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Abstract

The formation of nitrogen oxides (NOy) during combustion is a topic of substantial fundamental and prac-
tical interest, given the complex nature of its formation kinetics and the fact that, as a highly regulated pol-
lutant emission, it is a major constraint in engineering design. To date, there are four known mechanisms
by which the strong N-N bond can be broken to facilitate NO, formation from N, present in air. Here we
posit and explore the possibility of a new NOy formation route mediated by an HNNO intermediate whose
reactions with common combustion species break the N-N bond. Altogether, we present results from master
equation (ME) calculations for HNNO formation from H + N,O (+M), ab initio electronic structure and
RRKM/ME calculations for HNNO + O,, and simulations of NO profiles in freely propagating flames us-
ing a newly constructed HNNO kinetic sub-model. Our ME results for the H + N,O reaction indicate that
HNNO is the favored product channel at lower temperatures and higher pressures —e.g. favored over all other
products up to ~1100 K and over NH + NO up to ~1500 K above 10 atm. Our ab initio electronic structure
calculations for trans-HNNO + O, show a barrier for abstraction to HO, + N,O of 18.2 kcal/mol and a
barrier for addition of 27.0 kcal/mol to form an HN(OO)NO which can decompose to NO + HNO, over
a barrier of 32.3 kcal/mol (cis-HNNO + O, shows similar reactivity). Altogether, our rate constant calcu-
lations and kinetic modeling, which also includes estimated rate constants for HNNO + radical reactions,
suggest that HNNO + O, mainly recycles HNNO back to N,O but is sufficiently slow that the primary fate
of HNNO in many combustion situations likely involves reactions with radical species, which appear likely
to occur quickly and with high NOy yields.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Nitrogen oxides (NOy), which lead to ground-
level ozone and smog detrimental to human and
environmental health, are undesirable by-products

* Corre§ponding author. \ ) of combustion. It has long been known that NOy is
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nonnitrogenous fuels when burned in air [1,2]. In
the latter case, NOy is formed from N in air during
combustion, which requires breaking the strong N—
N bond in N,. These mechanisms are both kineti-
cally limited under many conditions and extraordi-
narily complex. NOy can be formed from multiple
different pathways, each of which are exquisitely
— and uniquely — sensitive to temperature, pres-
sure, and mixture composition. Consequently, NOy
formation rates vary significantly with thermody-
namic conditions. On one hand, this has of course
offered significant opportunities for their mitiga-
tion, which is often a major constraint in engi-
neering design. On the other hand, its inherent
complexity complicates the design of the most ad-
vanced low-NO, engines, where multiple pathways
often contribute substantively to NOy formation
[3].

Perhaps the most daunting feature of its kinet-
ics is that the dominant pathways themselves also
vary significantly with thermodynamic conditions.
Therefore, even if the magnitude of NO, can be
quantitatively predicted at specific laboratory or
engine configurations, extrapolating to new situa-
tions [4] and/or identifying the best design configu-
ration [3] are both presently elusive goals.

Central to both of those scientific and engineer-
ing objectives is knowledge of the NOy formation
routes from N, during combustion. To date, there
are four known mechanisms by which the N-N
bond can be broken to facilitate NOy formation [2].

In the Zeldovich mechanism [5], the N-N bond
is broken via reaction of atmospheric N, with O

O+N, <> NO+N (1)

yielding NOy directly and indirectly via reaction of
the co-product N with O, or OH.

In the Fenimore mechanism [6], the N-N bond
is usually broken via reaction of atmospheric N,
with CH in a reaction that is now known [7] to be:

CH+N, <« NCN +H )

where NOjy is indirectly formed via subsequent re-
actions initiated by NCN.

In the NNH mechanism [8], the N-N bond is
broken via reaction of an NNH intermediate, pro-
duced by

H + N,(+M) «— NNH(+M) (3)
with O:

NNH + O «— NO + NH 4
where the NH co-product yields additional NOy
production.

