric energy density, hydrogen content, and molar
specific energy of chemical hydrides (balanced reactions in Figure
S1), showing AB (NH;BHj;) has a theoretically higher energy content
than most metals and metalloids.
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communities as has investigation of its dehydrogenation
mechanism.'*~** However, for its application in solid-state
propellants, complete oxidation of the constituent boron in
addition to hydrogen is essential to exploit its high energy
content.

Previous studies on AB hypergolic ignition and combustion
have only explored its role as an additive in enhancing the
combustion kinetics of liquid propellants.”>~>" In liquid
propellants, which usually consist of strong oxidizing acids,
AB hydrolysis facilitates the formation of borates leading to its
complete oxidation and high energy release.”> However,
thermolysis of solid-state AB can result in its oligomerization
between ~370 and 450 K, generating relatively stable boron—
nitrogen—hydrogen (BNH,) compounds such as borazine,
polyaminoboranes (p-ABs), polyiminoboranes (p-IBs), poly-
borazylene (p-BZ), and even boron nitride (BN). 735 Most of
these BNH,, sgecies, being structurally analogous to aromatic
hydrocarbons,®® likely have poor combustion kinetics and
energy release rates’” >’ than elemental B and H, which may
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negatively affect the energetic performance of AB-based
propellants.

In solid propellants, physical and chemical processes
occurring in the flame preheating zones,””** which exist
below the ignition temperature, play a significant role in
controlling their propagation and energy release rate. The
generation of oxidation-resistant BNH,, species (~373—450 K)
in the preheating zone might also affect the energy release
profiles of AB-based propellants. Studies on AB thermolysis at
heating rates of 1—20 K/min have shown that the release of
BNH, varies with increasing heating rates.””~** Because the
preignition zone in propellant systems is subjected to much
higher heating rates of ~10° K/s,*” it is essential to first
identify the BNH, species released from AB at high heating
rates, something which has not been studied before.
Furthermore, to assess the applicability of AB as a fuel in
propellant systems, it is also essential to study the role of the
BNH, species in the energy release profile of AB with different
solid-state oxidizers.

In this study, we provide a mechanistic clarification of the
release of BNH,, species and their role in the combustion
reaction of AB with different solid-state chemical oxidizers.
Using in situ time- and temperature-resolved measurements
supported with density functional theory (DFT) computations,
we show that the energetic components (boron and hydrogen)
of AB get kinetically trapped into BNH,, species prior to the
oxygen evolution from most oxidizers even at high heating
rates (~10° K/s), resulting in its slower kinetics and lower
energy release. Interestingly, we observe that with ammonium
perchlorate/NH,ClO, (AP) as an oxidizer, AB follows a
distinctly different energy release pathway, where AB and AP
molecules synergistically form a new intermediate that inhibits
the formation of BNH, species, leading to more complete
oxidation of AB. This alternative reaction pathway also leads to
faster kinetics (~27x) and energy release of AB with AP
compared to AB with KCIO, as an oxidizer. This effective
rerouting of the thermochemical oxidation pathway of AB with
AP also results in its ~7x faster energy release rates than the
standard propellant aluminum (Al/AP) system, thus demon-
strating AB as a reactive, primary fuel in solid-state propellant
systems.

2. METHODS

2.1. Materials and Characterization. AB (~97%) and
hexadecyltrimethylammonium bromide/CTAB (~98%) were
obtained from Sigma-Aldrich, and AP and potassium
perchlorate (KClO,) were procured from Fluka. Solvents
(hexane and ethanol) and salts (sodium hydroxide and
ammonium chloride) were obtained from Fischer-Scientific.
The oxidizer particles (KCIO, and AP) were size-reduced by
spray drying, following similar procedures described else-
where."** CuO (~50 nm) particles were obtained from US
Research Nanomaterials, and ~90-210 nm Bi,O; was
obtained from Sigma-Aldrich. 50 nm Aluminum nanoparticles
(ALEX) were procured from Argonide Corp., which have
similar characteristics as described in previous publications.

