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Abstract  
 
One of the remaining issues in our understanding of nitrogen chemistry in combustion is the 
chemistry of NNH. This species is known as a key intermediate in Thermal DeNOx, where NH3 is 
used as a reducing agent for selective non-catalytic reduction of NO. In addition, NNH has been 
proposed to facilitate formation of NO from thermal fixation of molecular nitrogen through the so-
called NNH mechanism. The importance of NNH for formation and reduction of NO depends on its 
thermal stability and its major consumption channels. In the present work, we study reactions on 
the NNH + O, NNH + O2, and NH2 + O2 potential energy surfaces using methods previously 
developed by Miller, Klippenstein, Harding, and their co-workers. Their impact on Thermal DeNOx 
and the NNH mechanism for NO formation is investigated in detail. 
 
 
Introduction 
 
Emission of oxides of nitrogen from combustion and high temperature industrial processes 
continues to be a major environmental concern. Nitrogen oxides, collectively termed NOx, are 
formed either from fixation of N2 in the combustion air at high temperatures or from oxidation of 
nitrogen chemically bound in the fuel [1, 2]. The concern about NOx emissions and the need to 
comply with increasingly stringent regulations have motivated a vast amount of research. Despite 
these efforts, there are still unresolved issues in formation and in-situ control of nitrogen oxides. 
 
One of the remaining issues in our understanding of nitrogen chemistry is the chemistry of NNH. 
This radical was first suggested as being important by Miller et al. [3], who considered it as a 
possible product of the NH2 + NO reaction.  Subsequent work, e.g. [4-19], has confirmed that NNH 
(or N2 + H) is indeed formed in the NH2 + NO reaction, and modeling studies have identified it as a 
key intermediate in Thermal DeNOx [9, 19-23], where NH3 is used as a reducing agent for selective 
non-catalytic reduction of NO.  
 
More recently, NNH was proposed by Bozzelli and Dean [24] to facilitate formation of NO from 
thermal fixation of molecular nitrogen through the so-called NNH mechanism. The importance of 
NNH for formation and reduction of NO depends on its thermal stability and its major consumption 
channels. NNH is a free radical that dissociates exothermically into N2 + H by tunneling through a 
small (<8 kcal/mole) potential energy barrier. The lifetime of NNH has been inferred from 
experiment to have an upper limit of 0.5 µsec [25], but theoretical work (see [26] and discussion 
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below) indicates values of 10-8-10-11 s. Such a short lifetime implies that the N2 + H recombination 
reaction is fast enough to maintain a partial equilibrium with NNH at combustion conditions. A 
subsequent reaction NNH + O = NH + NO then offers a high temperature pathway for NO 
formation,  the so-called NNH mechanism. A number of experimental and modeling studies [27-
32] support the existence of the NNH mechanism, and kinetic modeling indicates that it is of 
importance in premixed and non-premixed flames of both hydrogen [33-36] and hydrocarbons [37-
42].     
 
In the present work, we evaluate the thermochemistry and reactions of NNH. Specifically, we study 
reactions on the NNH + O, NNH + O2, and NH2 + O2 potential energy surfaces using methods 
previously developed by Miller and Klippenstein [43-48] and Klippenstein and Harding [49-51].  
Most importantly, we discuss their impact on Thermal DeNOx and the NNH mechanism for NO 
formation.  
 
    
Theory 
 
In order to say anything definitive about Thermal DeNOx or the NNH mechanism for NO 
formation, we must evaluate the thermochemistry and reactions of NNH. The heat of formation and 
the lifetime of NNH are discussed based on a review of the literature. We study the NNH + O and 
NNH + O2 reaction systems using methods previously developed by Miller, Klippenstein, and 
Harding. In addition, the NH2 + O2 reaction is analysed. These analyses are based on coupled-
cluster (CCSD(T) and QCISD(T)) and multireference CASPT2 and CAS+1+2+QC electronic 
structure calculations, all of which were performed with the MOLPRO electronic structure package 
[52]. Structures and vibrational frequencies for the various structures considered here are provided 
in the supplementary material. 
 
 
Heat of formation of NNH 
 
As discussed more extensively below, the electronic structure of NNH has been studied numerous 
times since the early work of Miller and co-workers. Among these investigations the very recent 
work of Bozkaya et al. [26] appears to have the best calculation for the NNH ⇄ N2 + H energy. An 
energy diagram based on their work is shown in Fig. 1. Including zero-point energies they give -8.8 
kcal/mole for the dissociation energy. Taking the heat of formation of H atom at 0 K to be 51.6 
kcal/mole, this dissociation energy gives an Hf(0 K) for NNH of 60.4 kcal/mole. Subtracting 0.7 
kcal/mole for conversion to 298 K gives 59.7 kcal/mole. We employ this result in all the modeling 
results presented below.  
 
 
Lifetime of NNH  
 
The lifetime of NNH has been the subject of a number of theoretical studies [26, 53-66]. 

Predictions for the ground state lifetime (τ0) range from 3 x 10-11 to 4 x 10-8 s. Meanwhile, the 
excited vibrational states have lifetimes that are generally about three orders of magnitude shorter. 
Because of the vast difference in the lifetimes between the ground and excited vibrational states, we 
anticipate that a rigorous theoretical analysis would show a fairly broad regime of temperature and 
pressure where the steady-state population distribution during dissociation has significant 
population only in the ground state, resulting in a thermal dissociation rate coefficient that can be 
approximated accurately as the tunneling rate coefficient in this state. Of course, at temperatures 
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and pressures where the excited states can be populated effectively from the ground state by 
collisions the rate coefficient will change, resulting in a dependence on temperature and pressure. 
However,  the calculated lifetimes for the excited states suggest that pressures of the order of 100 -
1000 atmospheres would be required for this effect to be significant. Any excited NNH formed 
directly from the NH2+NO reaction would show up on the phenomenological time scale as 
contributing to the reaction NH2+NO→N2+H+OH reaction in the regime of interest. At least at 
lower temperatures experiments indicate that this latter reaction is not significant. We cannot make 
any more precise statements about the thermal dissociation of NNH( or even verify our picture of 
it) without performing a fairly sophisticated theoretical analysis. This exercise must be left for 
another time. 
 
The most recent study, by Bozkaya et al. [26], yields the longest predicted τ0 of 3.6 x 10-8 s. The 
underlying electronic structure calculations in this study are the most extensive to date and yield a 
classical barrier height of 10.6±0.2 kcal/mol. However, the lifetime is obtained from simple one-
dimensional asymmetric Eckart tunneling calculations, which are not expected to be particularly 
accurate in this case. Indeed, errors exceeding an order of magnitude would not be unusual.  
 
Earlier full dimensional quantum dynamics calculations by Koizumi, Schatz, and Walch [56] 
(KSW) predicted a ground state lifetime of 3 x 10-9 s. Related calculations by Li and Guo [59] 
employing the same KSW potential, but with different dynamical methods, yielded an essentially 
identical ground state lifetime. Unfortunately, the classical barrier height of 11.4 kcal/mol for the 
KSW potential is significantly greater than the value determined by Bozkaya et al. Notably, the 
sample calculations of Koizumi et al. for a second surface with a classical barrier height of 10.5 
kcal/mol yield a predicted τ0 that is within a factor of 5 of their main prediction.  
 
More recently, Caridade et al. [63] have used full-dimensional quantum dynamics calculations to 
predict a ground state lifetime of 4 x 10-10 s for a new more accurate potential energy surface. 
However, their predictions for the KSW potential differ by a factor of two from the earlier 
calculations of Koizumi et al. and of Li and Guo. Furthermore, their calculations for the KSW 
potential have a stated uncertainty of 9 times the predicted value. Although not reported, their 
uncertainties for their reference potential are presumably of similar magnitude.   
 
Taken together, the Koizumi et al. and Caridade et al. calculations suggest that the best estimate for 
τ0 is approximately 8 x 10-10 s, which correlates with a decrease in the KSW value by a factor of 4 
due to the overestimated barrier height. It also correlates with a factor of two increase in the 
Caridade et al. estimate in response to apparent errors in their dynamics methods. Importantly, this 
estimate is for tunneling from the ground rotational state. Guo and Thompson [61] have performed 
an interesting semiclassical study of the effect of rotation on the lifetime. Their calculations suggest 
that the lifetime increases by a factor of 2.4 for a rotational energy of 5 kcal/mol. Including such a 
rotational correction implies a best estimate for the lifetime of thermal rotational states of NNH at 
1000-1500 K of 1 or 2 x 10-9 s. Unfortunately, the uncertainty in this prediction is still significant. 
Ideally, the lifetimes for explicit rotational states of NNH would be calculated for a highly accurate 
potential energy surface, such as the one recently presented by Motas and Varandas [66]. We have 
adopted a value of τ0 = 10-9 s in the modeling discussed below. 
 
 
NNH + O2 
  
There do not appear to be any prior experimental or ab initio theoretical studies of the NNH + O2 
reaction, although Dean and Bozzelli [67] applied qualitative QRRK concepts to estimate the rates 
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and branching for this reaction. The radical character of the NNH and O2 species suggests that the 
NNH + O2 reaction might involve the formation of an OONNH complex, as Dean and Bozzelli 
presume. However, this complex is endothermic relative to reactants, and so no complex formation 
is predicted here. Instead, the reaction of NNH with O2 involves a barrierless abstraction to form 
the highly exothermic products N2 + HO2 (-57 kcal/mol).   
 