In the N,O mechanism [9], the N-N bond is
broken via reactions of an N,O intermediate, pro-
duced by

O + No(+M) <— N,O(+M) Q)
with O and H
N,O + O <— NO + NO (©6)
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Fig. 1. Potential energy surface (PES) [13] for H + N,O.

N,O + H < NO + NH (7)

where similarly the NH co-product yields addi-
tional NOy production. Of note, the N,O route
is often the dominant NO, formation pathway at
the high-pressure, low-temperature conditions of
high-efficiency, low-NOy engines [3,10,11], where
low temperatures reduce Zeldovich NO, [10] and
high pressures reduce Fenimore NOj [3,12] and in-
crease N,O formation [3]. NOy formation through
the N, O route crucially depends on the fate of N,O.
The reaction of N,O with H is generally considered
to predominantly form N, + OH with only a minor
yield to NH + NO. The H + N,O branching ratio
among products is therefore known to be a key fac-
tor in high-pressure NO formation.

However, the H + N,0O reaction can proceed
via HNNO* complexes which can decompose to
either of the two main bimolecular product chan-
nels, N, + OH or NH + NO [13,14] (Fig. 1). In-
terestingly, theoretical calculations show significant
HNNO stabilization at lower temperatures even at
atmospheric pressure [13,14]. Given that relatively
little of H + N,O results in NO formation via NH
+ NO, even a small amount of HNNO stabiliza-
tion, which would increase with pressure, could be
significant. However, while some models include
some HNNO chemistry, pressure dependence of H
+ N,O — which would be essential to uncovering
its role — is not generally included in kinetic mod-
els [13,15-19] and is not known to be important to
NO, formation.

Here we posit and present a first study of a
new potential NO, formation mechanism where
the N-N bond is broken via reactions of HNNO.
HNNO (which is used in this paper to collectively
denote trans-HNNO, cis-HNNO, and ONHN) can
be formed via the pressure-dependent reaction:

H + N,O(+M) <— HNNO(+M) ®)

and, as discussed below, can participate in sev-
eral possible reactions with common combustion
species to yield NO,. Based on the additional
pressure-dependent stabilization process involved,
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Fig. 2. Calculated rate constants for H + N,O. (HNNO
includes cis-HNNO, trans-HNNO, and ONHN.) Rate
constants for H + N,O — N, + OH and H + N,O — NH
+ NO, which show little pressure dependence, are shown
for low-pressure limit.

one might expect the HNNO route to become in-
creasingly favored — over even the N,O route — at
higher pressures and lower temperatures.

We present results from master equation (ME)
calculations for H + N,O across a range of pres-
sures using a published potential energy surface
(PES) [13] which yield total H + N, O rate constants
at low temperatures, which are dominated by stabi-
lization, consistent with atmospheric pressure ex-
periments [20]. Indeed, as shown (cf. Fig. 2), our re-
sults show HNNO stabilization to be the preferred
route at lower temperatures and higher pressures.
In fact, above 10 atm, HNNO is the major product
up to ~1100 K and is dominant over NH + NO up
to ~1500 K.

Given that HNNO appears to be a major prod-
uct from the H + N, O reaction, its subsequent fate
would be crucial to NO, formation at high pres-
sures. Limited rate constant data are available for
reactions of HNNO, though theoretical studies of
other reactions on the same PESs and our own pre-
liminary ab initio studies suggest that H, OH, and
O add to HNNO without an intrinsic energy bar-
rier to form H,NNO*, H,NNO,*, and HNNO,*
complexes [21-24]. In all cases, the features of the
PES suggest roughly comparable decomposition to
NO-forming and non-NO-forming routes.

Of course, HNNO could also react with O,,
which would be present in much higher fractions
than radical species (especially for fuel-lean condi-
tions). The rates and products from HNNO + O,
are less clear but just as significant — if it were to
occur quickly, it would likely be the dominant fate
of HNNO and its branching ratio would dictate the
role of HNNO in NO, formation; if it were to occur
slowly, the dominant fate of HNNO under many
conditions would be reactions with radicals, which
—as per above — are likely to occur quickly and with
high NOy yields.

