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Abstract

An improved understanding of NOx formation at high pressures would be of con-

siderable utility to efforts to develop advanced combustion devices. A combination of

theoretical and modeling studies are implemented in an effort to improve the accuracy

of models for the prompt NO process, which is the dominant source of NO under many

conditions, and to improve our understanding of the role of this process at high pressures.

The theoretical effort implements state-of-the-art treatments of NCN thermochemistry,

the interrelated CH + N2 and NCN + H kinetics, and the kinetics of the NCN + OH

reaction. For both reaction systems, we implement high level ab initio transition state

theory based master equation simulations paying particular attention to the role of sta-

bilization processes. For the NCN + H kinetics we include a treatment of inter-system

crossing. The modeling effort focuses on exploring the role of pressure and prompt NO

for premixed laminar flames at pressures ranging from 1 to 15 atm, via a comparison with

the available experimental data. Additional simulations at higher pressures further ex-

plore the mechanistic changes at the pressures of relevance to applied combustion devices

(e.g., 100 atm).
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1. Introduction

Combustion of natural gas is expected to account for a major share of future power

and heat generation into the future. This increasing role for natural gas combustion will

prompt still more stringent legislation on its pollutant emissions, particularly for NOx.

Since natural gas contains no or negligible amounts of fuel–bound nitrogen, formation

of NO arises from fixation of N2 in the combustion air. It is particularly important to

understand the details of the NOx formation process at the high pressures of relevance

to advanced combustion devices.

The prompt NO mechanism is the dominant source of NO in turbulent diffusion flames

[1], which are the most common practical flame configuration. The mechanism is initiated

by attack of CHn-radicals on N2 [2, 3]. Early modeling studies [4, 5] identified the reaction

of CH with N2 as the most important initiation step. This reaction was initially believed

to form HCN + N [6], but subsequent theoretical work led to the realization that it

instead proceeds via insertion of CH into the N2 triple bond, yielding NCN + H [7, 8]:

CH + N2 
 NCN+ H (R1)

A sustained experimental and modeling effort by Lamoureux et al. [9–15] has exten-

sively explored the role of NCN for prompt NO formation in low pressure flames. This

work included the development of new experimental techniques for quantitatively measur-

ing, NCN [9, 12], HCN [13, 14], and CN [14] concentration profiles. Their complete set of

measured flame profiles for NCN, CN, HCN, CH, NCO, and NO in CH4 and C2H2 flames

were used to develop a comprehensive chemical kinetic model [10, 14, 15] for prompt

NO. The resulting model clearly illustrates the important role of NCN in the prompt NO

mechanism.

Reliable predictions of prompt NO formation require an accurate rate constant for

reaction R1, as well as the ability to predict the selectivity in the oxidation of NCN

to form NO and N2, respectively [16]. The value of k1 is now fairly well established

from experimental [17, 18] and theoretical work [8, 19, 20]. A series of experimental

studies by Friedrichs and coworkers who determined rate constants for several of the

NCN reactions, i.e., NCN + M [21], NCN + H [22], NCN + O [21], NCN + O2 [23], and
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NCN + NO [24] and corresponding theoretical studies by Lin and coworkers of NCN +

H [20], NCN + O [25], NCN + OH [26], and NCN + O2 [27] have greatly expanded our

understanding of the kinetics of NCN reactions. Furthermore, Olzmann and coworkers

have explored the collisional relaxation [28], thermal dissociation [29], and reaction with

NO [30]. Nevertheless, important aspects of both the thermochemistry and reactions of

NCN are still in discussion [15, 22, 31] and modeling predictions of prompt NO formation

have a higher degree of uncertainty than desired [16].

Continuing advances in theoretical kinetics methodologies allow for ever more accu-

rate predictions of elementary reaction kinetics and thermochemistry. Here we apply

state-of-the-art methods to explore the thermochemistry of NCN, and the temperature

and pressure dependent kinetics of the NCN + H and NCN + OH reactions. The ther-

mochemistry of NCN is central to the prompt NO mechanism and has been the subject of

considerable debate [15, 22, 31]. The high level electronic structure methods applied here

reduce the uncertainty in the NCN heat of formation to about 0.2 kcal mol−1. Although

the important NCN + H reaction has been studied both theoretically and experimentally

[20, 22], there is still some uncertainty in both the rates and branching. Of particular

concern to the present study is the possible role of stabilization to HNCN at high pres-

sures (e.g., 100 atm). Here ab initio transition state theory (TST) based master equation

simulations are used to predict both the overall rates and the stabilization probability. As

part of this analysis we explore the possible role of intersystem crossing on the kinetics of

the NCN + H reaction. The NCN + OH reaction, which may be of relevance under lean

ignition conditions, has only been studied theoretically [26]. Again, some stabilization of

the NCNOH adduct is possible, and our advanced theoretical analyses should better de-

lineate the possible role of this reaction. We also discover a significant additional reaction

pathway for this reaction.

There is considerable uncertainty in the impact of pressure on prompt NO formation.

Formation of nitric oxide has been studied at elevated pressure in premixed [32–40] and

non-premixed [41–45] flames.The objective of the chemical kinetic modeling aspect of

the present work is to explore the effect of pressure on prompt NO formation, through

comparison of model predictions with these experimental observations as well as through

predictions for even higher pressure conditions. The latter emphasize the high pressure

3



conditions relevant for gas engines and gas turbines. As part of this modeling analysis

we also explore the role of stabilization in the NCN + H and NCN + OH reactions.

