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1. H+ ?H,NO — H, + HNO

We were unable to identify a distinct saddle point for the H 4+ ?HyNO == H, + HNO reaction,
possibly because it lies very close to the saddle point of the isomerization channel NH3;O = H, +
HNO. Until this saddle point is identified, we recommend using the RMG-estimated [1, 2] rate coef-
ficient provided in Table 1. A preliminary investigation of the triplet-surface H 4+ *HoNO — H, +
HNO(T) reaction revealed that it is uncompetitive with other H 4+ *H,NO reactions. Therefore, this
triplet channel was not included in the final kinetic model.

2. 2NO + ?H,NO —— 2HNO and 3NH + ?HO, — 2NH, + 20,

Unpublished conventional transition-state-theory (¢TST) calculations were found for these reac-
tions in the RMG database [3]. In the database comments, it is stated that the CCSD(T)-F12/cc-
pVTZ-F12//B2PLYPD3/aug-cc-pVTZ level of theory was used for both reactions. Eckart tunneling
corrections [4, 5] were presumably included.

3. Hydrogen-abstraction reactions

%04 + HoNN — ?HO, + *NNH
HON + *HO, — *HNOH + *0,
’HO, + 2HNOH — H,0, + HON
N + *HNOH — °NH + HON
*NH + *HNOH — *NH, + HON
’NO + HyNN — HNO + °NNH
HON + N,H, — 2NNH + 2HNOH
2 ’HNOH — NH,OH + HON
HON + HONO — *HNOH + *NO,
H + NH,OOH — H, + *NH,00
’HO, + NH,O0H — H,0, + *NH,00
NH, + NH,OOH — NH; + *NH,00
*NH + NH,OO0H — °NH, + *NH,00
*NH,00 + NH,OH — NH,OOH + *HNOH
We performed c¢TST calculations for these reactions with the Arkane[6] software package, which was
interfaced with the Gaussian 16 [7] and Molpro [8, 9] software packages to perform quantum-chemistry
computations. The geometries were optimized at the wB97X-D /Def2-TZVP level of theory [10, 11], and
single-point energies were evaluated at the CCSD(T)-F12/cc-pVTZ-F12 level of theory [12]. Hindered-

rotor potentials were calculated at the wB97X-D/Def2-TZVP level of theory. Eckart-tunneling correc-
tions were computed for the reactions.

4. O(®P) + HNO

4.1. Quantum Chemistry

The O(SP )+HNO reaction was investigated with both coupled-cluster methods and complete active
space second-order perturbation theory (CASPT2). The CASPT2 [13], ROHF-CCSD(T) [14], and



ROHF-CCSDT(Q) [15] calculations were run with the ORCA 6.0.1 [16], Gaussian 16 [7], and MRCC
[17, 18] software packages, respectively. Stationary-point geometries were first sought and optimized at
the CASPT2(14,11) /aug-cc-pVTZ level of theory, and the same level was used to compute harmonic
vibrational frequencies. To partially account for anharmonic effects, the computed zero-point energies
and harmonic frequencies were scaled by a factor of 0.957 [19]. For the “HNO, intermediate, the (14,11)
active space consisted of three bonding and anti-bonding sigma orbitals (6,6), the oxygen and nitrogen
lone-pair orbitals (6,3), and two radical orbitals on the oxygen (2,2). The corresponding orbitals sets
were selected for all other species. Single-point energies were then calculated with the CASPT2(14,11)
method using the aug-cc-pVTZ and aug-cc-pVQZ basis sets [12], and the relative-energy differences
were extrapolated to the complete-basis-set (CBS) limit with the relation [20]:
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AE., =AEqgz — (AErz — AEqy) 544ﬁ . (1)

Single-point energies were calculated with the ROHF-CCSD(T) method using the aug-cc-pVDZ, aug-

cc-pVTZ, and aug-cc-pVQZ basis sets. The CBS limit was determined separately for the Hartree-Fock

(HF) and the more slowly converging correlation energies. The former and the latter were extrapolated
with the [21]

Eur(X) = Bur o + Bupe *7F Y | (2)

and [22]
ECOYT(X) = Ecorr,oo + BCOHX_QCO” (3)

expressions, respectively. In both cases, X = 2, X = 3, and X = 4 correspond to the aug-cc-pVDZ,
aug-cc-pVTZ, and aug-cc-pVQZ basis sets, respectively. A system of three equations was solved to
determine «, B, and E.,. The relative energies were further improved with the additive

AT(Q) = AE[CCSDT(Q) — CCSD(T)] (4)

correction computed with the aug-cc-pVDZ basis set. When performing the coupled-cluster calcula-
tions for transition structures, we found that Gaussian and MRCC sometimes converged to a different
HF wave function when the default wave-function guesses were used. Given that multi-reference effects
are significant for these structures, this behaviour is not surprising. Thus, particular care was taken
to ensure that, for a given species, Gaussian and MRCC found the HF wave function that yielded
the lowest ROHF-CCSD(T) energy, and then this reference was consistently used in both the ROHF-
CCSD(T) and ROHF-CCSDT(Q) evaluations. Note that a wave-function that yielded the lowest HF
energy did not necessarily yield the lowest ROHF-CCSD(T) energy. The results of these calculations
are tabulated in Table S1 and depicted graphically in Figure S1.
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Figure S1: A potential-energy diagram for the O(3P) 4+ HNO reaction system.

Table S1: Stationary-point energies for species on the O(3P) + HNO potential-energy surface. The energies are in
kJmol™!. The tabulated CASPT2(14,11) and ROHF-CCSD(T) values are zero-point-energy corrected. Also listed
are the electronic partition functions and symmetry numbers for the species. Spin-orbit effects were accounted for by
reducing the energies of the O(3P) + HNO and 2NO + 20H wells by 0.933 and 1.55 kJ mol ™!, respectively.