The abstraction minimum-energy paths (MEPs) are illustrated in Fig. 2 for various torsional states. 
These MEPs are obtained from constrained optimizations with multi-reference second-order 
perturbation theory CASPT2 [68, 69] employing the aug-cc-pVDZ basis set [70]. The active 
orbitals in the 11-electron, 9-orbital (11e,9o) CAS part of this calculation correlate with the radical 
orbital of NNH (1e,1o), the NH σ,σ* orbitals (2e,2o), and the π spaces of NNH (2e,2o) and O2 
(6e,4o). The cis,cis abstraction pathway, which involves the partial formation of a five-membered 
OOHNN ring, is clearly the dominant pathway. The cis,trans and trans,cis pathways are also 
essentially barrierless, with the latter involving the partial formation of a four-membered OOHN 
ring. The trans,trans path was also explored, but it was found to relax to the cis,cis path at OH 
separations of 2.4 Å and smaller. 
 
Also included in Fig. 2 is a plot of the MEP obtained when optimizing only the OHN and OOH 
angles. The small difference between the full MEP and this partially optimized MEP suggests that 
the variable-reaction-coordinate transition-state theory (VRC-TST) approach [71, 72] is directly 
applicable to this abstraction reaction. Here we implement this approach with direct 
CASPT2(7e,5o) calculations employing both the cc-pVDZ and aug-cc-pVDZ basis sets. The final 
estimates are obtained from the average for these two basis sets. The maximum discrepancy 
between the two is ~50 %. The (7e,5o) active space consists of the radical orbital of NNH and the 
(6e,4o) π space of O2. 
 
The VRC-TST calculations include one-dimensional corrections for limitations in the basis set, for 
larger active spaces, and for the effects of geometry relaxation, each of which is obtained from 
consideration of the cis,cis MEP. The basis set corrections are obtained from the average of CBS 
estimates based on the extrapolation of cc-pVnZ or aug-cc-pVnZ calculations, where n=T and Q 
for both cases. The active-space correction is given by the difference between 
CASPT2(11e,9o)/aug-cc-pVDZ and CASPT2(7e,5o)/aug-cc-pVDZ results. The geometry 
relaxation correction is obtained from the difference of the full and partially optimized MEPs (cf. 
Fig. 2). The reaction-coordinate and dividing-surface optimizations consider both a fixed center-of-
mass separation and a fixed OH separation, each for a range of distances.  
 
The present direct CASPT2-based VRC-TST predictions for the NNH + O2 → N2 + HO2 rate 
coefficient are illustrated in Fig. 3. The predictions include a dynamical correction factor of 0.85 as 
evaluated for related radical-radical reactions [49]. These predictions are estimated to have an 
overall uncertainty of a factor of 1.5. The modified Arrhenius expression 5.55x1013 T-0.385 
exp(13.4/RT) cm3 mol-1 s-1 provides a satisfactory reproduction of these results over the 200 – 2400 
K temperature range. 
 
Figure 3 also illustrates the results of a calculation in which the transition-state dividing surfaces 
are restricted to long-range, i.e., 4.5 Å and greater. This long-range result approximates the 
collision limit and provides an upper bound to the true rate coefficient. The much smaller values for 
the full VRC-TST calculations indicate that there are significant entropic bottlenecks to the 
abstraction that arise at short-range. Near 1000 K the full VRC-TST predictions are about a factor 
of 5 lower than the rate coefficient employed in our previous modeling studies [21, 22], where it 
was assumed that the rate coefficient would be close to the collision limit.  
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Notably, Dean and Bozzelli [67] predict a rate coefficient of ~1011 cm3 mole-1 s-1, which is two 
orders of magnitude smaller than the present predictions. They also predict 20% branching to OH + 
N2O. Our own limited B3LYP density-functional-theory search for a pathway leading to these 
products suggests that the latter branching is negligible.  
 
Under conditions with a large concentration of O2, the reaction of NNH with O2 could conceivably 
provide an alternative route to the formation of NO through an HNO + NO channel. However, 
limited B3LYP calculations suggest a very high barrier of about 58 kcal/mol for this channel, 
which effectively negates any possible contribution from it.  
 
 
 
 
NNH + O 
  
The reaction of NNH with O has been the subject of a recent high-level theoretical study [32]. 
Here, we build on this work, making improvements to a number of key aspects. Most importantly, 
we employ VRC-TST and trajectory simulations on potential energy surfaces based on 
multireference electronic-structure theory to obtain more accurate estimates of the entrance channel 
and NH + NO transition-state fluxes. We also make a number of corrections to the energies and 
pathways in the underlying potential energy surface for subsequent isomerizations and 
dissociations. These corrections are incorporated in our master equation for the overall kinetics. 
 
The potential energy surface for the interaction of NNH with O is remarkably attractive (cf. Fig. 4). 
There are barrierless reaction paths for addition to the terminal N from both the cis and trans side, 
for addition to the central N atom from the trans side, and for abstraction of the H atom. An 
analytic representation of this interaction potential was obtained here via a fit to a set of Davidson-
corrected multireference singles and doubles configuration interaction calculations 
(CAS+1+2+QC). The (7e,6o) active space for these calculations consists of the (4e,3o) p space of 
O, the radical orbital of NNH, and the (2e,2o) π space of NNH. These calculations employed an 
aug-cc-pVDZ basis set and the CAS part of the calculation averaged over the three states 
correlating with the nearly degenerate states of O(3P). Analytic potentials were obtained for both 
the ground and first excited states, both of which are attractive. The third state is repulsive at short 
separation and so does not contribute to the kinetics. 
 
We have evaluated the total rate coefficient and branching fractions for the four different channels 
with both trajectory simulations and VRC-TST calculations. The branching ratio estimates require 
approximate dividing surfaces for delineating the different channels. This separation is somewhat 
imprecise due to the attractiveness at all orientations. Nevertheless, the predictions are reasonably 
insensitive to modest variations in the divisions between the channels. The predicted overall rate 
coefficient from the trajectory calculations is ~0.89 times that from the VRC-TST estimates. The 
branching fractions predicted by the two methods are also quite similar. The contributions to the 
rate coefficients from the first excited state are typically about 85% of those from the ground state.  
 
For computational reasons, the final master-equation analysis for the channel-specific bimolecular 
rate coefficients employs adjusted VRC-TST predictions for the individual fluxes. These 
adjustments involve a reduction in the rate coefficients for the cis and trans additions; the 
corrections involve multiplicative factors of 0.8 and 0.7, respectively. These reductions yield a total 
rate coefficient and branching ratios that reasonably reproduce the more limited trajectory values. 
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The potential energy surface for the subsequent isomerizations and dissociations in the reaction of 
NNH with O was studied here with electronic-structure methods that are closely related to those 
employed by Haworth et al. [32]. A schematic plot of this potential is provided in Fig. 5 and the 
stationary-point energies are reported in Table 1. The rovibrational properties and zero-point 
energies were analyzed with the B3LYP/6-311++G(d,p) density functional method. The primary 
energies come from RQCISD(T)/CBS calculations with the CBS extrapolation given by the 
average of extrapolations based on either cc-pVnZ or aug-cc-pVnZ basis sets, with n=Q,5. The two 
extrapolations typically agreed to within a few tenths of a kcal/mol, and the extrapolation generally 
predicted a difference from n=5 results of 0.6 kcal/mol or less. Core-valence correlation corrections 
(0.4 kcal/mol or less) were evaluated from CBS extrapolations of aug-cc-pCVnZ calculations, with 
n=T,Q. Relativistic corrections (0.3 kcal/mol or less) were obtained from CAS calculations with the 
aug-pCVTZ basis set.  
  
Related results for the stationary-point energies from Haworth et al. [32] are also reported in Table 
1. The predicted energies are remarkably different for a number of species. In many instances the 
two calculations differ by more than their stated maximum uncertainty of 1.0 kcal/mol. An attempt 
to reproduce their results indicates some error in their CCSD(T)/aug-cc-pV5Z energies, which gets 
magnified in their basis set extrapolation. For comparison we report our own RCCSD(T)/CBS 
results including corrections, which should be closely comparable to their results. Another more 
minor discrepancy involves the relativistic corrections, with theirs being larger by about a factor of 
two. 
 
A final distinction between the two calculations arises from our preference for the RQCISD(T) 
method. From our experience, the RQCISD(T) method provides energy estimates that are similar to 
the UCCSD(T) method, both of which are more accurate than the RCCSD(T) method. Table 2 
includes the results from each of these methods. There are clearly some significant differences 
between them for this system. The differences between the RCCSD(T) and UCCSD(T) results are 
greatest for the cases with large T1 diagnostics, which is taken to be an indicator of multireference 
effects. The differences between the RQCISD(T) and UCCSD(T) results are harder to understand 
and provide some indication of the level of uncertainty in the PES. 
 