2. Theory

2.1. Electronic Structure

High accuracy kinetic descriptions rely on quantitative electronic energies for a range

of molecular configurations. The most accurate descriptions of the latter are obtained

through composite electronic structure techniques that employ a variety of methods to

explore various aspects of the electronic interactions [46]. Furthermore, the most appro-

priate method depends to some extent on the particular molecular geometries of interest,

with single-reference based methods being particularly useful for stable molecules, while

multi-reference methods are often more effective in treating the more complex interactions

that arise in the TS region [47].

For molecular geometries that are well described with single-reference wavefunctions,

the CCSD(T) method (coupled cluster theory with treatment of singles, doubles, and

perturbative triples electronic excitations) [48] provides a particularly effective treatment

of the energies. Thus, most high accuracy calculations focus on the evaluation of the

complete-basis set (CBS) limit for the CCSD(T) method. Separate calculations of other

effects (e.g., higher order electronic exctitations, core-valence interactions, ...) can then

be combined to obtain high accuracy electronic energies [46]. For kinetics purposes, it is

also important to have highly accurate estimates of the vibrational frequencies, with the

CCSD(T) method again providing a particular accurate means for predicting them.

In recent work, we have demonstrated the utility and accuracy of two specific compos-

ite methods, termed ANL0 and ANL1, through a detailed analysis of the various compo-

nents as well as comparison with values from the Active Thermochemical Tables (ATcT)

approach [49]. The ANL0 method couples a CCSD(T)/cc-pVTZ rovibrational analysis

with a CCSD(T)/CBS analysis based on explicit calculations for partially augmented

cc-pVQZ and cc-pV5Z basis sets. Corrections for higher order excitations [CCSDT(Q)],

core-valence interactions, vibrational anharmonicities, relativistic effects, diagonal Born-

Oppenheimer effects, and spin-orbit coupling, are also included. The ANL1 method

differs from the ANL0 method in its use of larger basis sets, and thus more quantitative
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approach to the CBS limit. As part of this analysis [49], ANL0 predictions of the heat

of formation were obtained for 348 combustion relevant species. The comparison with

ATcT values for 150 of these species indicates that, for species in which the multirefer-

ence effects are not too large, the 2 σ uncertainty in the predicted heat of formation is

about 0.25 kcal mol−1. Here we make extensive use of the ANL0 and ANL1 approaches

in exploring the potential energy surfaces for the NCN species, and the NCN + H and

NCN + OH reactions.

For bond-fission TSs, multireference methods based on complete-active space (CAS)

reference wavefunctions are particularly effective [47]. CASPT2 (which includes a second

order perturbative treatment of the singles and double excitations from the CAS refer-

ence space) and multireference configuration interaction, MRCI, (which includes a full

treatment of the single and doubles excitations) provide two alternative effective means

for predicting the energies. For the latter approach, the Davidson correction [50] provides

semiquantitative estimates for higher order excitations. Here, we employ both CASPT2

and Davidson corrected MRCI (MRCI+Q) in exploring the TS regions of the various

bond fission reactions of relevance to the studied reactions.

The results obtained with CASPT2 and MRCI+Q methods are occasionally somewhat

discordant. This discordancy can result in significant uncertainties in the predicted rate

coefficients. Recently, we have demonstrated that using multireference methods to explore

the splitting between electronic states can yield better consistency between the various

methods [51]. This spin-splitting approach involves a coupling of the multireference

evaluation of the spin-splitting with a higher order (e.g., CCSD(T) based) evaluation of

the energy of the higher spin-state. This improved consistency is expected to correlate

with higher accuracy and so this method is used here in our evaluation of the reactive

flux for the bond-fission TSs.

2.2. Kinetics

The present theoretical kinetics predictions are based on a combination of ab initio

TST [47, 52], to predict the microcanonical and canonical partition functions, and the

master equation [53, 54] to explore the effects of collisional energy transfer on the pressure

dependence of the kinetics. The master equation calculations employ exponential down
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models coupled with Lennard-Jones collision rates for the collisional energy transfer. The

temperature dependence of the averaged downwards energy transfer was modeled as A

(T/298 K)0.85 cm−1, in analogy with prior experimental and theoretical work [55–57]. For

the HNCN and NCNOH systems the parameter A was taken to be 100 and 150 cm−1,

respectively. These values are taken from analogy with our master equation studies

of similar sized oxygenated hydrocarbon molecules (e.g., CH3OH, C2H5OH, CH3CHO)

where comparison with pressure dependent experimental data yielded fitted values. The

uncertainty in these parameters likely contributes the most to the uncertainty in the final

rate predictions, at least for pressures where the rate is predicted to deviate from the

high- and low-pressure limits. The Lennard-Jones collision rates were estimated from

crude comparisons with similar species.

For reaction channels with well-defined barriers we perform conventional TST calcu-

lations, based on the ANL0/1 stationary point properties. The state counts are based

on rigid-rotor harmonic oscillator (RRHO) assumptions coupled with one-dimensional

hindered rotor treatments. Asymmetric Eckart tunneling corrections are also included.

For barrierless reactions, the TS lies at separations where single reference methods are

inappropriate. Furthermore, in this region the transition from free rotor to bending mo-

tion for a number of the modes is not well captured by traditional RRHO state counting

procedures. For these barrierless channels, we implement the variable reaction coordi-

nate (VRC)-TST approach [58, 59], which provides an effective treatment of the latter

difficulty through Monte Carlo integration of the classical phase space representation of

the partition function for the key low frequency modes. The requisite potential energies

are evaluated through direct CASPT2 evaluations for each of the randomly sampled con-

figurations. This direct CASPT2 VRC-TST approach commonly leads to rate constants

with expected uncertainties of 20 to 30% [59, 60].