XRD spectra of different samples were obtained through a
PANalytical EMPYREAN equipped with a Cu Ka source (4 =
1.543 A). A Nova NanoSEM 450 has been used to obtain SEM
micrographs of different samples. Thermogravimetric-differ-
ential scanning calorimetry of different samples was performed
using a Netzsch TGA/DSC apparatus typically under Ar flow
at 10 K/min, unless otherwise mentioned.
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A fuel/oxidizer system has been prepared by physically
mixing the synthesized solid AB particles (Section 2.2)
dispersed in hexane, with respective solid oxidizer particles
through sonication, in stoichiometric ratios (Section SS.1)
considering complete oxidation of the fuel. The sonicated
dispersion is directly used for sample preparation in T-jump
TOFMS (Section 2.3) measurements or else vacuum dried at
room temperature and used for attenuated total reflection-
Fourier transform infrared (ATR-FTIR) (Section 2.4), TGA/
DSC, and combustion cell measurements (Section 2.5).

2.2. Synthesis of Size-Reduced AB. The as-received AB
particles were dissolved in ethanol (treated with 107> M
NaOH) to make a solution of strength 0.87 M, which is half of
the solubility limit of AB in ethanol.’® CTAB powder is then
added to the AB solution in ethanol, such that the final
concentration of CTAB in the solution is 0.12 M, which is
about half of its critical micellar concentration in ethanol.*!
After the solutes are fully dissolved, the AB/CTAB solution in
ethanol is added dropwise to hexane (antisolvent) under
vigorous stirring, in a manner such that the ratio of the volume
of the solvent to antisolvent in the final mixture is 1:3. The
entire process was carried out in a temperature-controlled
environment at 40 °C. The dispersion of particles formed in
the solvent—antisolvent mixture is then separated by
centrifuging. The separated particles are washed with
antisolvent two times, centrifuged, and then left for overnight
vacuum drying at room temperature. The AB and CTAB
concentration are optimized to obtain the desired particle size
and mass fraction of CTAB coating.

2.3. T-Jump TOFMS and Ignition Temperature
Measurements. A T-jump time of flight mass spectrometer
is used for the time- and temperature-resolved in situ
identification of the gas-phase species formed during rapid
reactions, a detailed description of which can be found
elsewhere.”>* The sample is loaded by coating on a Pt wire
(length ~ 0.8 cm, diameter ~ 76 ym, Omega Engineering,
Inc.) and pulse-heated to ~1500 K within 3 ms at a heating
rate of ~10° K/s. The gaseous species generated on heated
activation of the sample are ionized by 70 eV electrons. The
positive ions are electrically accelerated through the time-of-
flight tube to the multichannel plate detector, and the spectra
are obtained for 10 ms at 0.1 ms intervals. The temperature of
the wire is monitored by probing the current and voltage
across the wire, at 0.1 ms intervals for the entire width of the
heating pulse. The ignition measurements, with a detailed
description in refs 10 and 54, consist of the same Pt wire, and
the sample is loaded and heated in the same manner, with the
same temperature probe. Additionally, in this case, the Pt wire
is loaded on a different sample holder, which is provisioned to
be inserted into a specialized chamber equipped with an inlet
and outlet for flowing of gases, an outlet for applying vacuum, a
pressure gauge, and a wall made of quartz glass for high-speed
imaging of the sample on the wire. All ignition measurements
were conducted under 1 atm of Ar. The ignition delay time is
estimated from the video captured with ~pus resolution by a
high-speed camera (Vision Research Phantom V12.1) and
correlated with the measured wire temperature to determine
the ignition temperature.

2.4. ATR-FTIR Measurements. ATR-FTIR character-
ization of solid powders was performed on a Nicolet iSSOR
spectrometer with a deuterated triglycine sulfate detector. All
the spectra were collected at 4 cm™ resolution. The spectra
obtained were averaged every 60 s (40 scans/spectrum) and
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Figure 2. (a) SEM images of synthesized AB nanoflakes with a thickness of 75—325 nm. (b) Synthesis of AB nanoflakes by antisolvent
crystallization in the presence of CTAB. (c) ATR-FTIR confirming the synthesized material contains both CTAB and AB.

Scheme 1. One of the Widely Accepted Pathways of AB Decomposition
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processed using Happ-Genzel apodization, Mertz phase
correction, and atmospheric suppression using dry KBr as ref
Ss.