Fortunately, the two transition states with large T1 diagnostics have little bearing on the rate-
coefficient predictions. The torsional transition state for isomerization from trans-ONNH to cis-
ONNH is low enough in energy that isomerization is expected to be rapid even with a moderate 
change in its energy. Furthermore, there is a low-energy bending transition state that also serves to 
rapidly equilibrate the cis-trans isomers. The transition state for decomposition to N2 + OH from 
ONHN has little effect on the predicted branching to N2 + OH from NNH + O because the direct 
abstraction provides the dominant pathway to these products. Thus, we have chosen not to perform 
any multireference evaluations for these two transition states with high T1 diagnostics.  
 
The collisionless-limit rate coefficients were evaluated from master-equation calculations 
employing transition-state-theory estimates for each of the channels illustrated in the schematic 
PES (cf. Fig. 5). The partition functions for the transition states with well defined saddle points 
were obtained from rigid-rotor, harmonic-oscillator estimates, including hindered-rotor corrections 
as appropriate. Those for the barrierless entrance channels were obtained from the combination of 
VRC-TST and trajectory calculations, as described above. The barrierless NH + NO channel was 
also treated with VRC-TST as described below. The calculations indicate essentially no pressure 
dependence for realistic ranges of pressure. Indeed, the total association rate coefficient is within 
20% of the collisionless-limit rate coefficient for temperatures up to 2000 K. 
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The present predictions for the overall and channel-specific rate coefficients are illustrated in Fig. 
6. The predictions are similar to those of Haworth et al., although the two sets of predictions differ 
by as much as a factor of three. The primary products are predicted to be N2 + OH, with significant 
branching to N2O + H. The endothermicity of the NO + NH channel makes this a relatively minor 
channel even at 2000 K. The calculated rate coefficients are reproduced well by the modified 
Arrhenius expressions: kN2+OH = 1.20x1013 T0.145 exp(217/RT), kNNO+H = 1.87x1014 T-0.274 
exp(21.7/RT), and kNH+NO = 5.18x1011 T0.388 exp(409/RT) cm3 mol-1 s-1 over the 300 – 2500 K 
temperature range. The predicted rate coefficients for each of these channels are estimated to have 
an uncertainty of a factor of 2. 
 
 
 
 
NH + NO 
 
The NNH + O potential energy surface also allows us to examine the kinetics of the NH + NO and 
H + N2O reactions.  The entrance channel for the NH + NO reaction is barrierless, and so again we 
apply direct VRC-TST to this channel. In this case, the orientation-dependent interaction energies 
were obtained from CASPT2(7e,6o)/aug-cc-pVDZ calculations. A one-dimensional correction for 
geometry relaxation was obtained with the same method, while a correction for limitations in the 
basis set was obtained from an average of cc-pVnZ- and aug-cc-pVnZ-based CBS extrapolations 
with n=T,Q. The active space in these CAS calculations consisted of the two radical orbitals in 3NH 
and the (5e,4o) π-space of NO. The CAS wavefunction is for an average of the two states 
correlating with the doubly degenerate ground state of NO. 
 
The contributions from both the ground state, correlating with the 2A' state in Cs symmetry, and the 
first excited state, correlating with the 2A" state, were included in the VRC-TST analysis. The first 
excited state was found to make a negligible contribution for temperatures up to 3000 K. Similarly, 
a quartet pathway was explored and found to be insignificant.  
 
The VRC-TST analysis included an approximate separation into cis and trans addition products.  
Pivot points were placed at a grid of locations along the internuclear axis for both NH and NO. 
 
The present ab initio TST based predictions for the NH + NO rate coefficients are plotted in Fig. 7. 
Again little pressure dependence is expected, and so we consider only the collisionless-limit rate 
coefficients. This reaction has been studied extensively in the laboratory. For simplicity, we restrict 
our comparison to the recent review of Baulch et al. [73], which suggests that the literature rate 
coefficients have an uncertainty of a factor of 2. Overall, the present predictions are in good 
agreement with this review, with a maximum discrepancy between the two total rate constants of 
less than a factor of 1.5. However, our ab initio based predictions suggest a shallower decay with 
temperature in the 1000-2000 K region and no rise at higher temperatures. The absence of a rise at 
higher temperature correlates with a lower predicted rate coefficient for the NNH + O channel. 
Baulch et al. use a larger high-temperature rate coefficient for this channel to explain the 
experimentally observed rise in the total rate constant. The present predictions for the channel-
specific rate coefficients are reproduced well by the modified Arrhenius expressions kNNO+H = 
1.75x1014 T-0.351 exp(244/RT), kN2+OH = 2.69 x1012 T-0.0721 exp(513/RT), and kNNH+O = 1.94x1010 
T0.624 exp(-10870/RT), cm3 mol-1 s-1 over the 500 to 3000 K temperature range. We estimate the 
uncertainty in our prediction of the total rate coefficient to be a factor of 1.3. 
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H + N2O 
 
The last reaction we want to use to test our potential for the ONNH system is that between nitrous 
oxide and hydrogen atoms. This reaction has been studied a number of times in the laboratory, but 
the 1987 paper of Marshall et al. [74] appears to be the most accurate and comprehensive 
investigation to date. These authors measured the total rate coefficient between 390 K and 1310 K. 
There appears to be little or no disagreement in the literature about the products – the consensus is 
that the reaction produces N2 + OH exclusively under conditions of interest. 
        
The master-equation analysis employed an exponential-down energy transfer model with <∆Edown> 
= 100 (T/300)0.85 cm-1. This expression is typical of what we have found for small molecules 
interacting with weak colliders [75-85].   
 
In Fig. 8 we compare our theoretical predictions of the rate coefficient with the results of Marshall 
et al. The agreement is remarkably good. The most interesting result of our analysis is that the 
“low-temperature curvature” in the Arrhenius plot is not due to tunneling, as suggested by Marshall 
et al. Instead, it is due to stabilization in the cis- and trans-HNNO wells at low temperatures. The 
bimolecular channels (N2 + OH, NH + NO, and NNH + O) have rate coefficients that are 
essentially independent of pressure at least up to p=1 atm. The most important of the three channels 
is, in fact, N2 + OH, as indicated in the figure. The other channels only begin to come into play at 
high temperature where the N2 + OH curve begins to deviate from ktot. 
       
The collisionless-limit channel-specific rate coefficients are reproduced well by the modified 
Arrhenius expressions kN2+OH = 6.44x107 T1.84 exp(-13490/RT), kNO+NH = 7.34x1020 T-1.55 exp(-
36940/RT), and kNNH+O = 2.25x1019 T-1.10 exp(-48180/RT), cm3 mol-1 s-1 over the 500 to 2500 K 
temperature range. The uncertainty in these predictions is about a factor of 2 near 1000 K. 
 
 
NH2 + O2 
  
Although the reaction of NH2 with O2 has been the subject of a few experimental studies, little is 
known about it other than that it is slow [86-89]. Nevertheless, this reaction has been reported to be 
of significance to the Thermal DeNOx process at high concentrations of O2 [21, 22]. Building on 
earlier work of Melius and Binkley [90] and Sumathi and Peyerimhoff [91], we have evaluated the 
stationary-point energies in the NH2 + O2 reaction at the QCISD(T)/CBS{T,Q}//B3LYP/6-
311++G(d,p) level.  
 
A schematic plot of this potential energy surface is shown in Fig. 9. There are two product 
channels: 
 

NH2 + O2 → H2NO + O        (R12) 
NH2 + O2 → HNO + OH       (R13)  

 
The H2NO + O channel arises from a simple bond fission of the initial H2NOO adduct, while the 
HNO + OH channel arises from isomerization via a tight 4-center transition state, leading to 
HNOOH, followed by decomposition of this complex to HNO + OH. The much lower entropy for 
the 4-center transition state coupled with its lower energy implies that the HNO + OH channel 
should be dominant at low temperature, while the H2NO + O channel should be dominant at high 
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temperature. Due to the low stability of the H2NOO complex no pressure dependence is expected at 
combustion temperatures. 
 
We have used TST to make predictions for the temperature dependence of the rate coefficient for 
each of the channels. For HNO + OH we have employed rigid-rotor, harmonic-oscillator 
assumptions within tunneling corrected conventional TST. However, there is a large T1 diagnostic 
of 0.065 for the 4-center TS leading to HNOOH. Thus, we have also performed multireference 
CASPT2/CBS and CAS+1+2+QC/CBS calculations with both (3e,3o) and (7e,7o) actives spaces. 
The geometries and vibrational frequencies for these multireference calculations were obtained at 
the CASPT2(3e,3o)/cc-pVTZ level. The orbitals in this (3e,3o) active space correlate in H2NOO 
with the radical orbital and the σ,σ* orbitals of the active NH bond (or equivalently in HNOOH 
with the radical orbital and the σ,σ* orbitals of OH). The (7e,7o) active space also includes the NO 
and OO σ,σ* orbitals. The 4-center transition state is predicted to be 29.3, 34.8, 30.4, or 33.3 
kcal/mol above the H2NOO minimum for the CASPT2(3e,3o), CAS+1+2+QC(3e,3o), 
CASPT2(7e,7o), and CAS+1+2+QC(7e,7o) calculations, respectively. The (7e,7o) CASPT2 and 
CAS+1+2+QC barriers are 1.5 kcal/mol below and above the QCISD(T) results, respectively, 
suggesting the uncertainty in this barrier is ~ 2 kcal/mol. 
 