Species elec® Ooxt/Mopt’ AZPE  CASPT2(14,11)/CBS ROHF-CCSD(T)/CBS¢  AT(Q)? ATcT® Fitted
O(°P) + HNO ¢o, 1 1/1,1/1 0.0 0.0 0.0 (0.016, 0.016) 0 0 -
2NO+20H  ¢uo,qon 1/1,1/1 =23 -239.0 -232.5 (0.024, 0.014) 0.3 2289 -

3NO, + 2H 2,2 2/1,1/1 4126 -127.3 -108.8 (0.027) -2.6 -103.9 -

SHNO, 3 1/1f 128 -144.3 -120.1 (0.059) 7.2 - -
vdW1(T1) 3(-2) 1/1 44 0.8 -1.2 (0.018) 0.2 - -
vdW1(T2) - - - 2.9 - - - -
vdW1(T3) - - - 11.8 - - - -
vdW2(T1) 3(-2) 1/2 2.7 1.3 0.4 (0.017) -0.2 - -
vdW2(T2) - - - 1.5 - - - -
vdW2(T3) - - - 14.4 - - - -
TS1(T1) 3(-2) 1/1 210 19 0.5 (0.029) 2.4 - 43402
TS1(T2) - - - 3.4 - - - -
TS1(T3) - - - 15.0 - - - -
TS2(T1) 3 1/2 3.4 5.0 4.4 (0.043) -7.3 - -5.340.2
TS2(T2) - - - 7.9 - - - -
TS2(T3) - - - 65 - - - -

TS3 3 1/1 99 145 29.0 (0.11) -8.8 - -

2 g0 =5+ 3e 2B K/T L o=326 K/T o094 9o=1T2K/T g0 9 1 9a—201 K/T

b Here oot /Mopt is the ratio of rotational (external) and optical symmetry numbers.

¢ The values in the parentheses are T1 diagnostics [23].

4 Approximate CCSDT(Q) correction: variant B [15].

¢ ATcT stands for Active Thermochemical Tables [24].

f The inversion motion is explicitly considered, and an internal symmetry number of 2 is applied for
this motion.



4.2. Master Equation

Rate-coeflicient calculations were performed using the master-equation (ME) solver MESMER 7.1
[25-27]. MESMER is a one-dimensional ME code that treats the total rovibrational energy as the only
independent variable; angular-momentum effects are not explicitly considered. For all reactions with
saddle-points, the transition state (TS) was placed there. In the O(*P) + HNO reaction, the reactants
first form van der Waals (vdW) complexes before passing over the saddle points that lead to the SHNO,
and *NO + 20H products. After applying zero-point-energy (ZPE) corrections, only vdW1 remained
below the reactant asymptote, and the corresponding association was found to be barrierless. To obtain
the TS state sum for this channel, we performed energy- and angular-momentum-resolved variable
reaction coordinate transition state theory (VRC-TST) calculations [28] using Gaussrate version 17-B
(Aug. 2, 2017) interfaced with Polyrate [29]. The level of theory used in the VRC-TST calculations
was wB97X-D/cc-pVDZ [10], and the reaction coordinate was defined as the distance (scanned from
3 to 20 A) between the nitrogen atom in HNO and the approaching O(3P) atom. The total vdW-
complex-forming rate coefficient is well reproduced by the expression

T —0.371
k(T)=4.32-10"1 (3001{) em®s™t . (5)

The two lowest-lying electronic states for the vdW complexes and TS1 are nearly degenerate. To
account for this degeneracy, their electronic partition functions were multiplied by a factor of two,
yielding a combined electronic degeneracy of six (3-2 = 6). Of the nine potential-energy surfaces (PESs)
that originate from the O(°P) 4+ HNO reactants, six correlate with the ground-state products of the
O(*P) + HNO — 2NO + ?OH reaction and three with the O(*P) + HNO — *HNO; channel. The
rotational symmetry numbers, optical symmetry numbers, and electronic partition functions adopted
for all species are summarized in Table S1.

The inclusion of shallow wells such as vdW1 in ME models is undesirable as it leads to overlapping
of chemically significant eigenvalues (CSEs) and internal relaxation eigenvalues (IEREs). MESMER
uses Bartis-Widom analysis [26, 27] to compute phenomenological rate coefficients, which assumes
that CSEs and IEREs are well separated in magnitude. To avoid this problem, the vdW complex was
omitted from the final ME model. Instead, effective transition-state sums were determined for the
overall O(*P) + HNO — 2NO + 20H and O(°*P) + HNO —— ®HNO, reactions with the following
expressions:

NP NE
N*(O(°P) + HNO == °NO + *0H) = ———10= I8 —— and (6)
Nloose + NTSl + NTSQ
NP NE
N*(O(°P) + HNO == °HNO,) = ———toosc 182 (7)
Nloose + NTSI + NTS2

At lower energies/temperatures (T' < 100 K), the outer TS is the kinetic bottleneck, whereas at higher
temperatures (T' > 100 K), TS1 and TS2 are rate-determining.

In general, multi-reference effects are significant for the inner TSs (TS1 and TS2 in Table S1), and
the relative-energy uncertainties of these saddle points are at least several kJmol™*. To reproduce the
experimental rate data of Inomata and Washida,[30], the heights of these barriers were slightly adjusted,
but so that the ROHF-CCSD(T)/CBS + AT(Q) energy difference between TS1 and TS2 was kept
fixed. The optimal fit required lowering the inner-barrier energies by approximately 2—3 kJ mol™*— an
adjustment well within the expected computational uncertainty. Variational effects were not examined
for these inner TSs, although such effects could become relevant at elevated temperatures.