2.5. Temporal Characterization of Self-Propagating
Reaction by a Constant-Volume Combustion Cell.
Constant-volume combustion cell (~20 cm®) measurements
were performed on dry powder mixtures of fuel and the
oxidizer for temporal characterization of the self-propagating
combustion reaction. Fuel/oxidizer systems have been
prepared in the same manner as described in Section 2.1
During each combustion cell measurement, 25 mg of the
premixed fuel/oxidizer powder was tested under ambient
atmospheric pressure. In a typical combustion cell measure-
ment, the powdered sample is placed under a nichrome wire
such that the wire only touches the center of the top surface of
the powdered sample. The nichrome wire is resistively heated
to ignite the sample, and the sample is allowed to self-
propagate after ignition. The time-dependent pressure signal
was obtained using a high-frequency pressure transducer (PCB
Piezoeltronics). A photomultiplier tube (Hamamatsu) con-
nected to the combustion cell through an assembly of a convex
lens and fiber optic cable has been used to measure the optical
emission to characterize burn time. More information on this
measurement can be found in an earlier publication."’

2.6. DFT Calculations. All the molecules were optimized
in periodic 15 X 15 X 15 A-sized unit cells using the ab initio
DFT method in the generalized §radient approximation of
Perdew—Burke—Ernzerhof (PBE).”° Plane-wave basis and
projector augmented wave (PAW) pseudopotentials provided
by the Vienna Ab initio Simulation Package (VASP) have been
used. We only investigated the I'-point of the Brillouin zone in
all the unit cells. We employed the following cutoff values: the
energy cutoff was 300 eV, force cutoff was 1072 eV/A, and
energy convergence cutoff was 1076 eV.

After optimizing the structures of each molecule, we used
the climbing image nudged elastic band (CI-NEB) method to
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find the transition state. We used five or seven images to
calculate the reaction path. The images in the simulation were
relaxed until the forces reduced to the cutoff force, which is
1072 eV/A. Optimized structures and fractional coordinates are
included in Sections SS5.2 and S5.3.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Nanoflakes of
AB. AB is synthesized by an antisolvent crystallization method
as described in Section 2.2. Because the size of the as-received
material is not immediately suitable for our application, we
conducted a recrystallization to reduce the particle size.
Dropwise addition of an alkaline ethanol-based saturated
solution of AB with dissolved CTAB to the antisolvent
(hexane) under vigorous stirring (Figure 2b) leads to the
nucleation and growth of AB nanoflakes shown by the SEM
images in Figure 2a. The steric interactions of the cationic
surfactant CTAB coupled with the enhanced diffusivity of the
recrystallizing AB nuclei due to vigorous stirring of the
antisolvent restrict the thickness of the nanoflakes between 75
and 325 nm (Figure S2a), with a modal thickness of ~175 nm,
which is drastically lower compared to the agglomerated ~100
um commercial AB particles (Figure S2c).

Figure 2c shows that the synthesized AB has the FTIR peaks
of both AB and CTAB,"” proving the formation of AB particles
with CTAB on the surface, as also shown by the XRD spectra
(Figure S2b, Supporting Information). In TGA/DSC measure-
ment, the synthesized AB shows a similar mass loss (Figure
S3b) to the as-received AB (Figure S3a), indicating that the
active content of AB molecules is preserved after recrystalliza-
tion of the nanoflakes.

3.2. Thermolytic Entrapment of AB into BNH,
Species. Prior studies on AB thermolysis under an anaerobic
environment have reported that AB molecules tend to
oligomerize at high temperatures to form BNH, species such
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Figure 3. Time-averaged T-jump TOFMS spectra (0.8—10 ms) showing DADB and different BNH,, species borazine, CDB, and PBZ are released

from AB thermolysis at a high heating rate of ~10° K/s.
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Figure 4. Combustion cell experiments showing that the peak pressure (a) and pressure rise rates (b) of AB/AP is significantly higher than those of
Al/AP and AB/KCIO,. (c) Time-resolved snapshot of the ignition process showing that the AB/AP flame is more violent and brighter than AB/

KCIO,.

as borazine, p-ABs, p-IBs, and p-BZ. Scheme 1 shows one of
the widely accepted pathways’***> of AB decomposition
through diammoniate of diborane (DADB) formation:

Strong dihydrogen bonding exists between the heteropolar
hydrogens of AB molecules (NH’*---°"HB) in the solid state.
Heating disrupts the dihydrogen bonds and melting of AB to a
mobile phase, in which the interaction between the N and B
atoms of different AB molecules leads to the formation of
DADB. DADB then rearranges to form gaseous cyclic diborane
(CDB) after releasing H, or alternatively reacts with excess AB
to form gas-phase borazine and H,. Borazine can further
dehydrogenate and polymerize to form polyborazylene (PBZ)
as the final solid-state decomposition product.