Here we report results from an initial study that
addresses two questions needed to determine the
role of HNNO in NO, formation: (1) under what
conditions is HNNO production from H + N,O
significant? (2) what is the role of HNNO + O,
in NOy formation and HNNO consumption? To

this end, we present results from ME calculations
for H + N,0, ab initio electronic structure theory
and RRKM/ME calculations for HNNO + O,, and
simulations of premixed freely propagating flames
using a new kinetic sub-model that includes our cal-
culated rate constants for H + N,O and HNNO +
O, and calculated and/or estimated rate constants
and branching ratios for HNNO + radical reac-
tions.

2. Theoretical and numerical methods

The role of HNNO in NO, formation was in-
vestigated using a combination of ab initio elec-
tronic structure theory, ME calculations, and pre-
mixed flame simulations using a new HNNO ki-
netic sub-model. While (for simplicity) HNNO is
used throughout the paper to collectively denote
trans-HNNO, cis-HNNO, and ONHN, the theo-
retical calculations and kinetic modeling treat each
isomer separately (similar to previous theoretical
studies [13,23]). For example, the two main HNNO
species, trans-HNNO and cis-HNNO (which is
higher in energy by 5.9 kcal/mol) are separated
by a torsional barrier ~23 kcal/mol above trans-
HNNO, which is large enough to make trans- and
cis-structures of HNNO chemically distinguish-
able.

2.1. Theoretical kinetics calculations

2.1.1. H+ N,O

Pressure-dependent rate constants for H + N,O
were obtained via ME calculations using a previ-
ously published PES from [13] (shown in Fig. 1),
which did not report pressure-dependent rate con-
stants for HNNO stabilization. The calculations
were performed using the Variflex code [25]. Phe-
nomenological rate coefficients were calculated for
temperatures ranging from 300 K to 2500 K and
pressures ranging from 0.001 atm to 1000 atm.

2.1.2. HNNO + 0O,

The PES and pressure-dependent rate constants
were obtained via ab initio electronic structure the-
ory and RRKM/ME calculations. Optimized ge-
ometries, vibrational frequencies, and zero-point
energy corrections for all the stationary points on
the PES were calculated using density functional
theory (DFT) employing the @B97X-D method
[26] with the aug-cc-pVTZ basis set as imple-
mented in Gaussian 16 [27]. The proper reactants
and products of each transition state were con-
firmed via intrinsic reaction coordinate (IRC) anal-
ysis. High-level single-point energies for all station-
ary points were obtained through extrapolations
of CCSD(T)/aug-cc-pVTZ and CCSD(T)/aug-cc-
pVQZ energies to the complete basis set (CBS) as
implemented in Molpro [28].

Pressure-dependent rate coefficients were ob-
tained via RRKM/ME calculations using the



554 Q. Meng, L. Lei, J. Lee et al. | Proceedings of the Combustion Institute 39 (2023) 551-560

MESS code [29]. The internal degrees of freedom
for all stationary points are treated via rigid ro-
tor harmonic oscillator (RRHO) assumptions ex-
cept for the low-frequency torsional modes, which
are treated as hindered rotors with hindrance po-
tentials obtained via relaxed energy scans at the
wB97X-D/aug-cc-pVTZ level of theory. Tunnel-
ing corrections were made using the asymmetric
Eckart model. The collisional energy transfer func-
tion was approximated by a single-exponential-
down model with AE,,,, = 100(7/298)*% cm™!
and Lennard-Jones model with o = 3.47 A and e
= 79.2 cm™! for Ar as the bath gas. Phenomeno-
logical rate coefficients were calculated for temper-
atures ranging from 500 K to 2500 K and pressures
ranging from 0.01 atm to 1000 atm.