Collisional energy transfer was treated using the single-exponential-down model. The temperature-
dependent parameter utilized in this work was

0.85
(AE)Y2 =300 cm™! 1 : (8)
down 300 K



This parameter was found to reproduce experimental fall-off curves for the related 2NO + 20H —
HONO reaction [31]. However, in the present case the direct reaction to form *NO + 20OH is over-
whelmingly dominant, so the results of the ME simulations are not very sensitive to this parameter.
Lennard-Jones (LJ) collision frequencies were calculated using tabulated LJ parameters [32]. For the
SHNO, intermediate, we chose to use the LJ parameters of NyO (o = 3.828 A and € = 232.4 K). For
Ny and He, these parameters are 0 = 2.551 A and ¢ = 10.22 K and ¢ = 71.4 A and € = 3.798 K,
respectively

Eckart tunneling corrections were computed for the *HNOy — NOy + 2H reaction. For the
direct abstraction channel O(*P) + HNO — ?NO + 20H tunnelling corrections were omitted since
the corresponding barrier for this appears to be submerged below the reactant asymptote. The master-
equation simulations employed an energy-grain size of 25 cm™! and a cut-off energy of 25 kpT.

5. H+ 2H,NO

5.1. Quantum Chemistry

The H + H,NO reaction was investigated with both coupled-cluster methods and complete-active-
space perturbation theory. The CASPT2 and CCSD(T) calculations were run with Molpro 2024.3.0
[8, 9, 33]. Stationary-point geometries were located and optimized at the CCSD(T)/aug-cc-pVTZ level
of theory, which was also used to determine harmonic frequencies. The final single-point energies were
extrapolated by applying equation 1.

To explore the interaction potential between H and *H,NO radical, approximately 23,000 single-
point energies were computed at the CASPT2(12,10)/aug-cc-pVDZ level of theory [34]. These data
points are shown in Figures S3 and S4. The (12,10) active space consisted of the single radical orbitals
of H and 2H,NO (2,2), the three bonding and anti-bonding sigma orbitals of 2HyNO (6,6), and the
lone-pair orbitals on the oxygen and nitrogen atoms (4,2). In these calculations, the centre-of-mass
distance between H and *H,NO was scanned in the range 1.5-10 A, and at each distance increment,
single-point energies were computed for randomly sampled orientations of the fragments. The *H,NO
fragment was oriented with a ZY Z Euler rotation matrix using uniformly sampled Euler angles.

Parts of the 2 H+ 2H,NO potential-energy surface have been investigated by Klippenstein et al.[35],
and when applicable, we directly used their results. They performed VRC-TST channels for the
barrierless 2NH, + 2 OH == NH,OH channel, and we utilized their rate-coefficient parameterization
for this reaction. We also utilized their results for the NHyOH —= NH30 isomerization reaction. A
potential-energy diagram depicting the channels investigated in this work and by Klippenstein et al.
is shown in Figure S2. This is the reaction scheme that was used as input in our ME simulations.

Klippenstein et al. also considered the triplet-surface reactions 2NHy 4+ 20H == *NH + H,0 and
’NH, + 20H = NH; + O(3P), and we utilize their rate-coefficient parametrizations in our RMG
model. In principle, these products could be accessed on the singlet surface through spin-forbidden
processes, but we expect them so slow that they need not be included in our model. In any case,
performing rate-coefficient calculations for spin-forbidden reactions requires sophisticated methods,
and this is beyond the scope of the current work.



Table S2: Stationary-point energies for species on the singlet H + 2HaNO potential-energy surface. The energies are in
kJmol~!. The tabulated ROHF-CCSD(T) values are relative to NHoOH and zero-point-energy corrected. Also listed

are the electronic partition functions and symmetry numbers for the species.

Species Qolee®  Oext/Mopt’  AZPE  ROHF-CCSD(T)/CBS®  AT(Q)T  ATcT®

H + H,NO 2,2 1/1,2/1 7007  322.0 (0.021) 0.4 319.7 + 0.62
NH, + 20H gom, 2 2/1,1/1 7219  259.1 (0.0082, 0.0087) 0.6 259.3 +0.11
H, + HNO 1,1 1/1,1/1 6262  143.8 (0.0057, 0.016) -1.6 143.0 + 0.62
NH,OH 1 1/1 105.72 0.0 (0.011) 0.0 0.0 + 0.68
NH;30 1 3/1 108.04 105.1 (0.014) 0.3 1053+ 1.3
TS(NH;0 — H, + HNO) 1,1 1/1 73.93  310.3 (0.027) 6.1 N/A

2 gon = 2 +2€_201 K/T.

b Here ooyt /Mopy is the ratio of rotational (external) and optical symmetry numbers.

¢ The values in the parentheses are T1 diagnostics [23].
4 Approximate CCSDT(Q) correction: variant B [15].
¢ ATcT stands for Active Thermochemical Tables [24].
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Figure S2: A potential-energy diagram for the H 4+ 2H2NO reaction system.



Potential Energy as a Function of H-atom Position

The H2NO molecule is roughly in the yz plane, with the N-atom pointing in the positive z direction
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Figure S3: The H + 2H3NO interaction potential. The coordinates give the location of the approaching hydrogen atom.
The 2H2NO fragment’s center of mass is located in the origin, and the molecule lies so that it is roughly in the yz plane,
with the nitrogen atom pointing in the positive z direction.
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Figure S4: The H 4 2H3NO interaction potential. The coordinates are the Euler angles that are used to rotate the
2H3NO fragment (ZY Z convention). In FTST, Euler angles are used to specify the relative orientation of the fragments.