Previous TGA/DSC, FTIR, and mass spectrometric studies
on thermal decomposition of AB at different heating rates (1—
50 K/min; <1 K/s) have reported that the amount of gas-
phase products increases with an increase in heating rate.”*°
As high heating rates (~10° K/s) are required for the ignition
of energetic materials, we performed temperature jump time-
of-flight mass spectrometry (T-jump/TOFMS) at ~10° K/s
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for in situ time- and temperature-resolved probing of gas-phase
species released from AB decomposition under actual ignition
conditions (Section 2.3). The sample is shock-heated to 1500
K within 3 ms (~10° K/s), and the mass spectra, acquired over
10 ms at an interval of 0.1 ms, show the release of different
BNH,, species at ~0.8 ms (623 + 6 K) (Figure S4). Time-
averaged mass spectra from the release time (~0.8 ms) to 10
ms (Figure 3) reveal the release of H, (m/z = 2) and boron—
nitrogen—hydrogen (BNH,,) species such as CDB (m/z = 58),
borazine (m/z = 81), and PBZ fragments (m/z = 94 and 96)
during thermolysis of AB at 10° K/s. The appearance of the
strong BH, (m/z = 15) peak likely indicates the formation of
DADB ([NH,BH,NH,]*[BH,]"). T-jump TOFMS on stand-
ard borohydride salts like NaBH, shows peaks of both the
cation (Na) and anion (BH,) (Figure S16b), which appear
because of either thermal or electron impact ion dissociation of
the salt. Therefore, the m/z = 15 peak likely appears due to
BH, released from DADB, whereas its cation might have
fragmented into smaller species resulting in the small peaks
observed at m/z = 13—17. Hence, the observation of DADB,
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the T-jump TOFMS spectra of AB/AP reaction, indicating AB/AP redox reaction follows a distinct condensed phase pathway.

CDB, borazine, and PBZ suggests that thermal decomposition
of AB at ~10° K/s under anaerobic conditions follows Scheme
1.

Thus, even at higher heating rates, the elemental energetic
constituents (B and H) of AB get trapped into BNH,, species,
which are analogous to aromatic hydrocarbons. Hence, these
species will have poor oxidation and combustion kinetics with
low energy release rates. The implications of the release of
these species on energy release rates from AB oxidation and
combustion, along with a method of chemically overcoming
the formation of these species, have been studied and discussed
in the subsequent sections.

3.3. Ignition and Self-Propagation Reaction Rates of
AB with Different Oxidizers. Metal oxides like CuO (O,
release ~940 K) and Bi,O; (O, release ~1220 K) and oxysalts
like KCIO, (O, release ~870 K) and NH,ClO, (O, release
~670 K) are commonly employed as oxidizers in solid-state
energetic formulations.””® The O, release temperatures of
these oxidizers were also measured by T-jump TOFMS at a
heating rate of ~10° K/s (Figure S5). To probe the energy
release profile of AB, ignition temperature (Section 2.3) and
constant-volume pressurization (Section 2.5) rate measure-
ments have been performed on ultrasonically mixed powders
of AB nanoflakes with respective oxidizer particles in
stoichiometric proportions (Section 2.1). The ignition temper-
ature measurements were performed under 1 atm of Ar, so that
the solid-state oxidizers act as the only oxygen sources.