2.2. Kinetic modeling

A kinetic sub-model (Table 1) was constructed
to describe pressure-dependent HNNO formation
from H + N,O and its consumption via reac-
tion with common reactive partners: O,, OH, H,
and O. The model includes a number of rate
constant expressions derived from ab initio the-
oretical kinetics calculations: pressure-dependent
fits to ME calculations on the H + N,O PES
from [13] (including pressure-dependent HNNO
formation); pressure-dependent fits to ME calcu-
lations for OH addition to the N adjacent to O
in HNNO using the PES from [23]; and Arrhe-
nius fits to ME calculations using the present PES
for HNNO + O, (whose rate constants we find to
have minimal pressure dependence). The vast ma-
jority of reactions on the H + N,O PES and the
PES corresponding to OH addition to the N ad-
jacent to O in HNNO were treated using PLOG
fits. However, as described in our previous work
[30,31], present combustion codes are either un-
able to accommodate collider-specific rate con-
stants for reactions in PLOG format or implement
the classic linear mixture rule (both of which are
problematic [30,32-34]).

Recognizing the importance of using even es-
timated third-body efficiencies for key reactions
in flame simulations [35] (where large amounts of
H,O is present in the burned gas region and re-
action zone [36]), the rate constants for the three
most important pressure-dependent HNNO reac-
tions were instead expressed in Troe format along
with typical third-body efficiencies for common
bath gases (with the values used for H + O, (+M)
in [37] which are also consistent with recent stud-
ies [34,38,39]). As a cautionary note, these Troe
expressions were derived from fits (and therefore
only provide a valid representation) of rate con-
stants over the pressure range of 0.001 to 1000 atm
and are not meant to correspond to actual low or
high-pressure limits. The rationale for representing
these three most important pressure-dependent re-
actions in Troe format is that it allows specifica-

tion of typical third-body efficiencies and is imple-
mented in combustion codes in a way that is more
similar to our reduced-pressure linear mixture rule
[30,32] (which captures mixture effects much more
accurately than the linear mixture rule [30,32-34]).

This treatment is then augmented by additional
reactions that reflect other possible consumption
routes for HNNO with rate constants and prod-
ucts based on our preliminary ab initio calcula-
tions. These calculations suggest that H, OH, and
O add to HNNO with no intrinsic energy barrier
to form H,NNO*, H,NNO,*, and HNNO,* com-
plexes that can dissociate via numerous submerged
channels to various products. For example, our cal-
culations suggest that H,NNO* resulting from H
+ HNNO can dissociate to NH, + NO, H,O +
N,, and N, + H + OH (consistent with [21,22]);
they suggest that HNNO,* resulting from OH +
HNNO (at the N site adjacent to H in HNNO) can
dissociate to HNOH + NO and H,O + N,O (con-
sistent with [24]); and HNNO,* resulting from O
+ HNNO can dissociate to HNO + NO and OH
+ N,O. The rate constants for H + HNNO in the
sub-model listed in Table 1 are based on our ten-
tative theoretical calculations near 1000 K and the
rate constants for OH + HNNO (at sites other than
the N adjacent to O) and O + HNNO are simply es-
timated with values close to the collision limit and
the anticipated products indicated above.

This HNNO sub-model (or a portion thereof)
was then added to the recent nitrogen kinetics
model from Glarborg et al. [2] to create four dif-
ferent modified versions: one that only replaces
the treatment of reactions on the H + N,O
PES with our present pressure-dependent fits for
all reactions except those involving HNNO (la-
beled ‘w/o HNNO’); one that additionally includes
the pressure-dependent fits for HNNO formation
and unimolecular reactions and Arrhenius fits for
HNNO + O, (labeled ‘w/ HNNO, w/ HNNO +
0,’); one that additionally includes the abovemen-
tioned HNNO + radical reactions with ab initio
calculated and/or estimated rate constants (labeled
‘w/ HNNO, w/ HNNO + O,, w/ HNNO + radi-
cals’); and one that uses 5 times higher values for
the estimated rate constants (to assess the impact of
uncertainties in the estimates; labeled ‘w/ HNNO,
w/ HNNO + O,, w/ 5 x HNNO + radicals’). NO
predictions in freely propagating flames using these
four models were then performed using the Cantera
code and compared to ascertain the role of HNNO
in NO, formation via the pathways discussed.