2.3. Software

The present electronic structure calculations were performed with the MOLPRO [61],

CFOUR, [62], MRCC [63], and Gaussian [64] software packages. The VRC-TST calcula-

tions were performed with the VaReCoF software [65]. The master equation calculations

were performed with the MESS software [66]. The intersystem crossing calculations were
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performed with the NST software [67].

2.4. NCN thermochemistry

The thermodynamic properties for NCN are discussed in detail elsewhere [16]. There

are two subtleties involved in the accurate theoretical treatment of the energetics and ki-

netics of the NCN radical. Both subtleties relate to the neglect or enforcement of spin con-

servation in the electronic wavefunction. Within CCSD(T) theory, a spin-restriction can

be implemented at the Hartree Fock (HF) level and/or at the CCSD(T) level. Typically,

such spin restrictions have at most modest effects on CCSD(T) calculated properties.

However, for NCN such spin restrictions strongly affect both the vibrational frequencies

and the CBS limit of the CCSD(T) energy.

The results provided in Table 1 demonstrate the strong sensitivity of the CCSD(T)

predictions for the asymmetric stretch vibrational frequency. With both the RR-CCSD(T)

(where both the HF and the CCSD(T) wavefunctions are spin-restricted) and RU-CCSD(T)

methods (where the HF is spin-restricted, while the CCSD(T) is not) the predicted fre-

quency is more than 1000 cm−1 too large. These shortcomings map into errors in the

predicted vibrational zero-point energy (ZPE) of 3.5 and 1.4 kcal/mol, respectively. They

arise from symmetry breaking problems, where small displacements from the symmetrical

NCN geometry result in aphysical variations in the wavefunctions. Unrestricted wave-

functions often bypass these difficulties and here the UU-CCSD(T) predictions (where

neither the HF nor the CCSD(T) wavefunctions are spin restricted) are in reasonably

good agreement with experiment, with a maximum discrepancy of 56 cm−1 at the UU-

CCSD(T)/cc-pVQZ level.

Notably, the inclusion of quadruple excitations (i.e., with the UU-CCSDT(Q)/cc-

pVTZ method) improves the agreement for each of the modes. Furthermore, there is

reasonably good agreement between the UU-CCSD(T) predictions and multireference

methods where such symmetry breaking issues are absent by construction. These mul-

tireference calculations employ a 6 electron 6 orbital (6e,6o) active space consisting of the

π-space of NCN or a full valence (14e,12o) active space. The good consistency amongst

the present multireference calculations is encouraging. Oddly there is a significant dis-

crepancy with our earlier [19] CASPT2(6e,6o) calculations, perhaps due to differences
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Table 1: Vibrational Frequencies in NCN.

Method Basis νbend
a νsym stretch

a νasym stretch
a ZPE

cm−1 cm−1 cm−1 kcal/mol
Expt 423 1197 1475

(423) (1245) (1472)
RRCCSD(T) cc-pVQZ 428 1029 4178 8.67
RUCCSD(T) cc-pVQZ 423 1187 2541 6.54
UUCCSD(T) cc-pVQZ 431 1253 1453 5.10
UUCCSD(T) cc-pVTZ 427 1245 1439 5.06
UUCCSDT(Q) cc-pVTZ 418 1229 1461 5.04
UUMP2 cc-pVTZ 524 917 1361 4.76
CASPT2(6e,6o) cc-pVQZ 424 1247 1537 5.19
MRCI+Q(6e,6o) cc-pVTZ 427 1252 1518 5.18
MRCI+Q(14e,12o) aug-cc-pVTZ 417 1229 1467 5.05
B3LYP cc-pVTZ 449 1274 1561 5.34
B2PLYPD3 cc-pVTZ 460 1292 1425 5.20
B2PLYPD3;anh cc-pVTZ 459 1265 1430 5.22
B2PLYPD3 cc-pVQZ 461 1292 1425 5.20
Best Theoryb 423 1218 1486 5.13

a: The experimental values are the fundamental frequencies observed in the matrix
isolation experiments of Jacox and coworkers [68, 69] and in parentheses from the LIF
experiments of Lamoureux and coworkers [12]. The theoretical frequencies are harmonic
frequencies, except for the B2PLYP-D3;anh values, which are the fundamental
frequencies predicted by second order vibrational perturbation theory. The
MRCI+Q(14e,12o)/aug-cc-pvtz calculations were performed as part of the effort
described in Ref. [70].
b: Theoretical result given by UU-CCSD(T)/CBS(TZ,QZ) + UU-CCSDT(Q)/cc-pVTZ
- UU-CCSD(T)/cc-pVTZ + B2PLYP-D3/cc-pVTZ;anharmonic -
B2PLYP-D3/cc-pVTZ;harmonic.

in the internal contractions. Interestingly, the B2PLYP-D3 density functional method

also performs quite well, which suggests the appropriateness of this method for explor-

ing the effect of anharmoncities. A best theoretical result, obtained by combining the

UU-CCSD(T) complete basis set (CBS) limit (obtained from an extrapolation of the

cc-pVTZ and cc-pVQZ results) with the difference between the UU-CCSDT(Q) and UU-

CCSD(T) results (for the cc-pVTZ basis), and the difference between the anharmonic

and harmonic evaluations for the B2PLYP-D3 methods (again for the cc-pVTZ basis),

agrees with experiment to within 21 cm−1, which themselves may be slightly perturbed

by their determination in a matrix.
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The spin contamination in NCN wavefunctions also presents considerable ambiguities

in the CCSD(T)/CBS energy limit. In particular, RU- and RR-CCSD(T)/CBS predic-

tions for the NCN 0 K heat of formation (evaluated relative to H2, CH4, and N2 references

from v1.122b of the ATcT) differ by 1.01 kcal/mol, with the UU-CCSD(T) predicted heat

of formation falling between the two. The inclusion of quadruple excitations, through the

CCSDT(Q) approach, generally ameliorates such spin treatment dependencies. For this

case, appending a UU-CCSDT(Q)/cc-pVDZ correction (as in the ANL0 method [49])

reduces the discrepancy to 0.22 kcal/mol. Meanwhile, incorporating a CCSDTQ(P)/cc-

pVDZ correction and extending the CCSDT(Q) correction to the cc-pVTZ basis (as in

the ANL1 method [49]) reduces the discrepancy to 0.04 kcal/mol.

