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Abstract: Hydroxylammmonium nitrate (hydroxylamine nitrate, HAN) is one
of the most promising candidates as a replacement for commonly used liquid
mono-propellants such as hydrazine. The reaction pathways involved in the initial
and the catalytic decomposition of HAN in aqueous solution were determined
using quantum chemistry calculations incorporating solvent effects. Optimized
structures were obtained for the reactants, products and transition states at the
®B97XD/6-311++G(d,p)/SCRF = (solvent = water) level of theory and the total
electron energies of these structures were calculated at the CBS-QB3 level of
theory. In the initial decomposition, the ion-neutral NH;OH*-HNO; reaction, the
neutral-neutral NH;O-HNO; reaction and the HNO; self-decomposition pathways
were all found to have reasonable energy barriers, with values of 91.7 kJ/mol,
88.7 kJ/mol and 89.8 kJ/mol, respectively. The overall reaction resulting from
any of these pathways can be written as: HAN — HONO + HNO + H,O. The
ionic reaction is dominant during the initial decomposition of HAN in aqueous
solution because NH;OH" and NOs™ are the major species in such solutions. We
also developed six catalytic mechanisms and each of these schemes provided the
same global reaction: NH,OH + HONO — N,O + 2H,0. The ~ONONO; oxidizing
scheme is the most plausible based on the energy barrier results.

Keywords: hydroxylamine nitrate, reaction pathway, liquid-phase reaction,
density functional theory
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1 Introduction

Hydroxylammonium nitrate (hydroxylamine nitrate, HAN), having the
chemical formula [NH;OH]*[NO;], is one of the most promising candidates as
a replacement for commonly used liquid mono-propellants such as hydrazine
[1-3]. As such, there have been many experimental and theoretical studies
concerning the combustion behaviour of the so-called next generation HAN-based
propellants [4-11]. Previous research has demonstrated that some HAN-based
solutions exhibit extremely high burning rates, and this property has limited the
usefulness of such solutions in certain applications [3-6] because overly high
burning rates can sometimes lead to serious accidents [12-14]. Therefore, the
development of advanced techniques to control the combustion of HAN-based
propellants is essential.

A detailed chemical reaction model is a helpful step in any investigation of
rapid transient phenomena such as propellant ignition and flame extinction. Khare
et al. [15] studied the ignition behaviour of HAN/water solutions and developed
a theoretical model incorporating gas [16, 17] and condensed phase reactions
that include electrolysis of ionic liquids and the Lee and Litzinger model [18].
This prior work calculated the ignition delay of aqueous HAN solutions using
the model and discussed the appropriateness of electrolytically-induced ignition
systems for HAN-based propellants. The Lee and Litzinger model [ 18] consists
of the following eight reactions:

HAN + H,0 = NH,OH + HNO; + H,0 (1)
NH,OH + HNO; = HONO + HNO + H,0 )
NH,OH + HONO = N,O + 2H,0 3)
2HNO = N,0 + H,0 (4)
NH,OH + HNO = N, + 2H,0 (5)
3HONO = 2NO + HNO; + H,0 (6)
HNO + HNO; = 2HONO (7)
HONO + HNO; = 2NO, + H,0 (8)

Lee and Litzinger [18] developed a reduced reaction model based on
previously proposed reaction mechanisms [19, 20], and were able to predict
the reaction rates by simulating the experimental decomposition process and
applying an inverse analysis technique.

The aim of the present study was to gain a better understanding of the
chemical reactions of HAN during its initial and catalytic decomposition, and
to develop a detailed reaction model on the basis of an ab initio study. To this
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end, we conducted thermal assessments using ab initio quantum chemistry
calculations, which are helpful with regard to determining which reactions can
be excluded from the mechanism based on thermodynamic arguments. As an
example, if a reaction is found to be highly endothermic, or considerably more
endothermic than a competing pathway, then that reaction may be safely omitted
from the mechanism. This paper presents a detailed reaction scheme for HAN
decomposition.

2 Computational

The geometries of the reactants, products, and transition states were optimized
at the ®B97XD/6-311++G(d,p) level [21] of theory using the Gaussian 09
program package [22]. Gordon et al. [21] developed the ®B97XD method,
which includes empirical dispersion forces and is believed to be reliable when
applied to systems with weak van der Waals forces. This group also reported that
the @B97XD method yields satisfactory accuracy for kinetics and non-covalent
interactions. During the computations, transition states (TSs) were extensively
searched for, and, if found, an intrinsic reaction coordinate (IRC) calculation was
conducted in order to assign reactants and products to the TS. The energies of the
corresponding molecules were evaluated at the CBS-QB3 [23] level of theory,
since this is a reasonable time-expense complete basis method. In this study,
the geometries and frequencies were calculated at the ®B97XD/6-311++G(d,p)
level, the optimized geometries were fixed with no changes allowed and the
energies were calculated using the CBS-QB3 method. Solvent effects were
included by applying the self-consistent reaction field (SCRF) and polarizable
continuum model (PCM) options [24] within the program when investigating
the liquid reactions in water.