Figure 4a compares the pressure and pressurization rates
between AB/AP, AB/KCIO,, and the standard propellant, Al/
AP (control system), obtained from constant-volume combus-
tion cell measurements. The pressurization rate is estimated
from the slope of a linear fit from the pressure rise point to the
peak pressure in the acquired pressure signal (Figure S6). AB/
AP reaction (peak pressure of ~380 kPa) outperforms the AB/
KClO, reaction (peak pressure ~120 kPa), as well as the
standard propellant Al/AP reaction (peak pressure of ~150
kPa). The pressurization rate of AB/AP reaction (76.5 kPa/
ms) is ~27 times higher than that of AB/KClO, and about ~7
times higher than that of the standard propellant Al/AP. Figure
4b shows the burn times characterized by the FWHM of the
normalized optical signals (Figure S6) obtained during the
same measurement. AB/AP has a burn time of ~3 ms, which is
~1/5 of AB/KCIO, and ~1/3 of Al/AP. The significantly
higher pressurization rates and shorter burn times indicate the
superior reactivity and energy release rate of the AB/AP
system. No ignition or combustion is observed for AB/CuO
and AB/Bi,0; systems, indicating the poor reactivity of AB
with CuO and Bi,O;.
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In the time-resolved snapshots from the video obtained
during ignition measurement of AB/AP and AB/KCIO,
(Figure 4c), the AB/AP flame looks brighter and more violent
than AB/KCIO,, also qualitatively indicating higher flame-
temperature and hence energy release from AB/AP. The
measured ignition temperatures of both AB/AP (703 + 11 K)
and AB/KCIO, (850 + 14 K) systems are approximately the
same as the O, release temperature of the respective oxidizers.
As AB already thermolyzes into inert BNH, species, at much
lower temperatures of ~623 K (Section 3.2), the lower O,
release temperature of AP cannot solely explain the much
higher reactivity of the AB/AP system compared to AB/
KCIO,. This indicates AB/AP reaction follows an alternative
route, rather than simply getting oxidized by O, released from
oxidizer decomposition, the mechanism of which has been
investigated and discussed in the subsequent sections.

3.4. Absence of BNH, Species in AB/AP Reaction. Gas-
phase species released during the reaction of AB with KCIO,
and AP were temporally probed by T-jump TOFMS at the
same heating rate of ~10° K/s. In Figure Sa, T-jump TOFMS
spectra of AB/KCIO, reaction show the release of the same
BNH, species as observed in the case of pristine AB, along with
additional peaks for K (m/z = 39) and O, (m/z = 32) from
KClO, decomposition. Hence, during AB/KCIO, reaction, AB
thermolyzes into BNH, species through DADB formation
following Scheme 1 (Section 3.2). Because pristine AP
thermally decomposes through the formation of NH; and
HCIO,, gaseous ClO, species, such as HCIO, (m/z = 100),
ClO, (m/z = 67), ClO; (m/z = 93), and ClO (m/z = S1), are
observed in the T-jump TOFMS spectra of pristine AP (Figure
Sb). Interestingly, during AB/AP reaction (Figure Sb), both
BNH, species from AB thermolysis and ClO,, species from AP
decomposition are absent. The peak of HCI (m/z = 36), which
can only be released on complete reduction of the perchlorate
anion of AP, indicates a redox reaction has occurred between
AB and AP.

Upon complete oxidation, AB should form solid oxides of
boron (B,0; or other borates), N, (or nitrogen oxides), and
H,0. The BNH,, species observed in the case of AB/KCIO,
reaction implies that most of the elements (B, N, and H) of AB
got trapped into these species. A small amount of
unpolymerized AB or lighter BNH,, species (CDB or borazine)
may be oxidized by O, released from KClO,, which led to its
ignition and combustion with poor kinetics. The absence of
any gas-phase species containing B atoms in AB/AP indicates
that B is completely oxidized to boron oxides in the condensed
phase. Moreover, the absence of any ClO, species from AP
implies that AP is interacting with molten AB to form a
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Scheme 2. Distinct Intermediary Pathways Followed by AB/KCIO, and AB/AP Reactions
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Figure 6. ATR-FTIR spectra of the (a) post-thermolysis product of AB in Ar (anaerobic) shows NH, BH, and BN bonds indicating PBZ formation,
(b) oxidation products of AB/air and AB/KClO, consisting of a mixture of PBZ (NH, BH, and BN peaks) and boron oxides (BO; and BO, peaks),
whereas the AB/AP product only contains boron oxides indicating complete AB oxidation with AP.

different intermediate instead of DADB, which inhibits the
formation of BNH,, species and leads to the oxidation of AB in
a condensed phase.