As discussed above, the ANL0 and ANL1 methods also include further corrections for

core-valence interactions, vibrational anharmonicities, relativistic effects, and diagonal

Born-Oppenheimer effects. For the ANL0 method these corrections are 0.78, 0.82, -0.39,

and 0.12 kcal/mol when evaluated relative to H2, CH4, and NH3 as references. The final

ANL0 and ANL1 predictions of 107.66 and 107.61 kcal/mol for the 0 K heat of formation

are in excellent agreement with the ATcT value of 107.65 kcal/mol [16]. Notably, the

298 K ATcT value is 1.5 kcal/mol higher than the value employed in the most recent

modeling study of Lamoureux et al. [15]. This discrepancy is well outside the expected

uncertainty of 0.2-0.3 kcal/mol in the theoretical predictions.

2.5. The NCN + H reaction

2.5.1. Methodology - Potential Energy Surface

The NCN + H reaction can occur via either doublet or quartet electronic states.

On the doublet surface, this reaction is closely related to the reverse reaction of CH

with N2 (cf. Fig. 1). The present theoretical treatment of the kinetics on the doublet

surface makes only minor modifications to our prior detailed analysis of the CH + N2

reaction [19]. In particular, we employ the ANL1 method [49] to obtain higher accuracy

thermochemical estimates for each of the stationary points (cf. Table 2). This update for

the doublet surface most strongly affects the enthalpy of NCN, due to spin-conservation

and symmetry breaking issues, as discussed above. Symmetry breaking issues also arise

in the cyc-NCHN vibrational analysis, which are again solved by employing the UU-
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CCSD(T) method.

Figure 1: Schematic plot of the ANL1 stationary points on the doublet potential energy surface for the
NCN + H and CH + N2 reactions. The solid line denotes the dominant pathway, while the dashed line
denotes a secondary pathway that may be of minor importance at the high energies of the NCN + H
reactants.

The TS connecting cyc-NCHN (C2v) with HNCN is not well treated with single

reference methods. Thus, the present analysis employs the multireference properties

(i.e., the CAS+1+2+QC(11e,11o)/aug-cc-pVQZ//CASPT2(11e,11o)/aug-cc-pVTZ en-

ergy and the CASPT2(11e,11o)/aug-cc-pVTZ rovibrational properties) from Harding et

al. [19]. There the energies were evaluated relative to three separate references: CH +

N2, cyc-NCHN (C2v), and
4NCHN. The new ANL1 energies for these reference species

are somewhat different from those employed in Ref. [19]. Employing the ANL1 reference

energies results in an average zero-point-corrected TS energy of -6.0 kcal/mol relative to

NCN + H. Interestingly, direct application of the ANL1 method to this TS yields either

-5.5 or -4.1 kcal/mol, depending on which of two HF solutions are employed, with the

lower value correlating with the solution with the smaller T1 diagnostic. It is reassur-

ing that the multireference and higher order coupled cluster based results are reasonably

consistent.

The reaction on the quartet state (cf. Fig. 2) was recently studied by Teng et al. [20].
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Table 2: Stationary Point Energies (kcal/mol) on Doublet Potential Energy Surface for NCN + H and
CH + N2.

a

Species CCSD(T)/CBS// CCSD(T)/CBS// ANL1
B3LYP/6-311++ CASPT2/ATZc

G(3df,2p)b

NCN + H 0 0 0
HNCN -82.99 -83.10 -82.30
cyc-NCHN (C2v) -43.20 -43.86 -43.11
cyc-NCHN (Cs) -28.00 -27.88 -26.22
cyc-CNHN -13.35 -13.19 -12.18
HNNC -43.60 -43.22 -41.96
HNCN = cyc-NCHN (C2v) -8.81 -8.54d -5.95d

cyc-NCHN (C2v) = cyc-NCHN (Cs) -24.86 -24.03 -23.88
cyc-NCHN = CH+N2 -8.82 -8.66 -8.47
HNCN = cyc-CNHN -7.68 -7.08 -6.47
cyc-CNHN = HNNC -4.58 -8.73 -7.33
HNNC = CH + N2 0.66 -0.04 1.66
CH+N2 -19.54 -19.54 -17.74

a: Includes ZPE corrections.
b: From [20].
c: From [19].
d: These values are derived from the multireference calculations of Harding et al. [19]. They are based
on multireference estimates of the TS energy relative to various reference geometries. The ANL1 value
is different due to changes in the energies of those references.

We have updated their analysis with ANL1 predictions for the energetics (cf. Table 3)

and rovibrational properties of the stationary points. The TS from NCN + H to 4NCHN

suffers from spin-contamination and symmetry breaking problems in much the same way

that NCN does. Again, these issues are most severe for the vibrational analysis. A

UU-CCSD(T) based vibrational analysis, provides a result that appear reliable, agreeing

reasonably well with B2PLYP-D3 and B3LYP vibrational analyses.