3 Results and Discussion

Important reactions occurring in the HAN decomposition and the associated
energy barriers and energy changes calculated at the CBS-QB3//@B97XD/6-
311++G(d,p)/SCRF = (solvent = water) level of theory are summarized in
Tables 1 and 2. Figure 1 depicts the important chemical species during the
decomposition.
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Table 1.  Important reactions in the decomposition of HAN with thermodynamic
parameters calculated at the ®B97XD/6-311++G(d,p)/SCRF =
(solvent = water) and CBS-QB3//@B97XD/6-311++G(d,p)/SCRF
= (solvent = water) levels of theory
| o [ CEE0ET
No. Reaction /6-311++G(d,p) /6-311++G(d,p)
AESD |AE | AED | AEy?
R1 |HNO; = OH + NO, noTS | 192.3 | no TS | 205.0
R2 | NH,OH + HNO; = NH,(O)OH + HNO, (TS1) 183.1 | 73.0 | 186.5 | 69.4
R3 | NH,OH + HNO; = NH,(O)NO, + H,0 (TS2) 125.1 | —13.9 | 124.8 | —15.0
R4 | NH,(O)NO, = HONO + HNO (TS3) 513 [-154 | 53.1 | 2938
RS | NH,(O)NO, + H,O = HONO + HNO (TS4) 70 |-154| 170 | -298
R6 | NH;0+ HNO; = NH,ONO, + H,O (TS5) 919 | 553 | 88.7 | —83.5
R7 | NH,ONO, & HONO + HNO (TS6) 572 | 249 | 88.6 | —11.3
R8 | NH,ONO, + H,O = HONO + HNO (TS7) 312 | 249 | 652 | —11.3
R9 | NH;OH'+ HNO; = [NH,OH-NO,-H,O]" (TS8A) 95.1 919 | 91.7 73.7
R10 | [NH,OH-NO,-H,0]* = NH,(OH)NO,* + H,0 (TS8B) | 15.1 | —59.6 | 10.4 | —45.0
R11|NH;0H"+ HNO; = [NH,OH-NO,-H,0]" (TS9A) 94.1 | 91.1 94.2 70.2
R12| [NH,OH-NO,-H,0]" = NH,(OH)NO," + H,0 (TS9B) | 9.9 |-58.8| 3.8 | —41.6
R13| NH,(OH)NO, + NO;~ = NH(OH)NO, + HNO; no TS [-124.0 | no TS |-128.2
R14 | NH(OH)NO, = NH(O)N(O)OH (TS10) 774 | 766 | 689 | 66.1
R15 | NH(O)N(O)OH = HONO + HNO (TS11) 63.5 | —18.8 | 655 | —24.8
R16 | NH(OH)NO, + H,O = NH(O)N(O)OH + H,0O (TS12) | 60.2 | 76.6 | 63.3 66.1
R17| NH(OH)NO, = NH,(O)NO; (TS13) 237.1| 73.1 | 233.1 | 71.1
R18|{ NH(OH)NO, + H,0 = NH,(O)NO, + H,0 (TS14) 1144 | 731 | 1174 | 711
R19| HNO;+ HNO; = N,Os + H,O (TS15) 91.6 | 529 | 89.8 40.1
R20 | NH,OH + N,Os = NH,0-NO, + HNO; + H,O (TS16) 11.2 |{-140.0| 27.5 |—126.2
R21 | NH;0H"+N,0s = NH,OH-NO,"+ HNO; + H,O (TS17)| 64.6 |—-20.6 | 50.9 | —11.4

! Energy barrier in the forward direction [kJ/mol]; 2 Total energy change of reaction [kJ/mol]
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Table 2.  Important reactions in the HAN/HONO catalytic decomposition
with thermodynamic parameters calculated at the ®B97XD/6-
311++G(d,p)/SCRF = (solvent = water) and CBS-QB3//@B97XD/6-
311++G(d,p)/SCRF = (solvent = water) levels of theory

wB9TXD CBS-QB3//
N Reacti /6-311++G(d,p)| , 2BI7XD

0. caction 5 /6-31 ]++G(d,p)
AESD |AED| AESD | AE?

R22 | NH,OH + HONO = NH,(O)NO + H,0O (TS18) 64.9 | 452 | 749 | 353

R23 | NH,(O)NO = 2HNO (TS19) 103.4 | 494 | 80.4 | 41.8

R24| NH,OH + HONO = [NH(OH)-ON] + H,O (TS20) 157.9 | 1443 | 1712 | 70.1

R25| [NH(OH)-ON] = 2HNO (TS21) -5.5 | -49.7| 162 | 7.0

R26 | NH,0H' + HONO = [NH,OH-NO-H,0];" (TS224) | 21.2 | 26.0 | 23.6 | 2438
R27 | [NH,OH-NO-H,0];* = NH,(OH)NO* + H;0 (TS22B)| 17.7 | 83 | 98 | 96
R28 | NH,0H' + HONO = [NH,0OH-NO-H,0];* (TS23A) | 22.6 | 249 | 22,6 | 21.1
R29 | [NH,OH-NO-H,0];" = NH,(OH)NO* + H,0 (TS23B)| 155 | =72 | 9.0 | -5.9
R30 | NH,(OH)NO*+ NH,0H = NH(OH)NO + NH;OH* [ no TS | —85.9 [ no TS | -76.5

R31 | NH,(OH)NO' + NO;~ = NH(OH)NO + HNO; no TS | —90.5 | no TS | —90.0
R32 | NH(OH)NO = N,0 + H,O (TS24) 234.1 [-209.6| 2223 {-236.0
R33 | NH(OH)NO + H,0 = N,0 + 2H,0 (TS25) 94.8 [-209.6| 958 |-236.0
R34 | HNO;+ HONO = --ONONO, + H,0 (TS26) 112 | 103 | 114 | 3.0

R35 | HNO;+ HONO 2 N,O, + H,0 (TS27) 124.1 [ —20.1 | 128.5 | —22.4

R36| NH,OH + ~ONONO, = NH,(O)NO + HNO; (TS28) | —48.4 | =785 | -44.8 | —64.3
R37| NH;OH" + ~ONONO, = NH,(OH)NO* + HNO; (TS29)| 42.1 | 7.4 | 26.6 | 122
R38| HONO + HONO = N,0; + H,0 (TS30) 453 | —63 | 504 | 103
R39 | NH,0H + N,0; = [NH,(O)NO-HONO] (TS31A) 1.0 [ 261 [ 1.7 | 10

R40 | [NH,(0)NO-HONO] = NH(OH)NO + HNO, (TS31B) -31.3 | -67.6 | 2.7 | —29.4
R41 | NH:OH' + N,0; = [NH,(OH)NO-HONO]* (TS32A) | 259 | 313 | 339 | 344
R42 | [NH,(OH)NO-HONOJ* = NH,(OH)NO* + HONO (TS32B) | 24.1 | -7.3 | 16.0 | —9.0

! Energy barrier in the forward direction [kJ/mol]; 2 Total energy change of reaction [kJ/mol].