5.2. Flexible Transition State Theory

For the barrierless H + *HoNO —— NH,OH and H + *H,NO —— NH3OH reactions, energy-
and angular-momentum-dependent TS state sums were evaluated with flexible transition-state theory
(FTST) [36]. The custom Julia code used in these calculations is provided in the Supplementary
Material. Five pivot points were used. Because the *H,NO radical is approximately planar, two
pivot points were placed 0.5 ag below and above the nitrogen and oxygen atoms, respectively. For
the hydrogen atom, the pivot point coincided with the atom itself. Initial testing revealed that the
computed rate coefficients were not very sensitive to the pivot-point distance from the nitrogen or
oxygen atoms, so a systematic optimization of this distance was not performed. For a given *HyNO
orientation, the reaction coordinate was defined as the pivot-point—to—H-atom distance that maximized
the centre-of-mass separation between fragments. The energy and reaction-coordinate grids were
chosen as 3.17 - 1076 — 1.98 - 10~ Hartree and 1.0-25 A, respectively. The angular-momentum grid
range depended on total energy: at low energies, it was only a few &, while at the highest considered
energy it was 0-250 h. Each grid contained 100 points, with logarithmic spacing used for the energy
grid. An electronic-degeneracy factor of 1/4 was applied to the obtained state sums.

5.3. Master Equation

Final rate coefficients were calculated with the master-equation solver implemented in Arkane [6].
Stationary-point data calculated at CCSD(T)/CBS//CCSD(T)/aug-cc-pVDZ for the NH,OH —
NH30 isomerization was adopted from Klippenstein et al. [35]. For the barrierless reactions, the
inverse Laplace transform (ILT) approach was employed to determine TS state sums.[37, 38] The
ILT technique requires as input the modified Arrhenius parameters of the reaction’s canonical rate
coefficient. Accordingly, our FTST-derived rate coefficients were parameterized in modified Arrhenius
form, and for the NH,OH == 2NH, + 20OH dissociation, we used the Arrhenius expression reported
by Klippenstein et al. [35]. For the collision model, Lennard-Jones (LJ) parameters were taken from
the RMG-database [3] or estimated with RMG [1, 2]. All parameters are provided in the accompanying
Arkane input.py file. Collisional energy transfer was described by the single-exponential-down model
using the temperature-dependent parameter

0.85
(AE)Y2 =300 cm™! I : (9)
down 298 K

The modified strong collider method was used with a maximum energy grain size of 4.184 kJmol ™!,
a pressure range 0.01-100.0 bar, and a temperature range 300-2000 K. The rates were fitted to
pressure-dependent Arrhenius expressions. Figures S5 and S6 show the computed rate coefficients
for the 2NH, + 20H, H, + HNO, NH,OH, and NH30 product channels at various temperatures and
pressures. Neither NHoOH nor NH35O exhibits significant stabilization: under all conditions up to 100
bar, the rates for the well-skipping channel NHj, + 20H dominate those for the stabilized NH,OH and
NH30 products.
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Figure S5: Pressure-dependent rate coefficients for H + 2H,NO — 2NH; + 20H and H + 2H,NO — Hs + HNO.
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Figure S7: Potential-energy diagram for the 2HOz2 + 3NH reaction system calculated at the CASPT2(7,7)/CBS level of
theory. All energies are given relative to the separated reactants. For states marked with an asterisk (*), we use the
relative energies and geometries reported by Klippenstein et al.[39]

6. HO, + 3NH

Stationary-point geometries and harmonic frequencies were determined at the CASPT2(7,7)/aug-
cc-pVDZ level of theory. This active space consisted of the bonding and anti-bonding o orbitals for the
O-0 and O-H bonds (4,4) and the radical orbitals on *HO5 and *NH (3,3). Hindered-rotor potentials
were calculated at the wB97X-D/Def2-QZVP level of theory. Single-point energies were evaluated at
the CASPT2(7,7)/aug-cc-pVTZ and CASPT2(7,7)/aug-cc-pVQZ levels of theory, and the electronic
energy was extrapolated to the complete-basis-set CBS limit using the

44
AE., =AEqgz — (AErz — AEqy) T (10)
relation.[20] Only the 2HO5 + *NH —— vdW complex — *NHOOH channel was investigated with
quantum-chemistry methods in this work. For the other stationary points in the reaction system, we
used the relative energies and geometries reported by Klippenstein et al. [39]. The system’s potential-
energy diagram is shown in Fig. S7.

For the HO, + *NH —— ?NHOOH association reaction, the reactants first form a vdW complex,
after which the 2NHOOH product is formed by passing over a submerged saddle point. At low
temperatures, the vdW-forming TS (outer TS) is the kinetic bottleneck, but at high temperatures, the
TS is in the vicinity of the submerged barrier (inner TS). Our testing revealed that at T > 400 K the
kinetics are entirely determined by the inner TS. Thus, to compute the 2HO5 4+ *NH — *NHOOH
rate coefficient, we performed ¢TST calculations with the TS placed on the submerged saddle point.
The details of the ME simulations are the same as for H + 2HQNO.

Pressure effects are negligible for this system. At realistic pressures, an energized 2NHOOH adduct
is never stabilized, and it instead rapidly decomposes to form 20OH + HNO. Even at 100 bar, the
well-skipping 2HO5 + *NH — 2OH + HNO channel is overwhelmingly dominant.
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7. Comparison of Updated Rate Coefficients with Existing Mechanisms

To assess the relevance and impact of the newly computed kinetics, we compare the ab initio
rate coefficients obtained in this work with those adopted in existing NHj3 oxidation mechanisms
when such data are available. Table 1 of the main manuscript lists all reactions for which new or
updated Arrhenius parameters were derived in this work (entries marked “pw”). Among these reactions
(R16-R32 and R36-R40), only three reactions are explicitly included in previously published NHg
mechanisms examined here (CRECK, NUIG, and KAUST). These reactions are:

e R16: NO +H;NO — 2HNO
e R31: O+ HNO — OH + NO
e R37: H+ H,NO — NH, + OH

For all remaining reactions in Table 1, no prior rate expressions exist in the mechanisms considered;
consequently, the present ab initio calculations provide the first available rate coefficients for these
channels within detailed NH3 combustion mechanisms. Figure S8 compares the newly computed rate
coefficients for reactions R16, R31, and R37 with those adopted in the CRECK, NUIG, and KAUST
mechanisms.