2.5.2. Methodology - Intersystem Crossing

Intersystem crossing (ISC) between the doublet and quartet surfaces may have some

effect on the kinetics of the CHN2 system. Here we are particularly interested in possible

crossings in the neighborhood of the 4NCHN and 4HNCN minima. For the 4HNCN

structure, we consider two limiting cases, no ISC and rapid ISC, and perform explicit

calculations. For the 4NCHN structure, ISC was previously found to be the dominant

bottleneck to reaction from CH + N2 to HCN + N [7]. As a result, the reaction instead

produces predominantly NCN + H. Furthermore, from the cyc-2NCHN structure, at

energies exceeding the NCN + H asymptote, dissociation to CH + N2 is rapid, suggesting
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Figure 2: Schematic plot of the ANL1 stationary points on the quartet potential energy surface for NCN
+ H. The solid line denotes the pathway arising from addition to the C atom, while the dashed line
denotes the pathway arising from addition to one of the N atoms.

Table 3: Stationary Point Energies (kcal/mol) on NCN + H Quartet Potential Energy Surfacea

Species CCSD(T)/CBS// CCSD(T)/CBS// ANL1
B3LYP/6-311++ CASPT2/ATZc

G(3df,2p)b

NCN + H 0 0 0
NCHN -21.26 -20.20 -20.30
HNCN -3.49 -3.53
NCN + H = NCHN 5.51 6.25
NCHN = HCN+N 0.10 1.63
NCN + H = NHCN 22.60 22.15
NHCN = HNC+4N 9.56 12.39
NCHN = NHCN 30.40
HCN + N -17.14 -17.37 -16.20
HNC + N -3.55 -1.30

a Includes ZPE corrections.
b: From [20].
c: From [19].

that ISC from this structure is also not important for reaction on the doublet H + NCN

PES. Finally, the barrier for dissociation to HCN + 4N from 4NCHN lies below the quartet

entrance barrier for forming 4NCHN, again suggesting that ISC in the neighborhood of

4NCHN is unlikely to be significant. Thus, for simplicity, we assume that the rate of this
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process is negligible.

To estimate the ISC rate between 2HNCN and 4HNCN, non-adiabatic statistical the-

ory [71–73] (NST) often called non-adiabatic TST or NA TST has been applied. For this

purpose, minima on the seams of crossing (MSXs) between the lowest quartet state (1

4A′′) and the doublet ground state (1 2A′′) as well as the first excited doublet state (1 2A′)

have been located. In the following, MSX1 denotes the 2A′′/4A′′ crossing, and MSX2 the

2A′/4A′′ crossing. Geometry optimizations were carried out at the MRCI+Q(7e,6o)/def2-

TZVP level of theory. The active space includes three out-of-plane π orbitals of the

NCN fragment and three in-plane orbitals that have mostly N and C p-orbital character.

CASSCF references without state averaging have been used in the geometry optimiza-

tions. The MRCI+Q calculations were internally contracted as implemented in Molpro

[74–76] and relaxed-reference Davidson corrections [50] were applied. Geometry optimiza-

tions were carried out with the NST program [67], coupled with Molpro 2012 [61]. This

code also performs a Koga-Morokuma frequency analysis [77] of the MSX, and calculates

its RRHO density of states. The latter is convolved with a one-dimensional transition

probability to obtain the effective number of states of the MSX that can be used to cal-

culate microcanonical rate coefficients in the spirit of TST. These number of states are

then directly incorporated in the MESS master equation solver.

For the transition probabilities, the Landau-Zener and “weak coupling” [78] (de-

noted WC here) models have been used. For the rapid ISC and no ISC models, we

presume the transition probabilities are 1 and 0, respectively. Spin-orbit coupling ma-

trix elements HSO at the MSX structures were obtained with the full Breit-Pauli op-

erator at the MRCI(13e,12o)/cc-pVTZ level in Molpro. This active space is obtained

from the (7e,6o) space by adding the three σ/σ∗ orbital pairs of the N-H and two N-

C bonds. For MSX1, due to symmetry restrictions, only coupling elements between

|12A′′, Sz = ±1/2 > and |14A′′, Sz = ±1/2 > are non-zero. For MSX2, the state pairs

|12A′, Sz = ±1/2 > and |14A′′, Sz = ±3/2 > (HSO,a), as well as |12A′, Sz = ±1/2 > and

|14A′′, Sz = ∓1/2 > (HSO,b) give rise to non-vanishing coupling elements. According to

the Wigner-Eckart theorem, |HSO,a|/|HSO,b| =
√
3. This can be accounted for by setting

|HSO| = |HSO,a| and qel=8/3 for MSX2 in the rate calculations (see also the discussion in

Ref. [7]). In the discussion below, only the larger matrix element |HSO,a| will be reported
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for MSX2. For MSX1, qel=2 is used in combination with the non-zero matrix element.

In doing so, it is assumed that the corresponding factors qel=2 and qel=4 are also taken

into account when determining the density of states of the doublet and quartet wells.