Reaction R1 in Table 1 is the HO—N bond cleavage of HNO; and, following
this cleavage, a high speed radical chain reaction develops. Since the activation
energy for the homolysis of HNOs is very high (205.0 kJ/mol) this represents
the rate-controlling step for the radical chain reaction. Therefore, reactions that
have a higher energy barrier value than that for cleavage of HNOs are omitted
as candidates for the thermal decomposition reaction of HAN in the condensed
phase.
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Figure 1. Chemical structures of reactants, products and intermediates
involved in HAN decomposition as optimized using the ®B97XD/6-
311++G(d,p) level of theory

3.1 The initial decomposition

3.1.1 The neutral-neutral reaction of NHOH and HNO;

This work identified and investigated three neutral-neutral reaction pathways, two
of which begin with neutral NH,OH and HNO; molecules. These two pathways
are associated with the following chemical reactions:

NH,OH + HNO; — NH,(O)OH + HNO, (R2)
NHQOH + HNO3 — NHz(O)NOz + HQO (R3)

Figure 2 shows the potential energy profiles for these two initial reactions,
including the optimized structures of the transition states (TSs) and intermediate
complexes. In the mechanism that proceeds via TS1, cleavage of the N—-OH
bond in HNO; triggers its decomposition and the resulting OH combines with
NH,OH to form NH,(OH), as the TS. The remaining NO, species then removes
an H from the NH,(OH), to generate NH,(O)OH and HNO,. The energy barrier
for this process was calculated to be 186.5 kJ/mol at the CBS-QB3//@B97XD/6-
311++G(d,p)/SCRF = (solvent = water) level of theory.

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland
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Figure 2. Potential energy profiles” for the bimolecular reaction of NH,OH
and HNO;

“The energy profiles were calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

In the mechanism that proceeds via TS2, decomposition also begins with
cleavage of the N-OH bond in HNO;, such that the HNO; decomposes to OH
and NO,. The OH subsequently subtracts H from NH,OH to form TS2, while
the dissociated NO, combines with the —NH, group in the dehydrogenated
NH,O0 to form NH,(O)NO,. The associated energy barrier was determined to
be 124.8 kJ/mol. Hence, the R3 process is preferable to R2 on a thermodynamic
basis because its energy barrier is lower.

We also investigated the decomposition of NH,(O)NO,, the product of R3,
which proceeds via the following reaction:

NH,(0O)NO, — HONO + HNO (R4)

The schematic potential energy profiles of the two possible reaction
pathways and optimized structures for the reactants, TSs and products are shown
in Figure 3. In one path, NH,(O)NO, decomposes to HONO and HNO by
intramolecular H transfer to generate TS3, with an energy barrier of 53.1 kJ/mol.
In another pathway (R5), water molecules assist in the intramolecular proton
transfer (a common effect in many reactions) such that TS4 has a ring structure.
In this second scenario, the water catalytic effect decreases the energy barrier
to 17.0 kJ/mol. Often in such calculations, the TS in the absence of an explicit
solvent effect involves a highly strained ring since the strained ring structure is

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland
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necessary to transfer the H from one position in the molecule to another. The
result is typically a highly energetic barrier to the reaction. The inclusion of
solvent molecules allows the ring structure to be larger in size, thus reducing the
ring strain and lowering the transition state energy compared to that required for
a smaller cyclic transition state structure. Because both energy barrier heights of
the R4 and R5 pathways are much lower than that for R3, the rate determining
step is believed to be R3. Although the energy barrier values determined for
this neutral-neutral bimolecular reaction are lower than that for HNO; cleavage,
these values are still much higher than those associated with other mechanisms,
as discussed later.

L.

" AE(kJ/mol) 1.097 39—

2 &7 TS4

NH(O)NO, .~® /7 TT Ts4 HONO
0 IM4R i

: +HNO _
+H0™ 5 SIM3P s HNg)g
.8 ,2” IM4P- Y 1 6
" —

Figure 3. Potential energy profiles” for the decomposition of the intermediate

species NH,(O)NO,
“The energy profiles were calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

3.1.2 The neutral-neutral reaction of NH;0 and HNO;

Some theoretical calculations have predicted that the NH;0 isomer is sufficiently
stable to be kinetically relevant and may play a key role in many reactions of
HAN in aqueous solution [25-28]. Felnadez et al. [26] calculated the value for
the tautomeric equilibrium between NH,OH and "NH;O™ in aqueous solution
to be Kr=([NH;O0]/[NH,OH])= 2.6 x 102, and this isomerization mechanism
has been fully investigated on the basis of ab initio calculations [27, 28]. We
therefore identified and investigated a reaction involving NH;O and a subsequent
reaction as follows:

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland
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NH3O + HNO3 — NHzONOz + HzO (R6)
NH,ONO, (+ H,0) — HONO + HNO (+ H,0) (R7, R8)

Figure 4 depicts the potential energy profile and the optimized structure
for the TS and intermediates for this pathway. The decomposition begins with
cleavage of the N—-OH bond of HNO;, following which the dissociated OH
abstracts H from NH;O while the NO, simultaneously combines with the O— of
NH,O to form TS5. This series of reactions is exothermic and generates H,O
and NH,ONO, with an energy barrier of 88.7 kJ/mol.

A 1.483
AE (kJ/mol 1.104
(cimed ‘o4
1.895
TS5
R -
NH;0 JP; L TSS
+HNO:; )
— o _IM5R; 3
-14 ':_‘
i NILONO:
".‘ () +H20
LIMSP S -84
-95
Figure 4. Potential energy profile” for the bimolecular reaction of NH;0 and
HNO:;

“The energy profile was calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF = (solvent
= water) level of theory.