To further investigate this phenomenon, we performed T-
jump TOFMS of the AB/AP mixture with excess AB (2:1 by
moles). The BNH, species like CDB and borazine are
observed in the spectra of the AB/AP mixture with excess
AB (Figure S7), indicating that only the amount of AB
molecules present in stoichiometric equivalence to AP
participates in the condensed phase redox reaction and the
excess AB forms BNH, species though DADB. This mixture
also did not ignite, implying poor kinetics and inferior energy
release due to BNH, formation. Previous "'B NMR studies
have reported that in the presence of NH,Cl, AB forms
[NH,BH,NH;]*[Cl]™ upon melting, instead of DADB
([NH;BH,NH,]*[BH,] "), because of the interaction between
the N of the NH,* ion of NH,Cl and B of the AB molecule.”
By performing T-jump TOFMS of AB/NH,CIl mixtures with
different molar ratios, we also found that BNH,, species only
appear when excess AB is present (Figure S8). Based on these
observations, it can be hypothesized that with NH,CIO,, AB
forms [NH,BH,NH,]*[ClO,]™ as described in Scheme 2:

AP is well known to decompose to NH; and HCIO,.*
Because AB decomposes to BNH, (Figure S4) species at a
lower temperature compared to AP (Figure SS), the possibility
of alternative pathways through acid-catalyzed hypergolic
ignition25 of AB with HCIO,, released on AP decomposition,
can be eliminated. The emergence of [NH;BH,NH;]"[ClO,]~
in place of DADB not only implies that the formation of BNH,,
species is inhibited but also indicates that the fuel
([NH;BH,NH;]*) and oxidizer ([ClO,]”) component are
placed into the same molecule. Usually, the reaction kinetics of
particulate energetic materials is limited by the diffusion of
oxygen from oxidizer particles to fuel particles, which in turn
depends on the particle size. However, in intermediates like
[NH,;BH,NH;]*[ClO,]~, molecular level mixing of the fuel
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and oxidizer will drastically decrease the diffusion time scales,
which might also explain the condensed phase initiation
(Figure Sb) and fast kinetics of AB/AP redox reaction (Section
3.3). More analysis and discussion on this phenomenon are
included in subsequent sections.

3.5. Solid-State Products of AB Oxidation. TGA/DSC
measurements of AB in Ar at 10 K/min (Figure S3b) show a
two-step mass loss out of which the first mass loss step feasibly
corresponds to CDB formation, whereas the second mass loss
step corresponds to the release of borazine as explained in
Section S2.1 (Supporting Information). ATR-FTIR of the
residual post-thermolysis product (~44% by wt) shows that it
contains bending, stretching, and rocking vibration bands from
NH, BH, BN, and BNH groups, indicating the formation of
PBZ (Figure 6a). The relatively low intensity of BH bands
shows that the PBZ formed is deficient in BH bonds compared
to NH bonds. These observations are consistent with the
BNH,, species, including PBZ fragments, observed by T-jump
TOFMS (Figure 3) at high heating rates (~10° K/s).
However, precisely, the relative amounts of gas—phase product
species may be higher at high heating rates."’