For the H2NO + O channel we have implemented direct CAS+1+2+QC VRC-TST. The H2NO + O 
reaction has many similarities to the NNH + O reaction. In particular, there are two strongly 
attractive doublet surfaces and one repulsive surface. In this case, the contribution from the first 
excited state is about ½ that from the ground state. There are also multiple reaction sites with 
barrierless attacks at the H’s, the N, and the O. Here, we are only interested in the addition to form 
H2NOO due to our focus on the NH2 + O2 reaction. With this in mind an approximate separation 
from the other channels is implemented. The orientation-dependent interaction energies for the 
VRC-TST calculations are evaluated at the CAS+1+2+QC(5e,4o)/aug-cc-pVDZ level. The CAS 
part is averaged over the three states correlating with the degenerate states of the O atom. 
Calculations at the CAS+1+2+QC(7e,5o) level were used to obtain one-dimensional geometry 
relaxation, active-space (both with the aug-cc-pVDZ basis), and basis-set corrections (with basis-
set extrapolation of aug-cc-pVTZ and aug-cc-pVQZ calculations). A range of pivot points 
displaced above and below the O atom in H2NO were considered in addition to center-of-mass 
pivot points.  
 
One additional complication arises for the H2NO + O channel. In particular, H2NO is slightly 
distorted from planarity, which implies that the umbrella mode should be highly anharmonic with a 
double well potential. At the B3LYP/6-311++G(d,p) level this mode has a frequency of only 89 
cm-1. In contrast, at the QCISD(T)/CBS{T,Q} level this mode has a frequency of 349 cm-1. We 
have evaluated the angular potential for this mode at the QCISD(T)/cc-pVQZ level and used that to 
obtain an anharmonic correction for the partition function. Although the potential is highly 
anharmonic, the effect on the partition function of the double minimum and the restriction on 
angular ranges largely cancel. As a result, at least from room temperature to 2000 K, the 
anharmonic partition function differs by less than 20% from the corresponding harmonic one.  
 
The present ab initio TST based predictions for the rate coefficients are illustrated in Fig. 10. These 
predictions are reproduced well by the modified Arrhenius expressions kH2NO+O = 2.62x1011 T0.487 

exp(-29050/RT) and kHNO+OH = 2.88x10-2 T3.76 exp(-18180/RT) cm3 mol-1 s-1 over the 500 to 2500 
K temperature range. Near 1000 K we estimate the uncertainty in our predictions to be factors of 2 
and 4 for the H2NO + O and HNO + OH channels, respectively. For temperatures of 600 K and 
higher, the H2NO + O channel is dominant. The earlier qualitative QRRK calculations of Dean and 
Bozzelli [67] yielded remarkably good estimates for the rate coefficient for this channel, as 
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illustrated in Fig. 10. In contrast, their predictions for the HNO + OH channel are too small by one 
to two orders of magnitude. 
 
In the absence of direct measurements for the NH2 + O2 rate coefficient, we have evaluated our 
calculated rate constant by comparing model predictions to global experimental data for NH3 
oxidation. Shock tube ignition delay experiments for NH3 are quite sensitive to the rate constant for 
NH2 + O2. In Fig. 11, model predictions with the calculated rate constant and the chemical kinetic 
model discussed below are compared to data from Fujii et al. [86]. Sensitivity analysis for these 
conditions confirms that calculations of the NH3 concentration as a function of time are primarily 
sensitive to the rate constant for NH2 + O2.  The good agreement obtained supports the accuracy of 
the rate constant. 
 
 
Chemical Kinetic Model 
 
In this investigation, we use a detailed kinetic model to quantify the chemistry of the Thermal 
DeNOx process and the NNH mechanism for NO formation. The model is based on the reaction 
mechanism of Miller and Glarborg [22] for NH3 oxidation and the Thermal DeNOx process. A 
number of changes to the mechanism were made, based on the present work (discussed above) as 
well as recent work of the authors [92-96]. Table 2 lists selected reactions; the full mechanism is 
available in the supplementary material. 
 
The most important changes to the mechanism of Miller and Glarborg [22], based on the work 
outlined in the previous section, relate to the following reactions,  
 
 NNH = N2 + H (R33) 

 NNH + O = products (R35-37) 

 NH2 + O2 = products (R12,13) 

With the shorter lifetime for NNH of 10-9 s, the value of k33 has been increased by more than an 
order of magnitude. The overall rate constant for NNH + O is in the same range as used previously 
in modeling, but the channel to NH + NO is now considered to be minor, with k37 being 
substantially smaller than most previous estimates. Miller and Glarborg derived the NH2 + O2 rate 
constant based on an assumption of a very fast rate for the reverse step, H2NO + O (R12b). The 
present value of k12 is about an order of magnitude smaller, being more in line with the value from 
Dean and Bozzelli [67] used recently in modeling studies of NH3 oxidation [92, 94]. The novel rate 
coefficients for NH + NO = products (R26,27) and N2O + H = N2 + OH (R60) are more in line with 
values used previously in modeling, even though they imply an increasing significance of the NH + 
NO = N2O + H reaction (R26) in forming and consuming N2O. 
 
In addition to the reactions of NNH discussed above, key steps include reactions of NH2 and NH 
with NO and NO2. The NH2 + NO reaction involves two product channels, 
 
 NH2 + NO = N2 + H2O (R14) 

 NH2 + NO = NNH + OH (R15) 
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Here, the reaction numbers refer to the listing in Table 2. In particular the branching fraction for 
this reaction, defined as α = k15 / (k14 + k15), is important for model predictions of Thermal DeNOx. 
In the present work, α was chosen to be consistent with the theoretical value of Miller and 
Klippenstein [16]. Their value for the branching fraction is slightly smaller than the 
recommendation of Miller and Glarborg [22] in the 1100-1400 K range, but it is in excellent 
agreement with a wide range of experimental determinations [5, 11, 12, 14, 15, 18]. The overall 
rate constant for NH2 + NO, kNH2+NO,tot, has been measured over a wide temperature range, and data 
agree roughly within a factor of two. We retain kNH2+NO,tot from previous modeling work [22]. A 
recent determination by Song et al. [96] indicates an overall rate constant that is about 25% smaller 
in the Thermal DeNOx temperature window than our present value, but this difference has only a 
minor impact on model predictions.  
 
Similar to the NH2 + NO reaction, NH2 + NO2 has two product channels: 
 
 NH2 + NO2 = N2O + H2O (R17) 

 NH2 + NO2 = H2NO + NO (R18) 

For this reaction we select the overall rate constant from the work of Song et al. [98], together with 
a branching fraction β = k17 / (k17 + k18) of 20% [98-101]. While the value of β is maintained from 
previous modeling work [22], it is worth noting that the overall rate constant of Song et al. is about 
a factor of two larger.  
 
The NH + NO reaction system was discussed above. The NH + NO2 reaction has only been 
characterized at low temperature. We have adopted the overall rate constant from the measurement 
of Harrison et al. [102] and the branching fraction between the two product channels, HNO + NO 
and N2O + OH, from Quandt and Hershberger [103].    
 
In addition to these changes, a few other rate constants were updated. Notably, rate coefficients for 
a number of reactions in the amine subset, including NH2 + OH, were drawn from the recent 
theoretical work of Klippenstein et al. [96]. 
 
 
The Thermal DeNOx process 
 
The Thermal DeNOx process was developed by Richard Lyon at EXXON in the early 1970’s and 
published in 1975 [104]. It is a selective, non-catalytic reduction of NO (SNCR), using NH3 as the 
reducing agent, and it is still widely used for NOx control in combustion of fuels such as biomass 
and waste, where catalytic cleaning may be prohibitive. 
 
The chemistry of this process has been studied extensively, and a number of characteristic features 
have been identified [1, 3, 21, 22, 105]: 
 

1. In the absence of combustibles, nitric oxide removal is possible only in a narrow 
temperature range centered at 1250 K. At temperatures below 1100 K, reaction is too slow 
to be significant, and above 1400 K the NH3 is oxidized to NO rather than to N2. In the 
temperature window for the process, the reaction is self-sustaining, i.e. it does not require 
addition of other fuel components to make it go. 

2. The reaction requires oxygen to proceed below 1400 K. An increase in the oxygen 
concentration shifts the window towards lower temperatures and widens it.  
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3. Presence of combustibles such as H2 or CO shifts the window for NO removal towards 
lower temperatures, and high combustible concentrations narrow the width of the window. 