Figure 5 presents the potential energy profiles and the optimized structures
for the decomposition of the intermediate species NH,ONO,. Here, NH,ONO,
decomposes to HONO and HNO by intramolecular H transfer and the presence
of water assists this process (R8), just as in R4. The energy barrier was found
to be 88.6 kJ/mol, so R6 is considered to be the rate determining step. The
maximum energy barrier of the pathway involving NH;O is the lowest of all of
the neutral-neutral bimolecular pathways shown above, indicating that NH;O
plays an important role in HAN decomposition.
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Figure 5. Potential energy profiles” for the decomposition of the intermediate

NH,ONO,
“The energy profiles were calculated at the CBS-QB3//0B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

3.1.3 The ion-neutral reaction of NH;OH"™ and HNO;

In aqueous solution, HAN typically dissociates to form the ion pair NH;OH" and
NO;™~. This work therefore examined reactions involving NH;OH* as described
below. It should be noted that we were unable to identify any plausible reactions
starting with NO;™ in this study. Figure 6 shows the potential energy profiles and
optimized structures for this pathway. This reaction starts with a proton transfer
from NH;OH* to HNO;, after which the protonated H,NOs* decomposes to H,O
and NO,". The NO,* then combines with NH,OH to form NH,(OH)NO,". The
energy barrier was calculated to be 94.2 kJ/mol. The resulting NH,(OH)NO," is
evidently deprotonated by NOs~, which is plentiful in aqueous HAN solutions,
to give NH(OH)NO,. Thus, the reaction process eventually yields NH(OH)NO,
and H,0O, along with a heat output of 106 kJ/mol.
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Figure 6. Potential energy profiles” for the bimolecular reaction of NH;OH*

and HNO;
“The energy profiles were calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

We also assessed the decomposition of the intermediate NH(OH)NO, as
described below.

NH;OH* + HNO; — NH,(OH)NO,* + H,0 (R9, R11)

Figure 7 depicts the potential energy profiles and optimized structures
for the decomposition of NH(OH)NO,. The decomposition pathways can be
roughly separated into two groups. The first consists of pathways that proceed
via NH(OH)N(O)OH. Here, NH(OH)NO, transitions to NH(OH)N(O)OH via
an intermolecular H transfer from —OH to NO, to give TS10, after which the
N—-N bond in NH(OH)N(O)OH undergoes cleavage to generate HONO and
HNO, giving TS14. The other group involves pathways that progress via NH»(O)
NO,. NH(OH)NO; transitions to NH,(O)NO, by intramolecular H transfer from
an —OH to an —NH, group to give TS13. The decomposition of NH,(O)NO,
has already been discussed above. The presence of water assists both reactions
leading to TS12 and TS14. The intramolecular H transfer reaction R17 has a very
large energy barrier of 233.1 kJ/mol, and this reaction requires the presence of
water to proceed.

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland
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Figure 7. Potential energy profiles” for the decomposition of the intermediate

NH(OH)NO,
“The energy profiles were calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

3.1.4 The self-decomposition of HNO;
Two molecules of HNO; may decompose to yield N,Os and H,O as follows:

HNO3 + HNO3 — N205 + HQO (R19)

The same type of reaction in the gas phase was theoretically investigated
previously [29]. We examined this self-decomposition reaction and the
subsequent processes and Figure 8 depicts the potential energy profile and
optimized structures. The energy barrier and heat of reaction were determined
to be 89.8 kJ/mol. This reaction starts with a proton transfer from one HNO; to
the other. The protonated H,NO;" subsequently decomposes to H,O and NO,"
and the NO," binds to the deprotonated NO;~ to form N,Os.

1 AE (kJ/mol)
TS15
t90" @ %®
0, “ IM15 ,_..---Mfig
> +31
HNO;3;+HNO; >-Q
{2,085 )
T _IMIS5R ; 71604 §
-13 :
TS15

Figure 8. Potential energy profile” for the self-decomposition of HNO;
“The energy profile was calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF = (solvent
= water) level of theory
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NHon + NzOs — NH20N02 + HNO3 (R20)
NH3OH+ + N205 — NHz(OH)NOZJr + HNO3 (R21)

Figure 9 shows the potential energy profile for R20 and the optimized
structures. The energy barrier was calculated as 27.5 kJ/mol. The neutral-neutral
reaction of N,Os and NH,OH begins with the decomposition of N,Os to NO,
and NO;, and the resulting NO, immediately combines with NH,OH to form
NH,(OH)NO, as TS16. The NO; removes an H from NH,(OH)NO; to yield
NH,(O)NO, and HNO;. The NH,(O)NO, decomposition process has already
been discussed above.

A
AE (kJ/mol)
(0]
&
Q‘ ® TS16 2287
9 FDY I 1
NH,OH+N,Os o’ 24! 23451 0
0 e IMIGR ; & _______ 0%
= 2015
i TS16
}. NH(OH)NO,
+HNO3
IM16P - _126
143

Figure 9. Potential energy profile” for the bimolecular reaction of NH,OH and
N>Os

“The energy profile was calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF = (solvent

= water) level of theory.

Figure 10 depicts the potential energy profile for R21 along with the
optimized structures. The energy barrier was determined to be 50.9 kJ/mol.
The ion-neutral reaction of NH;OH* and N,Os starts with the decomposition of
N,Os to NO,™ and NOs~, which removes a proton from NH;OH* to give HNO;
and NH,OH as TS17. The dissociated NO,* combines with NH,OH to yield
NH,(OH)NO,". The decomposition of NH,(OH)NO," has been discussed above.
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Figure 10. Potential energy profile” for the bimolecular reaction of NH;OH"

and N205
“The energy profile was calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF = (solvent
= water) level of theory.

Because the energy barrier associated with R19 is higher than those for R20
and R21, the rate determining step is believed to be R19.

3.1.5 The reaction scheme of initial decomposition of HAN
The schemes below summarize the sets of reactions investigated in this study.