TGA/DSC of AB in air at 10 K/min shows a ~28% mass
loss in a single-step around the melting point (~383 K) of AB
(Figure S9). Ideally, if AB is completely oxidized (Table 1),
then 1 mol of AB should form 0.5 mol of B,O; resulting in
~12% mass gain. Hence, heating in air cannot completely
oxidize AB, and the ~28% mass loss may be due to gaseous
BNH, species release. TGA/DSC of AB/KCIO, in Ar (Figure
S10) at the same heating rate shows similar mass loss (~16%)
between 390 and 450 K to that observed in TGA of pristine
AB in Ar (Figure S3b), followed by a mass loss around 873 K
due to KCIO, decomposition. However, TGA/DSC of AB/AP
under the same conditions completely differs from both
pristine AB and AP (Figure S11), as no significant mass loss is
observed till 436 K which also indicates that AB/AP reaction
proceeds through a distinct intermediate formation in the
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Table 1. Reaction Enthalpy of the (1) DADB Pathway Hence, it can be inferred from these observations that AB/
(Borazine Formation) and (2) AB/AP Pathway (Complete AP reaction leads to complete oxidation of B atoms of AB to
Oxidation) and the Total Thermodynamic Enthalpy of (3) boron oxides, which is consistent with the observations in
AB/KCIO, and (4) AB/AP Reaction Section 3.4. The presence of both BO; and BO4 units suggests
Enthalpy” that the product contains mixed boron oxides, 6364 where BO;,
Reactions (kJ/mol of AB) and B—O—B bands suggest the formation of boric anhydride/
Reaction Enthalpies Considering Different Kinetics B,O; (Figure S12), BO, units indicate the formation of cyclic
(1) 3AB(NH;BHj) + 30, — borazine(B;N;H) + —522 borates, and OH groups suggest the formation of some boric
6H,0 acid (B(OH);). The complete oxidation of AB with AP also
(2) 4AB + 90, — 2N, + 2B,0; + 12H,0 —1226 explains the superior energy release and combustion kinetics of
Total Thermodynamic Reaction Enthalpies AB/AP redox reaction compared to AB/KClO, as observed in

(3) 8AB + 9KCIO, — 4B,0; + 4N, + 24H,0 + —1233 Section 3.3.
oKCI 3.6. Energetics of AB/AP Reaction from DFT and
(41)81}%1]3 ¥ 18AP = SB,05 + 4N, + S7H,0 + —1s10 Discussion. In Section 3.2, we observed that AB thermolysis

+ Z .
“NIST Standard AH used for all species, except for AB AH; = Occ'urs throug}'l DADB ([NH3BH2NH3] [BH,]") for'matl.on
—133.4 kJ/mol.% which results in its oligomerization into BNH, species like

CDB, borazine, and PBZ. With KCIO, and air, AB also
undergoes thermolysis to form DADB, CDB, borazine

condensed phase. ATR-FTIR is performed on the residual ) ' >
solid-state oxidation products of AB in air, AB/KCIO,, and (Section 3.4), and PBZ (Sections 3.4 and 3.5), additionally
AB/AP obtained from TGA/DSC measurement (Figure 6b). form.lng some boron oxides SSectlon_ 3.5). Wlth AP, AB
Both the oxidation products of AB in air and AB/KClO, show possibly forms [NH;BH,NH;]*[ClO,]~ (Section 3.4) as an

the presence of NH, BH, BN, and BNH groups (Figure 6b), intermediate instead of DADB, which results in its complete
like pristine AB decomposition in Ar (Figure Sa), indicating oxidation to boron oxides (Section 3.5). Hence, BNH, species
the formation of PBZ. Small peaks of BO; and BO, units are are absent in AB/AP reaction (Sections 3.4 and 3.5).

also observed in both cases of AB/air and AB/KCIO, (Figure To further evaluate the possibility of
6b), indicating the possible oxidation of some surface AB [NH,;BH,NH;]*[ClO,]” formation during AB/AP reaction
molecules or low molecular weight BNH,, species. However, in place of DADB, the energetics of the formation of DADB
the product of AB/AP (Figure 6b) shows strong peaks from and [NH;BH,NH,]*[ClO,]” are evaluated through DFT
BOj; and BO, units along with rocking vibration from B—O—B calculation (Section 2.6). Figure 7 shows a comparison
units, indicating the presence of boron oxides. 6162 Moreover, between the free-energy diagrams of [NH,BH,NH,]*[ClO,]~
NH, BH, BN, and BNH groups are also absent in the AB/AP formation (Figure 7a) and DADB formation (Figure 7b). On
product, indicating the absence of PBZ. AB/AP reaction, a negative free energy change (AG ~ —57.2
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Figure 7. Free energy diagram of the [NH;BH,NH,]*[ClO,]” formation (AG ~ —57.2 kJ/mol) through the AB/AP pathway (a) and DADB
formation (AG ~ $5.5 kJ/mol) through AB oligomerization (b), demonstrating a higher feasibility of [NH;BH,NH,]*[ClO,]~ formation through
AB/AP reaction. (c) Schematic of the studied thermochemical oxidation mechanisms of AB, illustrating the alternative AB/AP reaction route leads
to complete oxidation of AB and ~700 kJ/mol higher energy release than AB/KCIO,.
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kJ/mol) indicates the higher feasibility of
[NH;BH,NH,]*[ClO,]” formation over DADB (AG ~ §5.5
kJ/mol). Furthermore, as the fuel ([NH,BH,NH,]*) and
oxidizer ([ClO,]”) are mixed at the molecular level in
[NH,;BH,NH;]*[CIO,]™, the rate of its redox decomposition
will not be limited by oxygen diffusion. Hence, the intra-
molecular redox reaction of [NH;BH,NH,]*[ClO,]~ will have
extremely fast kinetics.