All mechanisms considered adopt the same empirical rate expression for NO + HbNO —— 2 HNO,
originally estimated by Miller and co-workers and reported by Glarborg et al. (2018)[40]. In contrast,
the present work provides the first ab initio—derived rate coeflicient for this reaction. As shown in
Figure S8 (a), the calculated rate coefficients are systematically lower than the empirical estimate over
the temperature range 700-1900 K. The discrepancy is most pronounced at low temperatures, where
the legacy expression overpredict the rate by nearly an order of magnitude.

The CRECK, NUIG, and KAUST mechanisms all employ a temperature-independent rate coef-
ficient for O + HNO —— OH + NO, derived from the low-temperature experimental measurements
of Inomata and Washida (1999) [41]. In that study, rate coefficients were measured over the limited
temperature range of 242-473 K and subsequently extrapolated to combustion conditions. Figure S8
(b) compares this temperature-independent expression with the ab initio rate coefficient computed in
the present work. The calculated rate exhibits weak U-shaped temperature dependence that reaches
its minimum around 550 K. Despite the different functional form, the resulting deviations from the lit-
erature expression remain within approximately a factor of two at combustion-relevant temperatures,
explaining why the rate has performed reasonably in practical simulations.

For the H + *H,NO — *NH, + OH reaction, the CRECK and KAUST mechanisms employ
a temperature-independent abstraction rate based on early estimation and analogy arguments. The
commonly used value (A ~ 4x10'3 em® mol ™! sfl) originates from hydrocarbon analogies and predates
modern electronic-structure studies of the 2HoNO system proposed by Baulch et al. (1992). The NUIG-
2024 mechanism does not include the forward reaction explicitly, but instead derives it from a reverse
estimated rate combined with thermochemical data, introducing additional uncertainty. In contrast,
the present work provides the first direct ab initio, temperature-dependent forward rate coefficient
for this reaction over combustion-relevant temperatures. As shown in Figure S8(c), the computed
rate coefficient displays a markedly different temperature dependence from those adopted in existing
mechanisms.
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by Glarborg et al. (2018),[40] used in the other mechanisms.
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Figure S8: Comparison of newly computed ab initio rate coefficients (pw, blue) with rate expressions adopted in
existing NH3 oxidation mechanisms. (a) NO + Ho2NO —— 2HNO: comparison with the empirical estimate reported
(b) O + HNO —— OH + NO: comparison with the
temperature-independent rate derived from low-temperature experiments by Inomata and Washida (1999) [41]. (c) H+
H2NO —— NHz + OH: comparison with the temperature-independent estimate used in the CRECK and KAUST
mechanisms (Gardiner et al., 2000)[42] and the theoretical expression adopted in NUIG-2024 (Mousavipour et al.,
2009) [43]. The present calculations provide the first direct, temperature-dependent forward rate coefficient for this

reaction across combustion-relevant temperatures.
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8. Model Validation with NH3/H,/C; Mechanisms

We also provide additional model-validation comparisons using several recently published NHs—
Hs mechanisms that include extended C; (and broader hydrocarbon) submechanisms, namely those of
Huang et al.[44], Zhang et al.[45], and Shrestha et al.[46]. These mechanisms were developed to address
ammonia combustion in broader fuel contexts (e.g., co-firing with hydrocarbons, syngas, or methane-
containing streams) and therefore extend beyond the N/H/O chemical space that is the primary focus
of the present work.

The objective of this work is to isolate and assess the impact of updated N/H/O kinetics on
NH;/Hs oxidation; accordingly, the primary benchmarking set in the main manuscript is restricted to
mechanisms developed specifically for N/H/O chemistry. The comparisons shown here are provided for
completeness and transparency. However, because these NH3—Hs—C; mechanisms include additional
hydrocarbon chemistry and were not developed under the same N/H/O-only scope, they are not used
to draw the mechanistic conclusions discussed in the main text. Nevertheless, extending the present
mechanism to incorporate C; chemistry for broader-fuel applications is an active direction of our
ongoing work.

8.1. Ignition Delay Time

Figure S9 and S10 compare ignition delay time (IDT) predictions from the NH3—Hs—C; mechanisms
against the same shock-tube datasets used in the main manuscript (Figures 7 and 8), including both
pure NH3 and NH3/Hy mixtures. Overall, the C;-extended mechanisms reproduce the major trends
in ignition delay with temperature, pressure, and blending ratio, and their predictions fall within the
general spread observed among N/H/O-focused mechanisms.