Scheme 1. Neutral-neutral reaction mechanism I

HAN + H20 — NHon + HNO3 + HzO (1)
NHZOH + HNO3 and NHz(O)NOz + HzO (R3)
NH,(O)NO; (+ H,0) — HNO + HONO (+ H,0) (R4, RS)
HAN — HNO + HONO + H,O 9)
Scheme 2. Neutral-neutral reaction mechanism 11
HAN + H20 and NHon + HNO3 + HzO (1)
NH,OH — NH;0 (10)
NH3O + HNO3 and NH20N02 + Hzo (R6)
NH,ONO; (+ H,0) — HNO + HONO (+ H,0) (R7, R8)
HAN — HNO + HONO + H,O 9)
Scheme 3. Ion-neutral reaction mechanism
HAN — NH;OH" + NOs5~ (11)
NH;OH* + HNO; — NH,(OH)NO," + H,O (R10)
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NH>(OH)NO," + NO;~ — NH(OH)NO; + HNO; (R13)
NH(OH)NO; (+ H,0) — NH(O)N(O)OH (+ H,0) (R14, R16)
NH(O)N(O)OH — HNO + HONO (R15)
HAN — HNO + HONO + H,0O 9)
Scheme 4. HNO; self-decomposition mechanism I
HAN + HQO — NHon + HNO3 + Hzo (1)
HNO3 + HNO3 — N205 + HQO (R19)
N205 + NHzOH — NHz(O)NOz + HNO3 (R20)
NH,(O)NO, (+ H,0) — HNO + HONO (+ H,0) (R4, RS)
HAN — HNO + HONO + H,0O 9)
Scheme 5. HNO; self-decomposition mechanism II
HAN — NH;OH" + NO5~ (11)
HNO3 + HNO3 — N205 + HQO (R19)
N,Os + NH;0H® — NH,(OH)NO," + HNOs (R20)
NH>(OH)NO," + NO;~ — NH(OH)NO; + HNO; (R13)
NH(OH)NO, (+ H,0) — NH(O)N(O)OH (+ H,0) (R14, R16)
NH(O)N(O)OH — HNO + HONO (R15)
HAN — HNO + HONO + H,0O )

Regardless of the mechanism, the overall initial decomposition reaction can
be written using one formula: HAN — HONO + HNO + H,O. The maximum
energy barrier values were 124.8 kJ/mol (Scheme 1), 88.7 kJ/mol (Scheme 2),
91.7 kJ/mol (Scheme 3) and 89.8 kJ/mol (Schemes 4 and 5). With regard to the
energy barriers, Schemes 2, 3, 4 and 5 are all plausible. In water, HAN is known
to primarily dissociate into the ion pair NH;OH* and NO;~, so the concentrations
of NH,OH and HNO; will be low. In addition, the concentration of NH;0O will
be less than that of NH,OH based on the constant for the equilibrium between
NH,OH and "NH;0™ in aqueous solution: Kt=(["NH;0 ]/[NH,OH])=2.6 x 102
[26]. Therefore, we concluded that the ionic reaction represented by Scheme 3
is dominant during the initial HAN decomposition in a standard aqueous
solution. However, the primary pathway will vary with the chemical states
and concentrations of the species in HAN solutions. Under acidic conditions,
for example, Scheme 5 might be more plausible than Scheme 3 due to the high
concentration of HNOs. Thus, these schemes should all be considered depending
on the reaction conditions in order to develop an advanced reaction model capable
of accurately predicting the combustion behaviour of this propellant system.

According to Lee and Litzinger [ 18], the activation energy, E,, of the reaction
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NH,OH + HNO; — HONO + HNO + H,0 is 27.6 £2.9 kJ/mol. This is much
lower than the energy barrier values, AE,, obtained from the present study. Lee
and Litzinger obtained both E, and frequency parameter values by an inverse
analysis technique. Therefore, it is important to compare the magnitude of the rate
coefficients. We calculated the rate coefficients using the transition state theory
for the TSs and reactants investigated in this study. The rate coefficient from this
study was much slower than the one from Ref. [18]. Detail kinetic modelling
must be conducted in future work. Gowland and Stedman [30] experimentally
obtained an £, of 104.6 kJ/mol for the reaction between HNO; and NH;OH" in
aqueous solution. This value is in good agreement with our calculated AE, of
91.7 kJ/mol. According to Brill ez al. [31], “While the E, values reported for the
decomposition of aqueous HAN under different conditions vary significantly,
modest confidence can still be placed in the fact that higher concentrations of
HAN yield E, in the 60-70 kJ/mol range, but E, values above 100 kJ/mol are
possible for lower concentrations.” In the future, the reaction pathways presented
in this paper should therefore be validated by constructing a quantitative model
and simulating the reaction behaviour of HAN/water solutions. The simulation
will provide an explanation for variations in the activation energy under various
conditions.

3.2 The catalytic decomposition of HAN/HONO

3.2.1 HONO + NH,OH/NH;OH" reactions

We identified and investigated both the neutral-neutral reaction of HONO and
NH,OH and the ion-neutral reaction of HONO and NH;OH*. Going from
neutral NH,OH and HONO molecules to products, two pathways were obtained,
involving the following chemical reactions:

NH,OH + HONO — NH,(O)NO + H,0 (TS18) (R22)
NH,(O)NO — 2HNO (TS19) (R23)
NH,OH + HONO = [NH(OH)-ON] + H,0 (TS20) (R24)
[NH(OH)-ON] = 2HNO (TS21) (R25)

Figure 11 shows the potential energy diagram, including the optimized
structures of the TSs and intermediate complexes of reactants and products for the
neutral-neutral reaction of NH,OH and HONO. In the mechanism that proceeds
via TS18, hydrogen transfer from the OH group of NH,OH to HONO triggers
the bimolecular reaction and the H,ONO with the added hydrogen subsequently
dissociates to H,O and NO via TS18, as shown in Figure 11. The dissociated
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NO then combines with NH,O to give NH,(O)NO. The energy barrier to this

process was calculated to be 74.9 kJ/mol.
2.120
A Ak @imor - TS20 )~ 0
14184(‘4'},.. +171% v,‘z.195
2042 ' 1397"1)12
---------- % TS20 [NHOH-NO]
2.051 +H,0
v 99 2 _—
Tes TS18 0‘39 il 135
T75 5, —AM20P 7 Nm,(0)NO
wx) + 55 +H,0
NH("’)O}(I) ' 4 IMISP " 135
+
HON —._IMISR £ 1 Q’a +15
‘9 *%0 ! 2 e

Figure 11. Potential energy” diagram for the HONO-NH,OH reaction
“The energy profiles were calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

In the TS20 mechanism, the bimolecular reaction also starts with hydrogen
transfer from NH,OH to HONO, but the hydrogen dissociates from the NH, group
in NH,OH to give TS20 as shown in Figure 12. The HONO with the hydrogen
subsequently dissociates to H,O and NO, again via TS18. The energy barrier
for this pathway was determined to be 171.2 kJ/mol. This value is much higher
than that for R22 because the N—H bond is significantly stronger than the O—H
bond. R24 and R25 are of less interest because the energy barrier for R24 is
much higher than that for R22.