3. Results and discussion
3.1. H+ N,O
Pressure-dependent rate constants for H + N,O

to the three main product channels (stabilized
HNNO, N, + OH, and NH + NO) from the ME
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Selected reactions from the HNNO sub-model.

M

@

3)

H + N,0 (+M) — t-ONNH (+M) ¢

H + N>O (+M) — c-ONNH (+M) ¢

t-ONNH (+M) — c-ONNH (+M) ¢

A n E,
koo 1.70E+04 3.05 6.53E+03
ko 1.27E+27 -3.48 7.03E+03
F.=0.12
EHZ = 3.0, 8].[20 = 21.0, 802 = ].1, SNZ =1.5
koo 2.37E-02 4.81 4.79E+03
ko 1.23E+425 -2.94 6.77E+03
F.=0.10
SHz = 3.0, EHZO = 21.0, 802 = ].1, SNZ =1.5
koo 1.34E+04 3.36 2.30E+4-04
ko 1.03E+17 -0.80 1.69E+04
F.=0.075

€H2 = 3.0, EHZO = 21.0, 802 = 1.1, SNZ =1.5

3.66E02° 434

(4) 0, +t-ONNH — HO, + N,0 ¢ 1.20E+04

(5) 0, + t-ONNH — NO + HNO, ¢ 2.87E+03  2.44 3.10E+04

(6) Oy + t-ONNH — O + c-ONNH ¢ 1.0SE+04  2.09 3.72E+04

(7) 0, +c-ONNH — HO, + N,O ¢ 9.87E+00  3.50 1.48E+04

(8) O, +c-ONNH — NO + HNO;, ¢ 5.84E+04  2.19 3.12E+04

(9)  OH + t-ONNH — HNOH + NO ¢ 3.00E+13  0.00 0.00

(10)  OH + t-ONNH — H,0 + N,0 #* Duplicate 9.17E+13  -0.55 3.38E+02
Duplicate 3.00E+13  0.00 0.00

(11) OH + t-ONNH — NH, + NO, @/ 2.24B+16, -1.44 1.23E+03

(12) OH + c-ONNH — HNOH + NO ¢ 3.00E+13  0.00 0.00

(13)  OH + c-ONNH — H,0 + N,0 ¢ Duplicate 596E+14  -091 6.68E-+02
Duplicate 3.00E+13  0.00 0.00

(14)  OH + ¢c-ONNH — NH, + NO, %/ 1.50E+14  -0.65 6.26E+02

(15) OH + c-ONNH — OH + t-ONNH «? 821E+12  -0.30 1.16E+03

(16) H+t-ONNH — NH, + NO ¢ 4.00E+13 0.0 0.00

(17 H+tONNH > H+ N, + OH¢ 1.50E+13  0.00 0.00

(18) H+t-ONNH — H,0+ N; ¢ 6.00E+12  0.00 0.00

(19) H +c-ONNH — H + t-ONNH ¢ 1.O0E+13  0.00 0.00

(20) H +c-ONNH — NH, + N ¢ 1.80E+13  0.00 0.00

(21) H+c-ONNH— H+ N, + OH ¢ 6.00E+11  0.00 0.00

(22) H+c-ONNH — H,O0 + N, © 9.00E+11  0.00 0.00

(23) O+ t-ONNH - HNO + NO ¢ 6.00E+13  0.00 0.00

(24) O+t-ONNH — OH + N,O ¢ 6.00E+13  0.00 0.00

(25) O+ c-ONNH — HNO + NO ¢ 6.00E+13  0.00 0.00

(26) O+ c-ONNH — OH + N,O ¢ 6.00E+13  0.00 0.00

* Units are cm?, mol, s, cal, K; k = AT'exp(—E,/RT).