MSX1 and MSX2 are structurally closer to the 4A′′ equilibrium geometry than to

the doublet minima. The 2A′′ ground state has a nearly linear NCN substructure (174o)

with an angled N-H bond (110o), while HNCN(2A′) is perfectly linear in its equilibrium

configuration. The NCN group in HNCN(4A′′) on the other hand is significantly bent,

giving rise to distinct trans and cis conformers. N-C-N angles of 116o (trans) and 121o

(cis) were obtained at the MRCI+Q(7e,6o)/def2-TZVP level. Similarly, for the MSXs

N-C-N angles of 107o (MSX1, trans), 114o (MSX1, cis), 115o (MSX2, trans), and 119o

(MSX2, cis) have been found. The trans forms are more stable than the cis forms, in

the case of HNCN(4A′′) by 1.8 kcal mol−1. A 8.6 kcal mol−1 isomerization barrier was

found, and the harmonic frequencies corresponding to the torsion are 687 cm−1 (trans)

and 705 cm−1 (cis) at the minima. Similarly, torsional frequencies in the range 699-855

cm−1 have been found for the cis and trans isomers of MSX1 and MSX2. Therefore,

the conformers should be reasonably well described as separate species in the harmonic

oscillator approximation. The zero-point corrected energies relative to trans-HNCN(4A′′)

are +2.5 (MSX1, trans), +3.0 (MSX1, cis), -1.2 (MSX2, trans), and +0.7 kcal mol−1

(MSX2, cis).

The spin-orbit coupling elements differ significantly between the trans and cis forms,

especially for MSX2: Values of 11.2 (MSX1, trans), 13.0 (MSX1, cis), 6.4 (MSX2, trans),

and 13.7 cm−1 (MSX2, cis) were obtained. Therefore ISC via the cis configuration is more

likely than via the trans isomer. Both MSX1 and MSX2 (trans and cis) were implemented

in the master equation as reaction channels between 4HNCN and 2HNCN, neglecting the

distinction between 2A′ and 2A′′. The two doublet states are a Renner-Teller (2Π) pair

that is degenerate at the linear geometry. This configuration is only 18.2 kcal mol−1 above

the 2A′′ minimum, compared with the HNCN well depth of more than 80 kcal mol−1. A

rapid interconversion between the doublet states is therefore very likely.
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2.5.3. Methodology - Kinetics

The master equation analysis considers the coupled doublet/quartet kinetics for the

NCN + H and CH + N2 bimolecular reactions as well as the stabilization/decomposition

of HNCN. The underlying ab initio TST analyses of the microcanonical kinetics employs

the ANL1 determined CCSD(T)/CBS rovibrational properties and stationary point ener-

gies for all but the NCN + H addition channel on the doublet surface. For that channel,

we employ the variable reaction coordinate TST analysis from Harding et al. [19], but

with updated UU-CCSD(T) based vibrational frequencies for NCN and with new direct

CASPT2/cc-pVTZ energies. Modified Arrhenius representations for all the NCN + H

and NCN + OH rate constants discussed here are provided in the supplementary material.

2.5.4. Results and Discussion

The ANL1 energies reported in Table 2 are reasonably consistent with the CCSD(T)/CBS

values reported in our prior study. The most significant difference is the 1.8 kcal/mol

decrease in the CH + N2 exothermicity, which has important ramifications for the low

temperature rate constant for CH + N2 → NCN + H. The other key difference is the

2.5 kcal/mol increase in the barrier for the conversion from cyc-NCHN (C2v) to HNCN,

which is the dominant bottleneck to reaction at high temperature. The net result is that

our predictions for the collisionless limit of the CH + N2 → NCN + H rate constant

are increased slightly at lower temperature (e.g., by a factor of 2.1 at 1000 K), but are

nearly identical at higher temperature (i.e., they are within a factor of 1.2-1.3 from 2000

to 3000 K) as illustrated in Fig. 3. Since direct experimental data are only available for

high temperatures, there is little change in the comparison with experiment. Indeed, the

theoretical predictions are still within the error bars of the direct measurements. It is

interesting to note that the most recent optimized modeling value of Lamoureux et al.

[15] is nearly identical to the current predictions near 1600 K, but has a smaller activa-

tion energy, apparently due to their use of a 1.5 kcal/mol lower enthalpy of formation for

NCN. This leads to a result that varies from 40% too high (relative to our predictions)

near 1000 K to 40% too low at 3000 K.

As shown in Fig. 4, at low temperatures the intersystem crossing from 2HNCN to

4HNCN dramatically increases the overall rate to form HNC + 4N from NCN + H. This
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Figure 3: Plot of the temperature dependence of theoretically predicted and experimentally observed
rate constants for CH + N2. Data are obtained from Dean et al. [17], Vasudevan et al. [18], Harding et
al. [19], Teng et al. [20] and Lamoureux et al. [15].

increase occurs because the ISC process bypasses the high energy entrance barrier to form

4HNCN. At higher temperatures, the contribution from ISC gradually diminishes as the

rate of decomposition of the 2HNCN complex increases and as the rate of proceeding

over the entrance barrier increases. By 1500 K, the ISC effect is negligible. Although

not shown, the predictions based on the Landau-Zener model are essentially identical to

those for the weak-coupling (WC) model. We note also that the treatment of ISC for

HNCN has little effect on the predictions for CH + N2.

The NCN + H reaction has been studied experimentally by Faßheber et al. [22] who

measured the total rate constant over the 962 to 2425 K range, and by Vasudevan et al.

[18] who measured the decay of NCN over the 2378 to 2492 K range and then used their

model for the CH + N2 � H + NCN reaction system to convert this data to H + NCN →

HCN + N rate constants. The latter analysis appears to have presumed that HCN + N

are the only products besides CH + N2, whereas the present analysis suggests that HNC
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Figure 4: Plot of the temperature dependence of the calculated rate constant for NCN + H → HNC +
4N employing various models for the rate of intersystem crossing from 2HNCN to 4HNCN.

+ N may also be of some significance. Thus, for comparison purposes we consider the

sum of the predicted rate constants to produce N along with its two different coproducts,

HCN and HNC.