The Zhang 2023 mechanism shows behaviour similar to that of KAUST_2023 in the main text, as
both originate from the same study.[45] In the present Supporting Information comparison, however,
we employ the more comprehensive NH3—NOx—C; _complete mechanism in their Supporting Informa-
tion, which contains a substantially larger reaction set. By contrast, the main-text comparison in
Section 3.4 uses the NH3—NOx—CO-Hy mechanism. Despite this expanded chemical scope, the result-
ing IDT predictions remain very close to those obtained with the KAUST 2023 mechanism used in
Section 3.4, indicating that the inclusion of additional C; chemistry does not significantly alter ignition
behaviour under the conditions examined here. Among the Ci-extended mechanisms considered, the
Shrestha_2025 model provides the closest agreement with the atmospheric-pressure pure-NHj ignition-
delay measurements of Chen et al. In contrast, for NHs/Hy mixtures, the Shrestha 2025 mechanism
tends to underpredict ignition delay times across most conditions. Based on this extended validation,
the RMG and RMG_Burke mechanisms continue to provide among the most balanced and consis-
tent IDT predictions across the full range of pressures, temperatures, and blending ratios considered.
Notably, this performance is achieved without empirical tuning of rate coefficients, reinforcing the
robustness of the N/H/O-focused kinetic framework adopted in this work.
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8.2. Laminar-Burning Velocity

Figure S11 compares experimental and model-predicted laminar-burning velocities (LBVs) for pure
NHj; and NH3/Hs mixtures with air at atmospheric pressure, unburned-gas temperatures of 298K and
473K. In response to a reviewer’s suggestion, additional comparisons are included here using recently
published NHs-Hs mechanisms that contain extended C; submechanisms[44—46], together with the
present RMG and RMG_Burke mechanisms.

For pure NHj3 flames, all mechanisms predict a peak LBV at a slightly fuel-rich equivalence ratio
(¢ ~ 1.1), consistent with experimental observations. Zhang 2023 and NUIG_2023 accurately repro-
duce the flame speeds under lean and near-stoichiometric conditions (¢ < 1.0), but systematically
overpredict LBVs in the fuel-rich regime (¢ > 1.0), in agreement with the trends observed for the
five reference mechanisms compared in the main manuscript. Among the Cj-extended mechanisms,
Shrestha_2025 consistently overpredicts LBVs across the full equivalence-ratio range, with peak values
exceeding those of the RMG_Burke mechanism by more than 20% at ¢ ~ 1.1. The Zhang_2023 mech-
anism yields the closest agreement with experimental data among the Ci-extended models, but still
exhibits larger deviations than the RMG_Burke mechanism, particularly under fuel-rich conditions.
Overall, the RMG_Burke mechanism continues to provide the closest agreement with experimental
LBVs across the full equivalence-ratio range, particularly under fuel-rich conditions (¢ > 1.1), consis-
tent with the conclusions drawn in the main manuscript.

Blending hydrogen with ammonia substantially increases the laminar-burning velocity, thereby en-
hancing flame stability and practical combustibility. However, the Shrestha_2025 mechanism continues
to overpredict LBVs for the 95/5 NH3/Hs mixture across the full equivalence-ratio range.

8.3. Oidation in a Jet-Stirred Reactor (JSR)

Figure S12 compares simulated species profiles for pure NH3 oxidation in a jet-stirred reactor with
experimental measurements from Zhang et al. [60] and Osipova et al. [61]. Results from the present
RMG and RMG_Burke mechanisms are shown together with several recent literature mechanisms for
reference.

For NHj3 consumption and HyO formation, all mechanisms reproduce the overall temperature-
dependent trends observed experimentally. Compared to the RMG and RMG_Burke models, several
literature mechanisms predict an earlier onset of NH3 consumption, leading to a larger deviation from
the experimental ignition temperature. The RMG and RMG_Burke mechanisms provide among the
closest agreement with the experimental onset for both NHj3 depletion and HyO formation.
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For 2NO, all mechanisms predict increasing concentrations above approximately 1200 K. However,
the literature mechanisms generally yield higher 2NO levels than the RMG-based models in this tem-
perature range. In particular, the Shrestha_2025 mechanism predicts 2NO concentrations that are
nearly a factor of two higher than those obtained with the RMG and RMG Burke mechanisms, indi-
cating substantial sensitivity to the underlying nitrogen-chemistry pathways at elevated temperatures.

The disagreement is more pronounced for NoO. The NUIG, RMG, and RMG _Burke mechanisms
substantially overpredict the peak NoO mole fraction and exhibit broader NoO formation regions than
observed experimentally. In contrast, the Shrestha_2025 mechanism provides the closest agreement
with the measured NoO profile, while the Zhang 2023 mechanism slightly underpredicts the exper-
imental peak. These results indicate persistent uncertainties in the N5O-forming and -consuming
reaction pathways under JSR conditions.

Overall, the JSR validation for pure NHs demonstrates that the present mechanisms robustly
capture the major features of ammonia consumption and oxidation, while notable discrepancies remain
for 2NO and especially NyO.
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Figure S12: RMG-generated mechanism and representative literature mechanisms [44-46] comparisons against species
profiles in JSR oxidation of pure NH3 [60, 61].

Figure S13 shows the corresponding JSR species profiles for the 90 % NH; / 10 % Hy mixture under
otherwise identical conditions. Overall, the addition of a small amount of Hy does not substantially
alter the relative performance trends among the mechanisms, but it slightly shifts the onset of oxidation
to lower temperatures.

For NH3 consumption and H2O formation, all mechanisms predict nearly overlapping profiles across
the temperature range considered. The Shrestha_2025 mechanism exhibits a modest deviation in the
intermediate-temperature regime (approximately 1050-1200 K), where it slightly overpredicts the NHj
mole fraction and correspondingly underpredicts HoO formation. By contrast, the RMG and RMG
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Burke mechanisms remain in close agreement with the experimental profiles over the full temperature
range.

For 2NO, differences among mechanisms become more apparent at temperatures above approx-
imately 1200 K. The NUIG_2023 and Shrestha_2025 mechanisms predict significantly higher 2NO
concentrations than observed experimentally, whereas the Zhang 2023 mechanism yields *NO levels
comparable to those predicted by the RMG-based models.