¢ Calculated from RRKM/ME simulations.

b Pressure = 0.001 atm

¢ Estimated based on preliminary ab initio calculations.

calculations are shown in Fig. 2. Over the relevant
temperature and pressure range, the rate constants
for the bimolecular product channels show no no-
ticeable pressure dependence. On the other hand,
the rate constants for HNNO stabilization increase
considerably with pressure — with stabilized HNNO
being the dominant product at lower temperatures
and higher pressures. Above 10 atm, HNNO is the
major product up to ~1100 K and is dominant over
NH + NO up to ~1500 K.

The strong pressure dependence for HNNO sta-
bilization from N,O + H and lack of pressure de-
pendence for the bimolecular products from N,O +
H can be attributed to the fact that HNNO* com-
plexes with sufficient energy to form bimolecular
products have faster dissociation rates in general

(including back dissociation to N,O + H). Conse-
quently, collisions are not important for the higher
energy states responsible for bimolecular products
but are important for the lower energy states re-
sponsible for HNNO stabilization.

While the amount of stabilized HNNO in-
creases with pressure, the branching ratio among
HNNO isomers is largely independent of pressure,
where trans-HNNO and cis-HNNO are formed in
comparable amounts from H + N,O with trans-
HNNO comprising ~70% of stabilized HNNO be-
low 1000 K and ~50% of stabilized HNNO at
2000 K at essentially all relevant pressures. ONHN
comprises less than 0.1% at temperatures below
1100 K and less than 1% at temperatures below
2000 K.
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Fig. 3. Potential energy surface (PES) consisting of ad-
dition and abstraction reation pathways from trans-
HNNO + O, and cis-sHNNO + O, constructed at
CCSD(T)/CBS//wB97X-D/aug-cc-pVTZ level of theory.

3.2. HNNO + 0,

3.2.1. Potential Energy Surface

The PES consisting of the energetically fa-
vorable channels for the HNNO + O, reaction
was constructed at the CCSD(T)/CBS[aug-cc-
pVQZ:aug-cc-pVTZ])//wB97X-D/aug-cc-pVTZ
level of theory. Fig. 3 shows a simplified version
of the PES which includes only the kinetically
relevant channels at the relevant temperatures and
pressures. All energies are expressed relative to the
sum of the energy of trans-HNNO and O,, which
was chosen as a reference and set as zero. Despite
their different structure, trans-HNNO and cis-
HNNO are found to exhibit similar reactivity with
O, — albeit through transition states having distinct
first-order saddle points. Based on the T1 diag-
nostics for some stationary points being somewhat
higher than usual thresholds for single-reference
calculations (e.g. 0.031 for t-HNNO and 0.045 for
trans-HNNO + O, — NNO + HO,, cf. Table S1 in
the Supplemental Material), multi-reference effects
may introduce somewhat higher-than-typical un-
certainties in the coupled-cluster calculations but
are not expected to impact the present conclusions
regarding the main products from HNNO + O,
or the role of HNNO + O, relative to HNNO +
radical reactions.

In general, there are two active sites of HNNO
for O, attack, one of which is the H atom and the
other one is the N atom connected to the H atom.
Attack on the H atom results in direct H abstrac-
tion to yield HO, + NNO via distinct saddle points
for trans-HNNO and cis-HNNO. The barriers for
H abstraction by O, for both trans-HNNO and cis-
HNNO are found to be ~18 kcal/mol above each
of the reactants, respectively (such that the rela-
tive energy for abstraction by O, for cis-HNNO,
whose relative energy is 5.9 kcal/mol higher than
trans-HNNO, is 24.0 kcal/mol above trans-HNNO
+0,).

Attack on the active N site results in O, ad-
dition to yield HN(OO)NO radicals (with geome-

107
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P
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™ .
= 107
9
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1072 C T~ o
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Fig. 4. Predicted rate constants at pressure of 10.0 atm
between the main reaction channels from (a) trans-
HNNO + O; and (b) cis-sHNNO + O,, respectively.

tries as shown in Fig. 3) via distinct first-order sad-
dle points for both trans-HNNO and cis-HNNO.
Both addition channels are endothermic. For O,
addition to trans-HNNO, the transition state has
a relative energy of 27.0 kcal/mol to form anti-
HN(OO)NO with relative energy of 22.5 kcal/mol
above trans-HNNO + O,. For O, addition to
cis-HNNO, the transition state has a relative en-
ergy of 31.7 kcal/mol (25.8 kcal/mol) to form syn-
HN(OO)NO with relative energy of 23.9 kcal/mol
(18.0 kcal/mol) above trans-HNNO + O, (cis-
HNNO + 0,).