The present predictions for the temperature dependence of the H + NCN reaction

kinetics are illustrated in Fig. 5. The predicted pressure dependence is quite weak at the

temperatures of relevance to the experimental observations. Thus, we restrict our atten-

tion in this comparison to a pressure of 1 bar, which is representative of the modest range

explored experimentally. The present predictions are seen to be in reasonable agreement

with the experimental results, with maximum discrepancies (∼30%) for the total rate

constant that are no larger than the experimental uncertainties. The predicted branch-

ing to the 4N channels appears to be about a factor of two too small, but the experimental

results for this channel are fairly indirect [18]. Assuming rapid ISC would improve the

agreement for both the total rate and the branching, but the present calculations indicate
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that this presumption is unwarranted.

Figure 5: Plot of the temperature dependence of theoretically predicted and experimentally observed
rate constants for NCN + H. The theoretical results are for a pressure of 1 bar, while the experimental
observations are for either a modest pressure range centered about that pressure [22] or for 0.4 bar [18].

Importantly, the low temperature (i.e., near 1000 K) rate constant for the H + NCN

reaction places stringent constraints on the rate constant for the reverse CH + N2 reaction

in that same temperature range [15, 22].The reasonable agreement between theory and

experiment for the H + NCN reaction in this temperature range provides strong validation

for our understanding of this key temperature range. The apparent modest overestimate

(20 to 30%) in the theoretical predictions suggests that either the VRC-TST predictions

for the H + NCN high-pressure recombination rate are slightly too large, or the predictions

for the bottleneck from HNCN to cyc-NCHN (C2v) are not constraining enough. Reducing

the stabilization probability would also slightly improve the agreement. However, since

the agreement is within the errors bars of the experiment, no adjustments are made to
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the theoretical predictions.

The theoretical predictions of Teng et al. [20] are qualitatively similar to the present

ones, but differ significantly in detail. For 1 bar pressure, they predict a total rate

constant that is about 1.5 times larger. Their rate constant to form HCN + N agrees

quantitatively with the data of Vasudevan et al. [18]. Finally, their stabilization branching

at low temperature is larger than predicted here, but then falls off more rapidly with

increasing temperature.

At higher pressures for the CH + N2 reaction stabilization to intermediate wells

becomes quite significant, as illustrated in Fig. 6. At lower temperatures stabilization

occurs to a weakly bound doublet adduct [6]. As shown by Lamoureux et al. [10], this

complex is of no significance to prompt NO formation due to its weak binding energy.

Notably, stabilization in the deep HNCN well (∼82 kcal/mol relative to H + NCN)

becomes quite probable, at least for not too high a temperature. This stabilization to

HNCN is likely to be significant to the overall NOx formation kinetics, as the HNCN

species is stable enough to act as a sink for some of the CH + N2 flux up until quite high

temperature. At even higher pressures, stabilization to the cyc-NCHN well also becomes

significant, especially at lower temperatures, where it even becomes the dominant process.

Notably, at 100 atm stabilization dominates the kinetics up to about 1500 K. Meanwhile,

at 1000 K, stabilization to HNCN is already significant (more than 10%) by 0.02 atm.

The corresponding temperature and pressure dependence of the branching in the

H + NCN reaction is illustrated in Fig. 7. In this case, the stabilization probability

is considerably smaller because of the chemical activation energy present in the initial

formation of the HNCN adduct. Nevertheless, at 100 atm, stabilization still dominates

the kinetics for temperatures up to about 1500 K.

2.6. NCN + OH

2.6.1. Methodology

The kinetics of this reaction was studied in detailed by Zhu et al. with ab initio TST

based master equation methods [26]. We build from this work with (i) higher level evalu-

ations of the potential energy surface, including the discovery of a new reaction pathway

that dominates the kinetics, (ii) application of more advanced TS treatments, particu-
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Figure 6: Plot of the predicted temperature dependence of the probability of stabilization to HNCN
(black lines) and cyc-NCHN (blue lines) in the CH + N2 reaction for pressures ranging from 0.01 to 100
atm.

larly for the barrierless channels, and (iii) a multiple well master equation treatment of

the temperature and pressure dependent kinetics.

The stationary points on the potential energy surface were explored at the ANL0 level

[49] (cf. Fig. 8 and Table 4). Notably, the present ANL0 predictions for the stationary

point energies (relative to NCN + OH) deviate from the G2M(CC1) predictions of Zhu

et al. by as much as 7 kcal/mol, while the average deviation is 3.8 kcal/mol. The

consistent underestimate for the G2M predictions suggests that this method overestimates

the energy of the reference NCN species.

Both the NCN + OH entrance channel and the decomposition of NCONH to NCO

+ 3NH are radical-radical reactions. Such reactions are effectively barrierless (when

considered in the association direction), with only a low energy submerged barrier (below

the asymptotic energy of the fragments) correlating to the reorientation from a long-range

van der Waals complex to that required for chemical bonding. As such, they require a
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Figure 7: Plot of the predicted temperature dependence of the branching in the H + NCN reaction for
pressures of 0.01, 1, and 100 atm. For HCN + N and HNC + N the P = 0.01 and 1 atm lines are
overlapping. Note that the black solid line is very close to 0 for all temperatures.

Table 4: Stationary point energies (kcal/mol) for the reaction of NCN with OH.