4. The reaction is not explosive. It takes place relatively smoothly in the course of about 0.1 
sec. 

 
In a series of papers, Miller and co-workers explained these observations in terms of a sequence of 
elementary reactions [1, 3, 20-22]. Ammonia is converted to NH2 by reaction with the O/H radical 
pool, primarily OH 
 
 NH3 + OH = NH2 + H2O (R4) 

The following reaction between NH2 and NO is the key step in the process. This reaction must 
simultaneously remove NO and produce free radicals to sustain reaction. It is well established that 
the reaction has two product channels [1], 
 

 NH2 + NO = N2 + H2O (R14) 

 NH2 + NO = NNH + OH (R15) 

The subsequent reaction sequence, which is initiated by dissociation of NNH, 
 
 NNH = N2 + H (R33) 

 H + O2 = O + OH   

 O + H2O = OH +OH   

secures that reaction (R15) leads to a net formation of three hydroxyl radicals. For the overall 
process to be self-sustainable, it is required that the branching fraction of the NH2 + NO reaction, 
defined as α = k15 / (k14 + k15) must be at least 25% [1]. While early experiments [4, 6] indicated a 
smaller branching fraction, it is now well established that α in the 1100-1400 K range attains values 
of 0.3 to 0.4 [12, 16, 22]. 
 
The process is limited in the high temperature end by the chain branching cycle occurring too 
rapidly, thus leading to a strong growth in the O/H radical pool. This promotes conversion of NH2 
to NH,   
 
 NH2 + OH = NH + H2O, (R9) 

in competition with the NH2 + NO reaction (R14, R15). Furthermore, the NH formed is partly 
oxidized to NO, 
 
 NH + O2 = NO + OH (R25) 

 NH + O2 = HNO + O (R24) 

 HNO + M = H + NO + M (R41) 

 HNO + OH = NO + H2O (R44) 
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At sufficiently high temperatures, typically around 1400 K, this sequence leads to a net formation 
of NO.  
 
The challenge in understanding the detailed chemistry of the Thermal DeNOx process concerns the 
lifetime and reactivity of NNH. When NNH is allowed to dissociate immediately, in line with the 
theoretical estimates of its lifetime, the reaction becomes explosive. Thus, the experimental 
observation that the system is non-explosive puts limitations on the NNH lifetime – a significant 
fraction of the NNH needs to react to form a less reactive species than atomic hydrogen. In the 
earlier models of Miller and coworkers [1, 3], NNH was allowed to react with NO, 
 

 NNH + NO = N2 + HNO (R40) 

At early reaction times, HNO dissociates thermally to form the H atom, but as the radical pool 
builds up, the chain terminating step 
 
 HNO + OH = NO + H2O (R44) 

becomes competitive and limits the radical growth. The requirement from the modeling that NNH 
lives long enough to react with NO places a lower limit on the NNH lifetime of about 10-6 s [20], 
i.e. 2-3 orders of magnitude longer than the theoretical estimates discussed above. 
 
The early experiments of Lyon and coworkers [106-108] indicated that NO2 was not formed in the 
Thermal DeNOx process, pointing to a small rate constant for NNH + O2 [1]. The detection of 
considerable amounts of NO2 at higher oxygen concentrations [105] prompted Miller and Glarborg 
[21, 22] to propose the reaction with O2 as a major consumption step for NNH, 
 
 NNH + O2 = N2 + HO2 (R39) 

The introduction of this reaction had several implications. First of all, it served to limit the chain 
branching, since HO2 is much less reactive than H. Second, the subsequent reaction of HO2 with 
NO, 
 
 NO + HO2 = NO2 + OH (R54) 

helped to explain the observation of NO2 and established NO2 as a key intermediate in the process. 
Part of the NO2 is recycled to NO, 
 
 NH2 + NO2 = H2NO + NO (R18) 

while part of it forms N2O,  

 NH2 + NO2 = N2O + H2O (R17) 

 Since O2 is present in much larger quantities than NO in the process, the introduction of the NNH 
+ O2 reaction allowed the NNH lifetime to be shortened. While the best agreement between 
modeling and experiments was obtained with a lifetime of about 10-7 s [21], a value as low as 1.5 x 
10-8 s was shown to be compatible with experiments [22]. 
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In the present work, we use a value for the NNH lifetime of 10-9 s, fully consistent with the best 
theoretical predictions, as discussed above. A number of recent findings allow us to use such a 
small number and still maintain compatibility with experiment. Most importantly, the branching 
fraction α for the NH2 + NO reaction is smaller than those previously used in modeling. The 
branching fraction has now been measured quite accurately over a wide range of temperature using 
a variety of experimental techniques. The available data, supported by high-level theory, indicate a 
value of  α that strongly limits chain branching in the temperature range 1100-1400 K. The high 
accuracy in the value of α, together with the improved rate coefficients for other key reactions, 
including NH2 + O2 and NNH + O2 (this work), suggests that the remaining uncertainties in the 
Thermal DeNOx mechanism are quite small. 
 
The major difference between the present mechanism and previous kinetic models for Thermal 
DeNOx is that the chain branching in the process is now mainly restricted by the small value of the 
branching fraction α of the NH2 + NO reaction, rather than by subsequent reactions of NNH with 
O2 or NO.  Actually, with the current value of α proposed by Miller and Klippenstein [16], 
sufficient chain branching in the temperature window for the process can be maintained only if the 
lifetime of NNH is very short, of the order of 10-9 s. 
 
To assess whether the current mechanism is consistent with the experimental findings for the 
Thermal DeNOx process, we evaluate the following key features of the process: 
 

• The dependence on temperature 
• The dependence on oxygen concentration 
• The formation of NO2 and N2O 
• The impact of the presence of combustibles 
• The observation that the process is non-explosive 

 
Following Miller and Glarborg [21, 22], the first three features, i.e. the temperature and [O2] 
dependence and formation of NO2 and N2O, are illustrated by comparing model predictions to the 
experimental data of Kasuya et al. [105]. Kasuya et al. performed a series of Thermal DeNOx 
experiments in a flow reactor over a very wide range of O2 concentrations, from 0.1% to 50%, and 
temperatures from 925 to 1375 K.  
 
Figures 12-14 compare our model predictions for NO, NO2, and N2O, respectively, with the data of 
Kasuya et al. The comparisons shown are for a single set of initial concentrations for which Kasuya 
et al. obtained a complete set of data. 
 
Figure 12 shows that the initiation temperature for the process decreases systematically as the inlet 
O2 level increases. At the same time, the maximum amount of NO removal decreases, while the 
width of the temperature window increases. All these features are described satisfactorily by the 
model, even though the predicted temperature for onset of reaction is slightly shifted for some 
conditions. Specifically, the very short NNH lifetime of the present mechanism causes the 
predicted onset temperature to be less sensitive to the O2 concentration in the range 4-50% than 
observed experimentally. A larger rate constant for the NH2 + O2 reaction, which may facilitate 
onset of reaction at high O2 concentrations, would serve to enhance agreement with experiment. 
However, there is currently no support for a faster rate for this step.  
 
Figure 13 shows how NO2 is formed in significant quantities at the high concentrations of O2, but 
the level drops off rapidly as O2 decreases. These trends are described qualitatively by the model, 
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even though the predicted window for NO2 extends to higher temperatures than observed 
experimentally. 
 
Due to the shorter lifetime of NNH in the present mechanism, NNH + O2 is no longer the single 
dominant source of HO2. Formation of HO2, and thereby NO2, is replenished through the sequence, 
 
 NH2 + NO2 = H2NO + NO (R18) 

 H2NO + O2 = HNO + HO2 (R52) 

 HNO + O2 = NO + HO2 (R45) 

 NO + HO2 = NO2 + OH (R54) 

The competition between reactions of HNO and H2NO with O2 (neither of which are well 
characterized) and with the radical pool is important for the peak concentration of NO2, as well as 
the width of the NO2 formation window. 
 
Figure 14 shows that the formation of N2O is a complex function of temperature and oxygen 
concentration. The N2O peak shifts from low temperature to high temperature as [O2] increases. At 
10% O2, a double peak in N2O can be detected, indicating that two mechanisms of N2O formation 
are active. This is consistent with the model predictions, as discussed by Miller and Glarborg [21, 
22]. The two sources of N2O are the reactions   
 
 NH2 + NO2 = N2O + H2O, (R17) 

active predominantly at lower temperatures and larger [O2] where NO2 is readily available, and    
 
 NH + NO = N2O + H, (R26) 

which competes with NH + O2 at higher temperatures and lower values of [O2].  The predictions 
with the current mechanism agree qualitatively with the measured profiles, but the model 
overpredicts N2O under conditions where the NH + NO reaction is the main source.  
 
Figure 15 compares model predictions for the effect of H2 addition on Thermal DeNOx with the 
experimental results of Duo et al. [109]. In line with a number of other experimental studies [108, 
110, 111], the data of Duo et al. document that the presence of combustibles shifts the window for 
the process to lower temperatures by replenishing the radical pool. In addition to the shift in onset 
temperature, increasing amounts of combustibles also cause a narrowing of the process window. 
Both these effects are captured quite well by the model. 
 
Figure 16 shows NO profiles as a function of time and temperature for the Thermal DeNOx 
process. The measurements by Duo et al. [112] illustrate that at lower temperatures, below 1200 K, 
reaction progresses over a period of about 0.2 s, while at the highest temperature of 1335 K, 
reaction is completed within less than 40 ms. Even though there are some quantitative differences 
between the experimental results and the current model predictions, the transition from a slow to a 
fast regime is captured quite well by the model.  
 