A
AE(kJ/mol)

TS19
+80%
Y @
? Js HNO+HNO
S IM19P 557" +42
+38

NHA(O)NO 3 1.386

0 4
1.171
TS19

Figure 12. Potential energy” diagram for the decomposition of the intermediate

NH,(O)NO
*The energy profile was calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF = (solvent
= water) level of theory.
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Figure 13. Potential energy” diagram for the bimolecular reaction of NH;OH*

and HONO
*The energy profiles were calculated at the CBS-QB3//0B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

We also identified and investigated NH,(O)NO decomposition through
reaction R23. Figure 13 presents the potential energy diagram for the reaction
and the optimized structures for the TS, reactant and products. Here NH,(O)
NO decomposes to two HNO molecules by intramolecular hydrogen transfer
that proceeds through TS2. The energy barrier was calculated to be 80.4 kJ/mol.
The resulting HNO is known to decompose to N,O and H,O in an exothermic
reaction [8]. This series can be summarized as a single global reaction:

NH,OH + HONO — N,0 +2H,0 3)

In aqueous solution, HAN typically dissociates to form the ion pair NH;OH*
and NO;~. We therefore also identified and investigated reactions related to
NH;O0H" as follows:

NH;0H* + HONO — NH,(OH)NO* + H,0 (TS22 and 23)  (R26-R29)
NH,(OH)NO* + NH,0H — NH(OH)NO + NH;0H* (R30)
NH,(OH)NO* + NO; — NH(OH)NO + HNO; (R31)

Figure 14 shows the potential energy diagram and the optimized TSs and
intermediates for this pathway. Both reactions begin with proton transfer from
NH;OH* to HONO, and the protonated HONO subsequently decomposes to
H,0 and NO™ via TS22A or TS23A. The reactions yield similar intermediate
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complexes, [NH,OH-NO-H,O]*, to IM5A and IM6A. These intermediate
complexes rearrange such that NO* combines with NH,OH to yield NH,(OH)
NO* as TS22B and TS23B. The rate determining steps appear to be R26 and
R28 because these represent the highest energy barriers in this series of reactions:
23.6 kJ/mol and 22.6 kJ/mol, respectively. NH,(OH)NO™ can be deprotonated
to NH(OH)NO by NOs; or NH,OH, both of which are abundantly present in
aqueous HAN solutions. This reaction eventually yields NH(OH)NO and H,O
with an exothermic heat of reaction of 106 kJ/mol. Because the associated
reaction barriers are much lower than that for the decomposition, the exothermic
reaction of NH;OH" with HONO proceeds following the decomposition.

A 1.1193
AE(kJ/mol) 9. 1.219
0& —Is24
+ 223,
w® TG,

’ T$5 G IMRAP ., jop
> +96™ _IM2SP_

NH(OHNO .+~ % "0 |
NHODRNO 7 Ripsw ? ¥ %
L +H:0 -17
1.599 CH,Oi
1.022 "j"' . 1457 St
@3"1'349 ;.,
I NLOHILO
TS25 —

Figure 14. Potential energy” diagram for the decomposition of the intermediate

NH(OH)NO,
*The energy profiles were calculated at the CBS-QB3//0B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

This work also investigated the decomposition of the intermediate NH(OH)
NO as follows:

NH(OH)NO (+ H,0) — N,O + H,0 (+ H,0) (TS24, TS25) (R32, R33)
Figure 15 presents the associated potential energy diagram and the

optimized structures for the TSs and intermediates. Here, water molecules assist
the reaction, acting as hydrogen-transfer agents. Although the unimolecular
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decomposition of NH(OH)NO has a high energy barrier of 222.3 kJ/mol, the
presence of water decreases the barrier to 95.8 kJ/mol. This series of reactions
can be written as one global reaction:

NH3OH+ + HONO — Nzo + H2O + H3OJr

A AE (kJ/mol) 1.03&3 TS27
1.504
3 A | S
o018 ¥ 1.804;

i B 82.735

Ts27 o 0 TS26
> {16 4 ¢® of
HNO3;+HONO H T 11 i IM26P -ONONO>+H20
—_— % _IM26R LIM2TP -0 NoO+H:0 +3
“_IM2IR - 20 ) E))
37
I §° % %

Figure 15. Potential energy” diagram for the HNO;-HONO reaction
“The energy profiles were calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

3.2.2 HNO; + HONO reaction and t-ONONO, + NH,OH/NH;OH"
reactions

HONO can react with not only NH,OH but also HNO;. This work therefore

identified reactions in the HNO; + HONO system, the beginning of which can

be represented by the following:

HNO; + HONO — trans-ONONO, + H,O (TS26) (R34)
HNO; + HONO — N,O, + H,0 (TS27) (R35)

Figure 16 shows the potential energy diagram and the optimized TS and
intermediate structures. The energy barrier for R34 was calculated to be
11.4 kJ/mol. The reaction starts with the dissociation of OH from HONO and
a subsequent proton transfer from HNO; to HONO to give TS26. The dissociated
NO* combines with NO;™ to form frans-ONONO, (--ONONO,). R35 also
involves a proton transfer, but from HONO to HNOs to produce TS27. The
energy barrier for R35 was 128.5 kJ/mol, a value that is much higher than that
for R34. This higher barrier occurs because HONO is a weaker acid than HNO;.
Consequently, R34 is much more likely than R35 on a thermodynamic basis.
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Figure 16. Potential energy” diagram for the -~ONONO, reaction with NH,OH
“The energy profiles were calculated at the CBS-QB3//0B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