For N5O, only the Zhang 2023 mechanism provides reasonable agreement with the experimental
measurements, while all other mechanisms substantially overpredict the peak NoO mole fraction. Sim-
ilar to the pure-NHj3 case, these discrepancies highlight ongoing uncertainties in NoO formation and
consumption pathways, which are not alleviated by the addition of modest amounts of Hs.
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Figure S13: RMG-generated mechanism and representative literature mechanisms [44-46] comparisons against species
profiles in JSR oxidation of 90%NHz3/10%Hz mixture [60].

8.4. Ozidation in a Flow Reactor (FR)

Figure S14 compares simulated species profiles from the RMG-based mechanisms and representative
literature mechanisms with experimental measurements for flow-reactor (FR) oxidation of pure NHj
(solid lines) and a 50 % NHs / 50 % Hy mixture (dashed lines).

For pure NHj3, the Shrestha_2025 mechanism predicts the closest agreement with the experimental
onset temperature for NH3 consumption, whereas the RMG and RMG Burke mechanisms exhibit a
slightly higher-temperature onset. In contrast, the NUIG_2023 and Zhang 2023 mechanisms predict
earlier NH3 consumption than observed experimentally. For Os, Ny, and HyO, the RMG and RMG
Burke mechanisms provide the closest overall agreement with the experimental onset and temperature
dependence. The remaining literature mechanisms generally predict earlier consumption or formation,
corresponding to lower onset temperatures than observed. For *NO, the RMG-based mechanisms
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reproduce the experimental onset temperature most closely. However, all mechanisms substantially
overpredict 2NO concentrations at temperatures above approximately 1500 K, indicating persistent
deficiencies in describing high-temperature NO formation and recycling under FR conditions.

Under blended-fuel conditions, differences among mechanisms become more pronounced. For the
major reactants and products (NHs, Ha, Oz, Ny, and Hy0), the Zhang 2023 mechanism provides
the closest overall agreement with the experimental profiles in terms of both onset temperature and
species concentration. The RMG and RMG Burke mechanisms yield comparable trends but exhibit
larger deviations in onset for several species. For 2NO, all mechanisms continue to overpredict the
measured concentrations across the entire temperature range, similar to the pure-NH3 case. The
addition of Hy does not alleviate this discrepancy, underscoring the continued challenges associated
with 2NO-forming pathways in NH /Hs oxidation under flow-reactor conditions.

Overall, the FR results indicate that the inclusion of Hy amplifies differences among kinetic models
that are otherwise indistinguishable under pure-NHj3 conditions. While most mechanisms reproduce
the main qualitative trends, quantitative discrepancies persist under blended-fuel conditions, high-
lighting the increased sensitivity of NHsz/Hy oxidation to detailed kinetic treatment in flow-reactor
environments.
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Figure S15: Comparison of simulated species profiles from the RMG (solid lines) and RMG_Burke (dashed lines) models
with experimental data for NH3/Hg oxidation in a jet-stirred reactor at various blending ratios.[60]

9. Blending effects of H; on NHj3 oxidation

9.1. Jet-Stirred Reactor (JSR) simulations

Overall, the RMG_Burke and RMG models yield nearly indistinguishable predictions across most
NH;/Hs blending ratios and species, as evidenced by the close overlap between the solid and dashed
lines in Fig. S15. The addition of Hy systematically promotes earlier ignition, leading to combustion
initiation at lower temperatures for all mixtures.

For NH3 consumption and HyO formation, both mechanisms capture the main temperature-
dependent trends across all blending ratios. The agreement with experiment is generally strongest un-
der pure-NHj3 conditions and remains reasonable for the blending conditions. For 2NO, the best agree-
ment between model predictions and experimental data is observed for pure NHz and 30 % NHs / 70 % Ha
mixture. For N2O, both the RMG and RMG_Burke mechanisms show poor quantitative agreement
with the measurements across all blending ratios, substantially overpredicting the peak of NoO mole
fractions. This behavior suggests that uncertainties in NoO-forming and -consuming reaction pathways
persist and are not alleviated by Hs addition.

Overall, the model performance is consistently best under pure-NHj3 conditions, while the inclusion
of Hy amplifies discrepancies, highlighting the continued need for refinement of nitrogen chemistry in
NH;/Hz oxidation systems.

9.2. Flow Reactor (FR) simulations

As shown in Figure S16, the RMG_Burke model performs similarly to the base RMG model in
reproducing the experimental data across most NHs/Hs blending ratios and species. In many cases,
the solid (RMG) and dashed (RMG_Burke) curves nearly overlap, indicating that the two mechanisms
yield essentially indistinguishable predictions under the present flow-reactor conditions.
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Figure S16: Comparison of simulated species profiles from the RMG (solid lines) and RMG_Burke (dashed lines) models
with experimental data for NH3/Hg2 oxidation in a flow reactor at various blending ratios.[63]

Under pure-H; conditions, both mechanisms provide the best overall agreement with the experi-
mental measurements. For the major reactants (NHs, Hy, and O3) and the products (H2O and Ny), the
models generally capture the consumption and formation trends reasonably well across all conditions
examined.

In contrast, NO remains systematically overpredicted under all conditions. At higher temper-
atures, the predicted 2NO concentrations can exceed the experimental values by approximately a
factor of two. This consistent overprediction indicates persistent challenges in accurately describing
NO-forming and recycling pathways, particularly in the high-temperature regime.
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10. Rate of Production (ROP) Analysis in pure NH; JSR simulations

To reveal the major pathways for °NO (Figure S17) and NoO (Figure S18) generation, we conducted
ROP analyses and compared them across seven mechanisms: RMG, RMG with the Burke rule[64],
CRECK_2023[63], NUIG_2024[65], KAUST_2021[60], KAUST_2023[45], and KAUST_2024[66]. The
analyses were conducted under the same JSR conditions as those used for the pure NHj speciation
profiles at 1300 K (Fig. 10).