Figure 17 shows results for the transition from NH3 oxidation to Thermal DeNOx. In these 
experiments [113], the NH3 and O2 inlet levels were maintained at 1000 ppm and 40%, 
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respectively, while the initial NO mole fraction was increased gradually from 25 ppm to 500 ppm. 
Several interesting features of this system are evident. Under conditions where the inlet NH3 
concentration is significantly greater than that of NO, i.e. for inlet levels of NO up to 250 ppm, the 
onset temperature for reaction is independent of the NO level. Even at the smallest NO 
concentration of 25 ppm, a minimum in NO is observed just above the initiation temperature, and 
inspection of the data shows that the fractional conversion of NO at the minimum is quite similar 
over the range of NO levels from 25 to 250 ppm. At higher temperatures (> 1200 K), the exit NO 
concentration asymptotically approaches a common value, independent of the inlet level between 
25 and 250 ppm.  The model predictions capture all these trends well.       
 
Figure 18 explores the sensitivity of the model predictions for Thermal DeNOx to the lifetime of 
NNH and the rate coefficient parameters for the NH2 + NO reaction. Calculations are conducted for 
the conditions of the 1% O2 experiment of Kasuya et al. [105]. The results show that under these 
conditions with a comparatively small [O2], the most important model parameter is the branching 
fraction α for the NH2 + NO reaction. The use of a slightly larger value of α, as preferred by Miller 
and Glarborg [22], results in a shift of the temperature window of more than 50 K. On the other 
hand, a decrease in the total rate constant for NH2 + NO of about 25%, following Song et al. [97], 
or an increase in the NNH lifetime to 1.5 x 10-8, following Miller and Glarborg [22], only have a 
minor impact on predictions under these conditions. Similar calculations for high [O2] conditions, 
where the NNH + O2 reaction is more competitive, reveal a much higher sensitivity to the NNH 
lifetime. It must be emphasized that the model predictions are so sensitive to the branching fraction 
for the NH2 + NO reaction that even small changes, within the experimental uncertainty, have a 
large impact on the agreement of the model with the Thermal DeNOx experiments. However, once 
the branching fraction is fixed, only a narrow range of values for the NNH lifetime allows 
agreement between model predictions and experiment at high oxygen levels. 
 
 
The NNH mechanism of NO formation 
 
Several separate mechanisms have been identified that can lead to formation of nitrogen oxides 
from fixation of the molecular nitrogen contained in the combustion air. In the thermal (or 
Zel’dovich) NO mechanism, N2 reacts with oxygen atoms [1] in the reaction O + N2 = NO + N, 
followed by oxidation of the atomic nitrogen by O2 or OH. The thermal mechanism requires 
temperatures above 1800 K and excess oxygen to be efficient. Prompt NO (or Fenimore NO) 
formation is initiated by attack of CHi-radicals on N2 forming cyanide species, which may 
subsequently be oxidized to NO [1]. Additional reaction paths to NO from atmospheric nitrogen are 
initiated by recombination of N2 with atomic oxygen, O + N2 (+M) = N2O (+M) [114], or atomic 
hydrogen, H + N2(+M) = NNH(+M) [24], followed by oxidation of the nitrogen intermediate to 
NO.   
 
The NNH mechanism for forming NO consists of the reaction sequence [24], 
 
 N2 + H = NNH  (R33b) 

 NNH + O = NH + NO (R37) 

 NH + Ox = NO + ...   
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To attain significance in forming NO in combustion processes, this reaction sequence must secure a 
sufficient flux through the NNH + O reaction (R37). The key parameters in the mechanism are the 
lifetime of NNH, the heat of formation of NNH, and the rate constant k37 for NNH + O. 
 
The lifetime of NNH is inversely proportional to the rate constant for the association reaction 
forming NNH (R33b). This step must be sufficiently fast to maintain a steady-state NNH level. 
With a lifetime of NNH of about 10-9 s, as used in the present model, both the formation and 
consumption of NNH are very fast, and thereby an NNH steady-state is rapidly attained. Since we 
are above the threshold at which the NNH formation rate is fast enough to maintain equilibrium, 
model predictions for NO formation through NNH are insensitive to the value of k33b.  
 
With the large rate constant for k33, the yield of NO becomes proportional to the product KP,33b x 
k37, in agreement with the analysis by Hayhurst and Hutchinson [28]. The steady-state 
concentration of NNH is determined by the equilibrium constant KP,33b for (R33b), which again 
depends on the heat of formation of NNH, ΔfH298(NNH). If ΔfH298(NNH) is in the high end of the 
reported range, the steady-state level of NNH and thereby the NO yield of the mechanism will be 
correspondingly lower. A change of 1.5 kcal mol-1 in the heat of formation of NNH corresponds 
roughly to a factor of two difference in the formation rate of NO [27]. The value of 59.6 kcal mol-1 

from GRI-Mech [115], which has been used in most previous modeling studies, is consistent with 
the present value of ΔfH298(NNH) = 59.7 kcal mol-1. The value of 60.6±0.5 kcal mol-1 from 
Haworth et al. [32] is slightly larger than the best current estimate, as discussed above. 
 
Finally, the yield of NO from the NNH mechanism is directly proportional to the rate constant k37 
for NNH + O = NH + NO. In most previous modeling studies this reaction has been assumed to be 
fast. Values are generally within a factor of two of the estimate from GRI-Mech [115] of 7x1013 
cm3 mol-1 s-1. Bozzelli and Dean [24] estimated from QRRK theory a value of k37 of 3.3x1014 T-0.23 
exp(510/T) cm3 mol-1 s-1, while Konnov and coworkers [30, 31] derived values of (0.5-2)x1014 
exp(-2000/T) cm3 mol-1 s-1 from reinterpretation of data from jet-stirred reactors and flames. Our 
present rate constant for (R37) of 5.2x1011 T0.388 exp(813/T) cm3 mol-1 s-1, as well as the recent 
theoretical value of 7.8x1010 T0.642 exp(695/T) cm3 mol-1 s-1 from Haworth et al. [32], are both 
considerably smaller, of the order of 1x1013 cm3 mol-1 s-1 at 2000 K.  
 
In order to quantify the formation of NO from the NNH mechanism, it is desirable to identify 
experimental conditions where the NNH scheme is the dominant source of NO. The N2O scheme 
may be important at high pressure and moderate temperatures, while the NNH mechanism is most 
significant at lower temperatures or at short residence times and reducing conditions at higher 
temperatures [33, 34]. There are indications that the NNH mechanism is most important in 
diffusion flames where NNH may form on the fuel-rich side of the flame sheet and then react with 
O inside the flame sheet [38]. However, we consider non-premixed flames less suited for kinetic 
interpretation due to the complications of the flow field. To exclude the possibility of prompt-NO 
formation, we limit our scope to non-hydrocarbon systems, i.e. with H2 or H2/CO mixtures as fuel. 
Reported experiments with these fuels, earlier used to quantify the NNH mechanism, include fuel-
rich, low-pressure [27] and atmospheric pressure [28, 31] flames, as well as lean stirred-reactor 
experiments [116, 117].    
 
In the present work, we have selected the low-pressure, fuel-rich flames of Harrington et al. [27] 
and the lean jet-stirred reactor experiments of Steele et al. [116] for comparison with model 
predictions. The low-pressure H2/air flames of Harrington et al. were designed to minimize 
formation of NO through thermal NO and N2O mechanisms while yielding measurable quantities 
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of NO from NNH. To obtain this condition, the flames were operated at comparatively low 
temperature (about 1200 K) and under reducing conditions.  
 
In Fig. 19, the measured NO profiles from the two flames of Harrington et al., operated at 38 and 
78 torr, respectively, are compared with model predictions. Calculations with the present 
mechanism (solid lines) are seen to substantially underpredict the NO level in both flames. The 
difference is more than an order of magnitude. The fact that the calculated NO levels are 
significantly below even those predicted by Haworth et al. [32] with a comparable value of k37 
indicates that side reactions also play a role in the NO formation.   
 
The dashed lines show model predictions with a high rate constant for NNH + O = NH + NO 
(R37). Here, we assume that (R37) proceeds with the calculated capture rate constant for the NNH 
+ O reaction, i.e. that k37 = ktot,NNH+O ~ 8 x 1013 cm3 mol-1 s-1 and that k35 = k36 = 0.  With the large 
value of k37, the NO predictions are in much better agreement with experiment. However, it must 
be emphasized that this is an unreasonable rate constant for this reaction since the potential clearly 
indicates that NH + NO is a minor channel. 
 
We currently cannot explain the difference between the observed and calculated NO levels for the 
flames of Harrington et al. However, it should be noted that they are heavily stabilized on the 
burner. Because of this, reactions occurring on the burner surface (or even inside the burner), such 
as recombination of hydrogen atoms, may have an impact on the species profiles in the early part of 
the flame. We find that model predictions are sensitive to assumptions about radical loss on the 
burner surface.  
 
Malte and co-workers [114, 116] have conducted a range of jet-stirred reactor experiments to 
characterize NO formation in lean premixed combustion. While NO is mostly formed via N2O 
under these conditions, Haworth et al. [32] identified the CO/H2 oxidation data of Steele et al. [116] 
as being sensitive to NO formation from the NNH mechanism. Following Haworth et al., we have 
selected data from the experiments of Steele et al. for comparison with the model.  
 