Following the formation of t-ONONO,, there are two paths: a neutral reaction
and an ionic reaction. We identified and investigated the following reactions:

NH,OH + -~-ONONO, — NH(OH)NO + HNO; (TS28) (R36)
NH;0H* + ~-ONONO, — NH,(OH)NO" + HNO; (TS29) (R37)
2.937@)
Q

2 685

1.694

1 s (kJ/mol)
TS29

4 @
NH;OH 2 ;H I & o LHNO:

LEONONOQ- | ; *_IM29P +12
0 ™ _IM29R 1
-26
Figure 17. Potential energy” diagram for the reaction of -~-ONONO, with
NH;OH"

“The energy profiles were calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

Figure 17 presents the potential energy diagram for R36 and the optimized
structures of the TS and intermediates. The neutral-neutral reaction of ~ONONO,
and NH,OH begins with the decomposition of -zONONO, to NO" and NO;, after
which the dissociated NO* combines with NH,OH to form NH,(OH)NO", while
the NO; immediately abstracts a proton from NH,(OH)NO™ to yield NH(OH)
NO and HNO; (as TS28), as shown in Figure 17. The potential energy diagram
demonstrates that this reaction has no barrier, meaning that the reaction proceeds
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exothermically to give NH(OH)NO and HNO; immediately after -~-ONONO; has
reacted with NH,OH. The NH(OH)NO subsequently decomposes to N,O and
H,O with a significant heat release, as in R32.

Figure 18 provides the potential energy diagram for R37 and the optimized
TS and intermediate structures. The energy barrier height was determined to be
26.6 kJ/mol. The ionic reaction of NH;OH™ and -~-ONONO; starts with a proton
transfer from NH;OH" to --ONONO,, after which the protonated -~-ONONO,
decomposes to HNO; and NO*, and the NO* then combines with NH,OH as
TS29. The NH,(OH)NO™ is deprotonated to yield NH(OH)NO in an exothermic
reaction series corresponding to R36 and R37.

1.159
A AE (kJ/mol) 1'25__2___@...6

S +50
HONO ’ '&, Qg
+HONO 00 ¢ e N0

0 _IM30R L Iv3op 2O —
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Figure 18. Potential energy” diagram for the self-decomposition reaction of

HONO
“The energy profiles were calculated at the CBS-QB3//0B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

R36 and R37 have either no energy barrier or a lower barrier than R34 and
therefore R34 is the rate determining step in this series of reactions.

3.2.3 HONO + HONO self-decomposition and N,O; + NH,OH/
NH;OH" reactions
Two molecules of HONO may decompose to yield N,O; and H,O as follows:

HONO + HONO — N,O; + H,O (TS30) (R38)

We identified and investigated this self-decomposition reaction and Figure 19
shows the potential energy diagram and the associated optimized structures.
The energy barrier and heat of reaction were calculated to be 50.4 kJ/mol. This
reaction is initiated by a proton transfer from one HONO to the other. The

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland



910 Y. Izato, M. Koshi, A. Miyake

protonated H,ONO" decomposes to H,O and NO" and the NO* then combines
with ONO™ to form N,Os.
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Figure 19. Potential energy” diagram for the reaction of N,O; with NH,OH
“The energy profiles were calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

After the formation of N,Os, there are two possible paths: a neutral reaction
and an ionic reaction that is the same as the one that follows the formation of
t-ONONO,. We identified and investigated reactions related to N,O; as shown
below.

NH,OH + N,05; — NH,ONO + HONO (TS31) (R39, R40)
NH;0H" + N,O; — NH,(OH)NO* + HONO (TS32) (R41, R42)

Figure 20 presents the potential energy diagram for R39 and R40, and the
optimized structures of the TSs and intermediates for these pathways. The neutral
reaction of N,O; and NH,OH starts with the decomposition of N,O; to NO, and
NO, after which the NO, immediately abstracts a hydrogen from NH,OH to
form NH,(O)NO and HONO as TS31A. The dissociated NO combines with
NHO to form NH(OH)NO and HNO, as TS31B. The NH,(O)NO decomposes
to two HNO molecules according to R23. The potential energy diagram shows
that this reaction has no barrier. Therefore this exothermic reaction proceeds
immediately to yield NH(OH)NO and HNO, once N,Os has attacked NH,OH.
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Figure 20. Potential energy profiles” for the reaction of N,O; with NH;OH*
“The energy profiles were calculated at the CBS-QB3//@B97XD/6-311++G(d,p)/SCRF =
(solvent = water) level of theory.

Figure 11 shows the potential energy diagram for R41 and R42, and
the optimized structures. The maximum energy barrier was calculated to
be 33.9 kJ/mol. The ionic reaction of NH;OH" and N,O; starts with the
decomposition of N,O; to NO* and NO,, after which the dissociated NO,~
abstracts a proton from NH;OH* to yield HONO and NH,OH as TS32A. The
dissociated NO" combines with NH,OH to form NH,(OH)NO*. R39-40 and
R41-42 have either no energy barrier or a lower barrier than R38. We therefore
concluded that R38 is the rate determining step in this series of reactions.

3.2.4 Reaction scheme of HAN/HONO catalytic decomposition

Various sets of HONO-catalyzed reactions were investigated in this study based
on the above results. We divided the HAN-HONO reactions into three groups
according to the oxidizer that attacks NH,OH or NH;OH". These oxidizers were:
HONO (Schemes 1 and 2), -ONONO, (Schemes 3 and 4) and N,O; (Schemes
5 and 6). We additionally divided each scheme into two sub-schemes based on
the target reductant, either neutral NH,OH or ionic NH;0OH", to obtain six types
of schemes.