For 2NO, all mechanisms predict similar qualitative pathways, with the production and consump-
tion fluxes (1075 mol cm™2 s™!) being roughly two orders of magnitude larger than the net rate of
2NO formation (10=7 mol ecm~3 s~1). This indicates that 2NO is a highly recycled intermediate, and
small variations in individual reaction rates have limited impact on its steady-state concentration.
Among the mechanisms, only CRECK_2023 shows a noticeably different overall balance compared to
the others.

In terms of formation, HNO decomposition is the dominant route for all mechanisms considered:

HNO — H + 2NO,

This channel consistently contributes a significant fraction of the total 2NO production flux, although
its relative importance varies moderately among mechanisms.

For 2NO consumption, all mechanisms except KAUST_2024 identify *NHjy 4+ 2NO — Ny + H,0
as the primary sink. KAUST_2024, however, predicts that *NH 4+ 2NO —— H + N,O dominates
instead. This shift likely arises from updated rate coefficients in the KAUST_2024 mechanism for the
competing reactions NH, + 2NO — ?NNH + 20H and ®NH, + 2NO — N, + H,O0.

For N5O, the production, consumption, and net rates are in the comparable order of magnitudes,
indicating a near steady-state balance between its formation and destruction pathways. Among the
mechanisms, KAUST _2024 exhibits noticeably higher absolute rates of both NyO production and
consumption, consistent with its overall overprediction of NoO concentrations in the JSR simulations.

Across all mechanisms, NoO formation is almost exclusively dominated by the recombination re-

action
SNH + 2NO — H + N0,

whose rate constant was updated in the KAUST_2024 model. The higher rate in KAUST_2024 for this
channel likely contributes to its enhanced N3O production.
For NoO consumption, the most influential reaction in all mechanisms is

H+ N,O — N, + 20H,

followed by NoO (+M) —— Ny + O (+M) and NyHy + 2°NO — N0 + *NH,. While these three
reactions dominate in most mechanisms, KAUST_2024 differs by featuring NoO + *°NH — HNO +
Ny as its third-most important sink. This altered reaction balance likely explains the enhanced N,O
formation predicted by KAUST_2024 relative to other models.
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Figure S17: ROP Analysis for 2NO species in pure NH3 JSR simulations
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Figure S18: ROP Analysis for NoO species in pure NH3z JSR simulations
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11. Troe parameterizations of the six reactions treated with linear mixture rule in re-
duced pressure.

We tabulate below in Table S3 the Troe parametrizations of reactions R1-6. Figure S19 depicts
how the classical and linear-mixture rule in reduced pressure rate coeflicients deviate in mixed bath
gases as reactions enter the fall-off region.

Table S3: Troe parametrizations of the six reactions treated with the linear mixture rule in reduced pressure (LMR-R).
These parametrizations are for the reference reactions. Temperature-dependent third-body efficiencies for other bath
gases were taken from Jasper [67].

H+ 20H (+N3) == H30 (+N3) Reference
ko, A = 4.53-10*' cm® mol ™2 s™', n = —1.81, E, = 0.499 kcal mol ! [68]
Eoo, A =2.51-10" cm?® mol ™ s~ n = 0.234, E, = —0.114 kcal mol ! [68]
a=073,T3=10-10" K,T) =1.0-10*° K, T, = 1.0-10°° K [68]
H+ %0, (+Ar) = HO, (+Ar) Reference
ko, A=1.225-10" ¢cm® mol 2 s~ 1, n=—1.2,F, = 0.0 [69]
koo, A =4.66-10'2 cm® mol ™ s, n = 0.44, E, = 0.0 [69]
a=00,T3=175-10 K,T; =1.0- 1070 K, T, = 1.0- 10° K [69]
H,0; (+Ar) = 270OH (+Ar) Reference
ko, A =2.49-10%* cm3 mol ™! s71, n = —2.3, B, = 48.75 kcal mol ! [70]
Eooy A =2.0-10"2 571 n = 0.9, E, = 48.75 kcal mol [70]
a=042,T3=1.0-10>* K,7T; =1.0-10*° K, — [70]
H + *NH, (+N3) == NH; (+N3) Reference
ko, A = 4.655 - 1030 ¢cm® mol™2 s~1,n = —4.103, E, = 3.3145 kcal mol ! [71]
koo, A =1.5-10" cm? mol ™! s71,n = 0.167, E, = 0.0 [72]
a=0.492,T3 = 1.664 - 10> K, T} = 1.893 - 10° K, T, = 6.07 - 10° K [73]
NoH, (+Ar) == 2 °NH, (+Ar) Reference
ko, A = 4.845-10*2 cm® mol ' s=1,n = —7.3, E, = 68.54 kcal mol ! [74]
Kooy A=7.6-10" s~' n = —1.0, E, = 66.77 kcal mol ™" [74]
a=0.29,Ts = 1.460 - 10° K, T} = 2.1-10' K, T, = 1.34- 10* K [74]
H + *NO (+N3) == HNO (+Ny) Reference
ko, A =1.230-10%' cm® mol 2 s~',n = —1.912, E, = —0.3957 kcal mol ! [71]
koo, A =1.500 - 10% ¢cm3 mol ™! s, n = —0.410, E, = 0.0 [75]
o =0.623,T5 = 6.625 - 10° K, T} = 1.867 - 10% K, T, = 4.659 - 10° K [73]
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Figure S19: This figure depicts how the mixed-bath-gas rate coefficient predicted by the classical and the linear-mixture

rule in reduced pressure deviate for six reactions in the fall-off region
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