Figure 20 compares measured and predicted NO and N2O concentrations as a function of 
temperature. The NO level is slightly overestimated by the model, while N2O is underpredicted 
roughly by a factor of two. If the NNH mechanism is deactivated by setting k33b = 0, the predicted 
NO is reduced by about 25%, indicating that the NNH mechanism is less important than the N2O 
mechanism under the conditions of these experiments. Modeling predictions with a fast rate 
constant for the NNH + O = NH + NO reaction (k37 = ktot,NNH+O and k35 = k36 = 0) leads to a 
substantial overprediction of NO, in agreement with the findings of Haworth et al. [32]. 
 
Since the low-pressure flames of Harrington et al. [27] may have been flawed by reactions on the 
burner surface due to heavy stabilization and the conditions of the lean jet-stirred reactor 
experiments of Steele et al. [116] favor NO formation through N2O rather than NNH, it is desirable 
with novel experimental results to quantify the NO formation through the NNH mechanism and to 
serve to validate the chemical kinetic model. However, we believe that the present mechanism 
provides a more accurate prediction of NO from NNH than previous models used in literature. 
 
 
Conclusions 
 
Model predictions for the Thermal DeNOx process and the NNH mechanism for NO formation rely 
heavily on the thermochemistry and reactions of NNH. In the present work, the heat of formation 



19 
 

and the lifetime of NNH were evaluated based on a review of the literature. Furthermore, the NNH 
+ O, NNH + O2, and NH2 + O2 reaction systems were analysed using ab initio transition state based 
master equation calculations incorporating high levels of electronic structure theory and statistical 
rate theory. Based on this work, the NNH lifetime has been shortened to 10-9 s in the model, fully 
consistent with the best theoretical predictions, but more than an order of magnitude smaller than 
values used previously in modeling. While the overall reaction for NNH + O, as expected, was 
found to be very fast, the potential clearly indicates that NH + NO is a minor channel only, 
substantially smaller than most previous estimates.  
 
The chemical kinetic model of Miller and Glarborg was updated with the findings discussed above, 
as well as with improved rate constants for a number of other steps including NNH + O2 and NH2 + 
O2. With the present mechanism, the chain branching in the Thermal DeNOx process is now mainly 
restricted by the small value of the branching fraction α of the NH2 + NO reaction, rather than by 
subsequent reactions of NNH with O2 or NO. Experimental evidence, supported by high-level 
theory, indicates a value of α that strongly limits chain branching in the temperature range 1100-
1400 K. The high accuracy in the value of α, together with the improved rate coefficients for the 
other key reactions suggests that the remaining uncertainties in the Thermal DeNOx mechanism are 
limited. 
 
With NH + NO being only a minor channel for the NNH + O reaction, calculations with the present 
model for formation of NO via the NNH mechanism yield values that are substantially smaller than 
most earlier modeling studies, but our results are at least qualitatively consistent with the work of 
Haworth et al. [32]. Available experimental results do not allow a quantification of the NNH 
mechanism, but we believe that the present mechanism allows a more accurate characterization 
than previous work. 
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Table 1: Energies on the NNH + O potential energy surface relative to NNH + O.a 
 

 

 

a Energies in kcal/mol. 
b Present work, including zero-point energy, core-valence, spin-orbit, and relativistic corrections. 
c From Ref. 32. 
 

Species RQCISD(T)/ 
CBS{Q,5}b 

UCCSD(T)/ 
CBS{Q,5}b 

RCCSD(T)/ 
CBS{Q,5}b 

RCCSD(T)/ 
CBS{Q,5}c 

G3Xc T1 Diag. 

N2 + OH -110.36 -110.16 -110.54 -110.5 -111.0 0.013,0.008 
NNO + H -47.43 -46.49 -46.98 -46.7 -48.3 0.021 
NH + NO -11.73 -11.58 -11.66 -11.3 -14.1 0.021,0.006 
trans-ONNH -68.60 -67.98 -67.67 -69.9 -69.0 0.035 
cis-ONNH -62.77 -62.10 -62.16 -63.9 -62.7 0.026 
ONHN -43.78 -43.23 -43.36 -46.9 -44.7 0.024 
trans-ONNH  
<-> cis-ONNH;  
torsion 

-45.15 -44.95 -43.85  -46.2 0.054 

trans-ONNH  
<-> cis-ONNH; 
bend 

-44.37 -41.34 -41.40   0.024 

trans-ONNH  
<-> ONHN 

-14.82 -14.17 -13.78 -13.8 -15.4 0.037 

cis-ONNH  
<-> ONN + H 

-37.53 -36.84 -36.94 -39.6 -38.7 0.024 

cis-ONNH <-> 
N2 + OH 

-30.08 -29.67 -28.78 -29.3 -29.2 0.046 

ONHN <->  
ONN + H 

-23.50 -22.75 -22.72 -25.3 -24.3 0.025 

ONHN <-> 
N2 + OH 

-18.84 -18.12 -16.85 -17.7 -18.7 0.054 
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Table 2: Selected reactions in the H/N/O subset. Units are cm, mol, s, cal. 
 
                  A    n           E 
 1. NH3+M = NH2+H+M   2.2E16   0.000               0  see [92] 
 2. NH3+H = NH2+H2   6.4E05   2.390       10171  see [92] 
 3. NH3+O = NH2+OH   2.8E02   3.290         4471  [96]  
 4. NH3+OH = NH2+H2O   2.0E06   2.040           566  see [92] 
 5. NH3+HO2 = NH2+H2O2   3.0E11   0.000       22000  see [92] 
 6. NH2+H = NH+H2   7.2E05   2.320           799  see [92]  
 7. NH2+O = HNO+H   6.6E13   0.000               0  see [94] 
 8. NH2+O = NH+OH   7.0E12   0.000               0  see [94] 
 NH2+O = NH+OH   8.6E-1    4.010            1673    
    Duplicate reaction 
 9. NH2+OH = NH+H2O   3.3E06   1.949         -217  [96], a 
10. NH2+HO2 = H2NO+OH   5.0E13   0.000               0  see [92] 
11. NH2+HO2 = NH3+O2   9.2E05   1.940        -1152  see [92] 
12. NH2+O2 = H2NO+O   2.6E11   0.4872       29050  pw 
13. NH2+O2 = HNO+OH   2.9E-2    3.764          18185 pw 
14. NH2+NO = N2+H2O   1.3E16    -1.250                 0  see text, b 
 NH2+NO = N2+H2O   -3.1E13    -0.480          1180   
    Duplicate reaction 
15. NH2+NO = NNH+OH   3.1E13    -0.480          1180  see text, b 
16. NH2+HNO = NH3+NO   3.6E06   1.630        -1250  see [92] 
17. NH2+NO2 = N2O+H2O   3.0E14   -0.770           242  [98] 
18. NH2+NO2 = H2NO+NO   1.3E15   -0.770           242  [98] 
19. NH2+HONO = NH3+NO2  7.1E01   3.020        -4940  see [92] 
20. NH+H = N+H2    3.0E13   0.000               0  see [92]  
21. NH+O = NO+H    9.2E13   0.000               0  see [92]  
22. NH+OH = HNO+H   3.2E14   -0.376            -46  [96] 
23. NH+OH = N+H2O   1.6E07   1.733          -576  [96] 
24. NH+O2 = HNO+O   4.6E05   2.000         6500  see [92] 
25. NH+O2 = NO+OH   1.3E06   1.500           100  see [92] 
26. NH+NO = N2O+H   1.8E14   -0.351          -244  pw 
27. NH+NO = N2+OH   2.7E12   -0.0721          -512  pw 
28. NH+NO2 = HNO+NO   5.9E12   0.000               0  [102, 103] 
29. NH+NO2 = N2O+OH   4.1E12   0.000               0  [102, 103]  
30. N+OH = NO+H    3.8E13   0.000               0  see [92] 
31. N+O2 = NO+O    6.4E09   1.000         6280  see [92] 
32. N+NO = N2+O    2.1E13   0.000               0  see [94] 
33. NNH = N2+H    1.0E09   0.000               0  see text 
34. NNH+H = N2+H2   1.0E14   0.000               0  see [92] 
35. NNH+O = N2O+H   1.9E14   -0.274            -22  pw 
36. NNH+O = N2+OH   1.2E13   0.145          -217  pw 
37. NNH+O = NH+NO   5.2E11   0.388          -409  pw 
38. NNH+OH = N2+H2O   5.0E13   0.000               0  see [92] 
39. NNH+O2 = N2+HO2   5.6E14   -0.385            -13  pw 
40. NNH+NO = N2+HNO   5.0E13   0.000               0  see [92] 
41. NO+H(+M) = HNO(+M)  1.5E15   -0.410   0  see [92] 
    Low pressure limit   2.4E14   0.206        -1550  
    Troe parameters 0.82 1E-30 1E30 
 Third body efficiencies: N2 = 1.6 
42. HNO+H = NO+H2   4.4E11   0.720              650  see [92] 
43. HNO+O = NO+OH   2.3E13   0.000                  0  see [92] 
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44. HNO+OH = NO+H2O   3.6E13   0.000                  0  see [92] 
45. HNO+O2 = NO+HO2   2.0E13   0.000          16000  see [92] 
46. H2NO+M = HNO+H+M  2.8E24   -2.830         64915  see [92] 
 Third body efficiencies: H2O = 10 
47. H2NO+H = HNO+H2   3.0E07   2.000            2000  see [92] 
48. H2NO+H = NH2+OH   5.0E13   0.000                  0  see [92] 
49. H2NO+O = HNO+OH   3.0E07   2.000            2000  see [92] 
50. H2NO+OH = HNO+H2O  2.0E07   2.000            1000  see [92] 
51. H2NO+HO2 = HNO+H2O2  2.9E04   2.690           -1600  see [92] 
52. H2NO+O2 = HNO+HO2   3.0E12   0.000          25000  see [92] 
53. NO+O(+M) = NO2(+M)   1.3E15   -0.750                 0  see [92] 
    Low pressure limit   4.7E24   -2.870         1550    
    Troe parameters 0.88 1E03 1E04 1E30 
54. NO+HO2 = NO2+OH   2.1E12   0.000             -497  see [92] 
55. NO2+H = NO+OH   1.3E14   0.000              362  see [92] 
56. NO2+O = NO+O2   1.1E14   -0.520                 0   see [93] 
57. NO2+HO2 = HONO+O2   1.9E00   3.320            3044   [93] 
58. NO2+HO2 = HNO2+O2   1.9E01   3.260            4983   [93] 
59. N2O(+M) = N2+O(+M)   1.3E12   0.000          62570  see [92] 
    Low pressure limit   4.0E14   0.000       56600    
60. N2O+H = N2+OH   6.4E07   1.835          13492  pw 
61. N2O+O = NO+NO   9.2E13   0.000          27679  see [92] 
62. N2O+O = N2+O2   3.7E12   0.000          15936  see [92] 
63. N2O+OH = N2+HO2   1.3E-2    4.720          36560  see [92] 
64. N2O+OH = HNO+NO   1.2E-4    4.330          25080  see [92] 
 