Thus, with only AP as an oxidizer (Figure 7c), the formation
of [NH,BH,NH,]*[ClO,]~ will inhibit the formation of BNH,
species ensuring the complete oxidation of AB resulting in its
superior energy release profile. With KCIO, and other
oxidizers, the formation of DADB, will trap the elemental
constituents of AB (B, N, and H) into BNH,, species, resulting
in its incomplete oxidation and inferior energy release profile.
Table 1 shows borazine formation through the DADB pathway
and creates at least ~700 kJ/mol deficit in energy release
compared to its complete oxidation through the AB/AP
pathway. This energy deficit is much higher than the ~280 kJ/
mol difference in total thermodynamic reaction enthalpy
between AB/AP and AB/KCIO, (Table 1), establishing the
significance of an alternative pathway on the energy release
profile of AB. The higher exothermicity of the AB/AP pathway
leads to greater heat generation during the AB/AP combustion
reaction, causing a temperature increase, and an accelerated
reaction rate. These factors explain the poor combustion
kinetics of AB/KClO, and the non-ignitability of AB with CuO
and Bi,O;. Additionally, the superior performance of AB/AP
compared to the standard Al/AP propellant system shows that
AB can be potentially used as a major fuel component in solid-
state propellant systems.

At the particle level, molten AB possibly reacts with the
surface molecules of NH,ClO, particles forming
[NH,;BH,NH,]*[ClO,]” following a shrinking-core model.®
When the external temperature ramp causes melting of AP, the
rate of formation of [NH;BH,NH,]*[ClO,]" is enhanced. We
can hypothesize that with other NH,* based oxidizers, such as
ammonium dinitramide (NH,N;0,) and ammonium nitrate
(NH,NO;), AB will also form [NH,BH,NH,]"[oxidizer
anion] as an intermediate. Therefore, these oxidizers may
also show high reactivity with solid AB. However, because
these ammonium salts with different anions have different
melting points, the oxidative energy release profile of AB can
be further tuned by changing the anions of NH,"-based
oxidizers, which we plan to investigate in our future studies.

4. CONCLUSIONS

The current study presents a mechanistic understanding of the
distinct thermochemical energy release pathways of AB with
different chemical oxidizers in the solid state. Through, in situ
T-jump TOFMS measurements, we have shown that AB
thermolyzes to BNH,, species such as CDB, borazine, and PBZ,
through DADB formation, even at high heating rates (~10°K/
s). With chemical oxidizers like KClIO,, T-jump TOFMS
shows the formation of same BNH, species. Additionally,
ATR-FTIR confirms that the solid-state AB/KCIO, reaction
products contain a mixture of PBZ and boron oxides.
However, with AP, complete oxidation of AB to boron oxides
is observed in the absence of BNH,, species release, which can
be attributed to the possible formation of
[NH;BH,NH;]"[CIO,]” as an intermediate, instead of
DADB. DFT calculations show that [NH,BH,NH,]*[ClO,]~
formation (AG ~ —57.2 kJ/mol) in AB/AP reaction has a

higher feasibility over DADB (AG ~ $5.5 kJ/mol). The
formation of [NH;BH,NH;]*[ClO,]™ also eliminates oxygen
diffusion limitation, thereby ensuring faster kinetics. The faster
and complete oxidation of AB in the AB/AP pathway explains
the higher energy release rate (~27X) of AB/AP compared to
AB/KCIlO, in combustion cell measurements. Therefore, these
mechanistic insights into the energy release profile of solid-
state AB open possibilities for the rational design of materials
for hydrogen storage and propulsion, by exploiting its different
reaction pathways to achieve greater control over material
properties and reactive characteristics.
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