Scheme 1. HONO-NH,OH system reactions

NH,OH + HONO — NH,(O)NO + H,0 (R22)
NH,(O)NO — HNO + HNO (R23)
HNO + HNO — N,0 + H,0 (4)
NH,OH + HONO —N,0 + 2H,0 3)
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Scheme 2. HONO-NH;OH™ system reactions

NH;OH' + HONO — NH,(OH)NO* + H,O (R26-29)
NH,(OH)NO" + NO;~ — NH(OH)NO + HNOs (R31)
NH,OH + HNO; — NH;0H" + NO;5~ (10)
NH(OH)NO (+ H,0) — N,O + H,0O (+ H,0) (R32, 32)
NH,0OH + HONO — N,O + 2H,0 3)
Scheme 3. -~-ONONO,-NH,OH system reactions

HNO; + HONO — -ONONO, + H,O (R34)
~-ONONO,; + NH,0H — NH(OH)NO + HNO:s (R40)
NH(OH)NO (+ H,0) — N,O + H,0O (+ H,0) (R11, 12)
NH,OH + HONO — N,O + 2H,0 3)
Scheme 4. -~-ONONO,-NH;OH™ system reactions

HNO; + HONO — -ONONO, + H,O (R34)
t~-ONONO, + NH;0H" — NH,(OH)NO* + HNO; (R41)
NH,(OH)NO" + NH,OH — NH(OH)NO + NH;OH* (R31)
NH(OH)NO (+ H,0) — N,O + H,0O (+ H,0) (R32, 33)
NH,OH + HONO — N,O + 2H,0 3)
Scheme 5. N,0;-NH,OH system reactions

HONO + HONO — N,0; + H,O (R38)
N,O; + NH,OH — NH(OH)NO + HNO, (R39-40)
HNO, - HONO (11)
NH(OH)NO (+ H,0) — N,O + H,0O (+ H,0) (R32, 33)
NH,OH + HONO — N,O + 2H,0 3)
Scheme 6. N,O;-NH;OH" system reactions

HONO + HONO — N,0; + H,O (R38)
N,O; + NH;0H" — NH,(OH)NO* + HONO (R39, R40)
NH,(OH)NO," + NO;- — NH(OH)NO, + HNO; (R34)
NH(OH)NO (+ H,0) — N,O + H,0O (+ H,0) (R32, 33)
NH,OH + HONO — N,O + 2H,0 3)

Adding both sides of Schemes 1 to 6 and cancelling the intermediates,
the global reaction for each of these can be written as a single reaction:
NH,OH +HONO — N,O+2H,0. In Schemes 1 and 2, HONO directly attacks
NH,OH or NH;0H" to yield N,O and H,O (or H;O") and the energy barriers
for the rate determining steps were 74.9 kJ/mol (R22) and 22.6 kJ/mol (R26),
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respectively. In Schemes 3 and 4, HONO attacks HNO; to give -~-ONONO, and
this compound subsequently attacks NH,OH or NH;0H" to form N,O and H,O
(or H;O). The energy barrier for the rate determining step in Schemes 3 or 4
was 11.4 kJ/mol (R34). Schemes 5 and 6 involve the decomposition of two
HONO molecules to yield N,Os, with the N,O; attacking NH,OH or NH;0H*
to generate N,O and H,O (or H;O). The energy barrier for the rate determining
step in Schemes 5 or 6 was 50.4 kJ/mol (R17). Schemes 3 and 4 are therefore
the most likely based on a consideration of the energy barrier heights for all of
the schemes. According to Lee and Litzinger [18], the activation energy of the
reaction NH,OH + HONO — N,O + H,O is 13.8 £0.8 kJ/mol. This £, value
is in good agreement with the determined for R34 (11.4 kJ/mol). Thus, we
concluded that either Scheme 3 or Scheme 4 is dominant in the reactions of the
HAN/HONO system.

4 Conclusions

The decomposition pathway of HAN in aqueous solution was investigated on
the basis of ab initio calculations performed at the ®B97XD/6-311++G(d,p)/
SCRF = (solvent = water) and CBS-QB3//@B97XD/6-311++G(d,p)/SCRF =
(solvent=water) levels of theories.

Mechanisms for the charge neutral-neutral bimolecular reactions (NH,OH +
HNO; — HNO + HONO+H,0 and NH;0 + HNO; — HNO+HONO+ H,0), ion-
neutral bimolecular reaction (NH;OH" + HNO; — HNO + HONO + H,O+H")
and HNO; self-decomposition (HNO; + HNO; — N,0Os) were developed.
The maximum energy barrier for each of these reactions were calculated as
124.8 kJ/mol, 88.7 kJ/mol, 91.7 kJ/mol and 89.8 kJ/mol, respectively. Each of
these reaction schemes appears to be thermodynamically viable and all yield the
same products. The overall initial decomposition reaction can be summarized
using a single equation: HAN — HONO+HNO+H,0. The primary scheme will
depend on the concentrations of the various species in the reaction solution. HAN
dissociates to form ion pairs in water, with NH;OH" and NOs~ being the major
species. Therefore, we concluded that the NH;OH* + HNO; reaction mechanism
is dominant during the initial HAN decomposition in aqueous solution. The
associated energy barrier of 91.7 kJ/mol is in good agreement with the activation
energy reported in a previous study [31].

The HAN/HONO catalytic decomposition pathways following the initial
decomposition of HAN were investigated based on density functional theory
calculations. These calculations were performed at the same levels of theory.
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We developed six mechanisms and each of these schemes provided the same
global reaction: NH,OH + HONO — N,O + 2H,0. These schemes can be
classed according to the combinations of oxidizers (HONO, ~-ONONO, or
N,0;) and reductants (NH,OH or NH;OH"). In the HONO oxidizing scheme,
HONO directly attacks NH,OH or NH;0H™ to yield N,O and H,O (or H;O")
(=171.2 kJ/mol or 74.9 kJ/mol respectively). Inthe -zONONO, scheme, HONO
reacts with HNOs to give -zONONO, (= 11.4 kJ/mol) and the --ONONO, oxidizes
NH,OH or NH;OH" (= —44.8 kJ/mol or 22.6 kJ/mol respectively). In the N,O;
mechanism, two HONO molecules decompose to yield N,O; (= 50.4 kJ/mol)
and the N,O; oxidizes NH,OH or NH;0H* (= —1.7 kJ/mol or 33.9 kJ/mol,
respectively). Based on the energy barrier results, the --ONONO, oxidizing
scheme is the most plausible.
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