a: k9 is the theoretical value derived by Klippenstein et al. [96], before adjusting the barrier height to obtain a 
better agreement with shock tube data. 
b: the rate coefficients are fitted in the temperature range 700-2500 K.  
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Figure 1: Potential energy diagram for the NNH dissociation reaction.  Also shown on the diagram 
are the lowest vibrational energy levels of the NNH molecule. The diagram is based on the 
theoretical work of Boskaya, et al. [26]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



30 
 

 
 

 
 
Figure 2: Plot of the CASPT2(11e,9o)/aug-cc-pVDZ minimum energy path potential for the 
cis,cis; cis, trans; and trans,cis abstraction pathways in NNH + O2, where the first cis/trans 
designation denotes the OHNN dihedral angle and the second denotes the OOHN angle. The open 
squares denotes the saddle points for the cis,trans and trans,cis reaction. The solid circles denote the 
cis,cis MEP obtained when the NNH and O2 structures are held fixed at their separated fragment 
values. 
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Figure 3: Plot of the temperature dependence of the rate coefficient for the NNH + O2 abstraction 
reaction. The solid line denotes the present dynamically corrected direct CASPT2 VRC-TST 
predictions, the dashed line denotes the predictions when restricting the TS to long range, and the 
dash-dot-dot-dot line denotes the values employed in our prior modeling studies [22].   
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Figure 4: Potential energy contours for O + NNH in the ground (lower) and first excited (upper) 
states.  
 
 
 
 
 
 
 

 
 
Figure 5: Schematic plot of the potential energy surface for the reaction of NNH with O atoms. 
The dashed line above the t-ONNH to c-ONNH transition state denotes the excited state transition 
state.
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Figure 6: Plot of the collisionless limit rate coefficients for NNH + O. The red lines denote the 
present ab initio TST based predictions, while the blue lines with open circles denote the 
computational results from Haworth et al.  [32]. 
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Figure 7: Plot of the collisionless limit rate coefficients for NH reacting with NO. The red lines 
denote the present ab initio TST based predictions, while the blue lines with open circles denote the 
review of Baulch et al. [73]. 
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Figure 8: Comparison of the theoretical predictions of ktot for the N2O + H reaction with the 
experiments of Marshall, Fontijn, and Melius [74]. The experiments involved a range of pressures 
(argon), with the median at slightly less than 200 Torr. 
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Figure 9: Schematic plot of the potential energy surface for the reaction of NH2 with O2. 
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Figure 10: Arrhenius plot of the channel specific rate coefficients for the reaction of NH2 with O2. 
The red lines denote the present ab initio TST predictions while the blue lines with open circles 
denote the QRRK estimates from Dean and Bozzelli [67]. 
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Figure 11: Comparison of predictions of the present model with the experimental results of Fujii et 
al. [86] for NH3 concentration as function of time in a reflected shock tube experiment at 5.1 atm 
and 2160 K. Inlet mole fractions: NH3 = 0.0082, O2 = 0.0082, balance Ar.  
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Figure 12: Comparison of predictions of the present model with the experimental results of Kasuya 
et al. [105] for NO as function of temperature and oxygen concentration in the Thermal DeNOx 
process. Inlet concentrations: NO = 500±30 ppm, NH3 = 1000±60 ppm, H2O = 5%, balance N2. 
Residence time (s) = 88.0/T (T in Kelvin). 
 
 
 
 
 
 
 
 
 
 
 
 



42 
 

 

0

20

40

60

80

O2 10%

O2 20%

O2 50%

N
O

2 / 
pp

m

Experimental

0

20

40

60

80

900 1000 1100 1200 1300 1400

N
O

2 / 
pp

m

Temperature / K

Model

 
Figure 13: Comparison of predictions of the present model with the experimental results of Kasuya 
et al. [105] for NO2 as function of temperature and oxygen concentration in the Thermal DeNOx 
process. Inlet concentrations: NO = 500±30 ppm, NH3 = 1000±60 ppm, H2O = 5%, balance N2. 
Residence time (s) = 88.0/T (T in Kelvin). 
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Figure 14: Comparison of predictions of the present model with the experimental results of Kasuya 
et al. [105] for N2O as function of temperature and oxygen concentration in the Thermal DeNOx 
process. Inlet concentrations: NO = 500±30 ppm, NH3 = 1000±60 ppm, H2O = 5%, balance N2. 
Residence time (s) = 88.0/T (T in Kelvin). 
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Figure 15: Comparison of predictions of the present model with the experimental results of Duo et 
al. [109] for NO as function of temperature and hydrogen concentration in the Thermal DeNOx 
process. Inlet mole fractions: NH3 = 832 ppm, NO = 507 ppm, H2 = 0 / 416 / 824 ppm, O2 = 4.0%, 
H2O = trace, balance N2. Residence time (s) = 92.7/T[K].  
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Figure 16: Comparison of predictions of the present model with the experimental results of Duo et 
al. [112] for NO as function of reaction time and temperature in the Thermal DeNOx process.  Inlet 
concentrations (mol cm-3): [NH3] = 8.45 x 10-9, [NO] = 5.15 x 10-9, [O2] = 4.05 x 10-5, [H2O] = 
trace, balance N2. Note that the inlet mole fractions vary with temperature. 
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Figure 17: Comparison of predictions of the present model with the experimental results of Vilas 
and Glarborg [113] for NO as function of temperature and inlet NO concentration in oxidation of 
NH3. Inlet mole fractions: NH3 = 1000±100 ppm, O2 = 40±1.2%, NO varying (25, 50, 100, 250, 
500 ppm), H2O = trace, balance N2. Residence time (s) = 48.7/T[K].  
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Figure 18: Comparison of model predictions with the experimental results of Kasuya et al. [104] 
for NO as function of temperature in the Thermal DeNOx process: impact of model parameters. 
Solid curve: present mechanism; long-dashed curve: branching fraction for NH2+NO from Miller 
and Glarborg [22]; short-dashed curve: total rate constant for NH2+NO from Song et al. [97]; dot-
dashed line: NNH lifetime from Miller and Glarborg [22]. Inlet concentrations: NO = 500±30 ppm, 
NH3 = 1000±60 ppm, O2 = 1%, H2O = 5%, balance N2. Residence time (s) = 88.0/T (T in Kelvin). 
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Figure 19: Comparison of experimental LIF NO profiles of Harrington et al. [27] with predictions 
of the present model for two low-pressure H2/air flames. Fuel/air equivalence ratio = 1.5, flame 
temperatures of the order of 1200 K.  
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Figure 20: Comparison of measured NO and N2O profiles from combustion of CO/H2 mixtures in 
the jet-stirred reactor of Steele et al. [116] with predictions of the present model. Results are shown 
as function of temperature with the following inlet composition: air/CO = 82/17.4 mol%, H2 = 
0.69-0,25 mol%. The residence time is in the range 3.87-4.03 ms. Short-dashed lines denote model 
predictions where the NNH mechanism has been deactivated by making the NNH dissociation 
irreversible, while long-dashed lines represent calculations with a fast rate constant for NNH + O = 
NH + NO (k37 = ktot,NNH+O).  
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