Both syn- and anti-HN(OO)NO radicals can
also dissociate to NO and HNO, by breaking the
N-N bond with a barrier of ~32 kcal/mol above
trans-HNNO + O,, interconvert through a tor-
sional barrier of 33.2 kcal/mol above trans-HNNO
+ O,, or isomerize to other complexes (not shown)
to yield other products (not shown) with signifi-
cantly higher barriers (above 50 kcal/mol relative to
trans-HNNO + O,). ME calculations that include
all of these possibilities indicate that the only kinet-
ically relevant channels resulting from addition are
the dissociation to NO + HNO, and interconver-
sion and, for simplicity, the pathways proceedings
via these other isomers are therefore not shown in
Fig. 3.

3.2.2. Rate Constants

Rate constants for HNNO + O, to the three
main product channels (HO; + N,O, NO + HNO,,
and HNNO + O,) from the ME calculations are
shown in Fig. 4. Over the relevant temperature
and pressure range, the rate constants for these
main product channels show no noticeable pres-
sure dependence. There is no significant stabiliza-
tion of the HN(OO)NO radicals (or other isomers),
whose potential energy wells are not very deep,
and, in fact, are not even phenomenologically well-
defined chemical species (i.e. the chemically signifi-
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cant eigenmodes are merged with the internal en-
ergy relaxation eigenmodes [40]) for combustion-
relevant temperatures and pressures. Unsurpris-
ingly, given that the abstraction channel has the
lowest barrier, abstraction by O, to form HO, +
N,O has the largest rate constant at all tempera-
tures reaching ~ 10~"° cm? molec™! s~! at 1000 K
and ~ 1072 ¢cm® molec™! s~! at 2500 K for both
trans-HNNO + O, and cis-HNNO + O,.

The addition-elimination channels, NO +
HNO,; and cis/trans-HNNO + O, (which proceeds
via a rotational interconversion between anti-
and syn-conformers), are orders of magnitude
slower. Altogether, the calculated rate constants
for each channel indicate that HO, + N,O is the
dominant product with NO + HNO, having a
branching fraction of ~ 10~* (10~3) at 1000 K and
~ 1073 (1072) at 2500 K for trans-HNNO + O,
(cissHNNO + O,).

3.3. Flame simulations

Model predictions of NO in freely propagating
premixed H,/air flames with equivalence ratio 0.5 at
various pressures are shown in Fig. 5 for four mod-
els with various treatments of HNNO as described
in Section 2.2. Similar to elsewhere [3], the simu-
lated NO is plotted as a function of transformed
distance: the “residence time”, t = d/sp, equal to
the distance, d, divided by the burned gas flame
speed, sp.

Overall, the results for the models with and
without HNNO formation and HNNO + O, show
similar NO predictions across the explored condi-
tions — suggesting that HNNO + O, does not ap-
pear to contribute significantly to NO, formation
at these conditions. However, predictions using the
model with HNNO formation, HNNO + O,, and
HNNO + radical reactions differ from those with-
out HNNO chemistry across all pressures. While
higher pressures yield higher rate constants for
pressure-dependent stabilization reactions respon-
sible for HNNO formation, the simulations also in-
dicate that the considered flames at higher pressures
have lower mole fractions of radicals, which are re-
quired for more steps of the HNNO mechanism via
HNNO + radical reactions than other mechanisms
where the N-N bond is broken via reactions in-
volving N,O or NNH intermediates. Correspond-
ingly, the predictions indicate a complex pressure
dependence for the effect of the HNNO mechanism
— where the differences between models with and
without HNNO + radical reactions are highest at
intermediate pressures. Furthermore, predictions
with varied rate constants for the HNNO + radi-
cal reactions indicate that quantitative predictions
of NO are influenced by uncertainties in the esti-
mated rate constants, such that quantitative inves-
tigations of the HNNO + radical reactions would
be worthwhile.
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Fig. 5. Predicted NO mole fractions in freely propagating
Hy/air flames of equivalence ratio 0.5 vs. flame residence
time 7 at pressures of (a) 1 atm, (b) 3 atm, (c) 10 atm, and
(d) 30 atm

To identify the specific reactions responsible for
breaking the N-N bond to facilitate NOy forma-
tion at the present conditions, the rates of each
reaction throughout the simulation domain were

Any ’ "
post-processed to calculate w, " = wi(ny —ny )
for each reaction, k, where wy 1s the reaction rate of
reaction k, ny is the maximum number of N atoms
in any single species in the reactants, and ), is the
maximum number of N atoms in any singles species
in the products. In the present H/N/O kinetic mod-
els (where all species with more than 1 N atom have
an N-N bond and all others do not), non-zero val-
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H +N20 <=>NH + NO

NNH + O <=>NH + NO

N20 + O <=>2NO

OH + t-ONNH <=> HNOH + NO
NNH + OH <=> NH2 + NO

O + t-ONNH <=> HNO + NO

H +t-ONNH <=>NH2 + NO
N2+ 0 <=>N+NO

OH + ¢-ONNH <=> HNOH + NO
O + ¢-ONNH <=> HNO + NO
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Fig. 6. Ten largest rates of reactions that break an N-N
bond calculated using the model with HNNO kinetics in
an Hj/air flame of equivalence ratio of 0.5 at 10 atm.

ues for this quantity correspond to the rates of each
reaction that results in the N-N bond being broken
or formed. These results shown in Fig. 6 indicate
that several HNNO + radical reactions (including
HNNO + OH, HNNO + O, and HNNO + H) are
among the ten highest contributors to N-N bond
breaking at 10 atm, where HNNO + OH in partic-
ular appears to be the most prominent.

4. Conclusions

The calculated rate constants for the H + N,O
reaction indicate that HNNO is the favored product
channel at lower temperatures and higher pressures.
In fact, above 10 atm, HNNO is the major product
up to ~1100 K and is dominant over NH + NO up
to ~1500 K.

Ab initio electronic structure calculations for
trans-HNNO (the main HNNO isomer) + O, show
a barrier for abstraction to HO, + N,O of 18
kcal/mol and a barrier for addition of 27.0 kcal/mol
to form an HN(O,)NO which can decompose to
NO + HNO, over a barrier of 32.3 kcal/mol; simi-
lar reactivity is also found for cis-HNNO + O,.

The calculated rate constants for the HNNO
+ O, reaction indicate that the dominant reaction
product is HO, + N,O with only a minor amount
of NO + HNO,. Both reactions occur with rates
that are several orders of magnitude slower than
the collision limit and, therefore, are likely suffi-
ciently slow that HNNO + radical reactions are
likely competitive (if not dominant) at many flame
conditions.

Altogether, our rate constant calculations
and kinetic modeling, which also includes cal-
culated/estimated rate constants for HNNO +
radical reactions, suggest that HNNO + O, mainly
recycles HNNO back to N,O but is sufficiently
slow that the primary fate of HNNO in many
combustion situations likely involves reactions
with radical species, which appear likely to occur

quickly and with high NOy yields. Indeed, flame
simulations using this kinetic model suggest that,
while HNNO + O, may not significantly contribute
to NOy formation (at least for the limited condi-
tions explored here), HNNO + radical reactions
may contribute significantly to NOy formation.

Of course, definitively establishing the role of
these HNNO + radical reactions in NO, would
benefit from improved characterization of their
rate constants and products in future work. Sim-
ilarly, while the present study presents an initial
step towards understanding the role of HNNO in
NOy formation, establishing a more complete un-
derstanding of the role of HNNO would benefit
from kinetic modeling studies across a more com-
prehensive range of conditions.
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