Species ANL0 G2M(CC1)a
3NCN + OH 0 0
NCO + 3NH -0.52
NCNO + H 12.07 7.8
HCN + NO -64.04 -66.9
NCOH + 4N -7.33
NCNOH -51.82 -53.3
NCNHO -50.73 -52.9
cyc-C(N)NHO -16.90
NCONH -48.98
TS; NCNOH = NCNHO -2.58 -4.5
TS; NCNHO = cyc-C(N)NHO -7.61
TS; cyc-C(N)NHO = NCONH -10.03
TS; NCNOH = H + NCNO 15.24 7.8
TS; NCNHO = HCN + NO 5.46 4.0
TS; NCN + OH = 4NC(OH)N 6.30
TS; 4NC(OH)N = NCOH + 4N 8.94

a: From Zhu et al. [26].
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Figure 8: Schematic plot of the kinetically relevant stationary points on the potential energy surface for
NCN reacting with OH. The energies are zero-point corrected ANL0 values.

careful consideration of variational and anharmonic effects and we implement the VRC-

TST approach [79] for the analysis of their reactive flux.

For the two cases of interest here, the presence of resonance stabilization in the reacting

fragments (NCN and NCO), which must be broken prior to chemical bond formation,

also contributes to modest but still submerged barriers. The presence of an orbital

degeneracy for one of the radicals in each reaction (OH and NCO both have 2Π1/2 and

2Π3/2 states that are split by only the spin-orbit splitting) further complicates the analysis.

Calculations along the minimum energy paths indicate reasonable consistency between

CASPT2 and MRCI+Q predictions with a maximum discrepancy of 18% in the energies

along the minimum energy path for the NCN + OH case. For both cases, the discrepancies

are reduced by about a factor of two when a spin-splitting based analysis is employed

[51]. In each case we find that the inclusion of an IPEA (ionization potential - electron

affinity) shift for CASPT2 yields dissociation curves that are intermediate between the

MRCI+Q and regular CASPT2 results. Furthermore, they are in the best agreement

with the values obtained with the spin-splitting considerations. Thus, our final analyses
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employ an IPEA shifted CASPT2 analysis.

For both channels we explored both (7e,7o) and (9e,8o) active spaces. For the NCN

+ OH channel the 7 active orbitals correlate with the π-space of NCN and the radical

orbital of OH, while the extra orbital in the 8o case correlates with the lone-pair of OH.

For the NCO + 3NH channel the 8 active orbitals correlate with the π-space of NCO and

the two radical orbitals of NH. For the 7 active orbital case, the orbital correlating with

the lone-pair of the O atom is removed from the active space. For the NCN + OH case,

we found that the (7e,7o) space had improved convergence properties, while for the NCO

+ NH case the (9e,8o) space performed better.

Thus, the direct sampling in the VRC-TST analysis [79] was performed at the CASPT2-

(7e,7o)/cc-pVTZ level for NCN + OH and the CASPT2(9e,8o)/cc-pVTZ level for the

NCO + NH case. Furthermore, for the NCO + NH case, we averaged over the two nearly

degenerate states in the CAS and evaluated the energies of both states at the CASPT2

level, while for the NCN + OH case we simply evaluated the ground state at both the

CAS and CASPT2 levels. These choices were made to facilitate convergence in the di-

rect sampling. In addition to the direct sampling, we also incorporated one-dimensional

corrections to account for the effects of geometry relaxation and to correct the mini-

mum energy path to the spin-splitting evaluated average of the CASPT2 and MRCI+Q

CBS limits. These one-dimensional corrections were evaluated for a range of fixed NO

distances.

Qualitative minimum energy path (MEP) potentials for the two channels are illus-

trated in Fig. 9. These plots correspond to the calculated CASPT2/CBS interaction

energies for variable separation at fixed approach angles that roughly correlate with the

MEP. The fragments are held fixed with their asymptotic structure and a CASPT2/cc-

pVTZ geometry relaxation correction is appended to the calculated interaction energy.

The NCO + 3NH reaction shows a modest submerged barrier that arises because the

dominant resonant form of NCO has the radical on the N end, whereas formation of

NCONH requires that the radical be localized on the O end.

The NCN + OH channel would also show a submerged barrier, but at a larger sep-

aration of 3.0 Å (and the NCO + NH minimum would also be deeper), if the approach

angle was optimized at each point along the MEP. Indeed, such long-range submerged
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barrers are ubiquitous in radical-radical reactions. They arise from the transition from

an orientation appropriate for chemical bonding (at short separations) to an orientation

that maximize long-range attractions (e.g., dipole-dipole or hydrogen bonding) at larger

separations.

Figure 9: Plot of the interaction energy for bringing two radicals together at fixed angle, and including
a geometry relaxation correction.

Predictions for the temperature and pressure dependence of the NCN + OH reaction

kinetics were obtained from a master equation analysis employing the ANL0 based ab

initio TS theory estimates for each of the tight TSs and the VRC-TST fluxes for the

NCN + OH and NCO + NH channels.

2.6.2. Results and Discussion

The schematic potential energy surface illustrated in Fig. 8 shows significant differ-

ences from the corresponding plots from Zhu et al. [26]. Most importantly, we have

discovered a new fully submerged pathway (black solid line) that ultimately connects the

initial adduct with the products NCO + 3NH. This pathway arises from a sequence with
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first an H transfer from NCNOH to NCNHO, followed by an O atom insertion that is

accomplished through ring closure to form a three membered CNO ring and then ring

opening to NCONH, and then finally ON bond fission to form the bimolecular products

NCO + 3NH. At low temperatures for low pressures this pathway should dominate the

kinetics. At higher temperatures the relevance of this pathway will depend on the en-

tropies of the TSs along this pathway relative to those for dissociation from some of the

intermediates.

The largest energetic differences from the work of Zhu et al. arise for the decomposition

to NCNO + H, which here is predicted to lie 4.3 kcal/mol higher in energy. Furthermore,

we find that there is a reverse barrier of 3.2 kcal/mol, whereas Zhu et al. consider it to be

barrierless. Taken together these differences effectively shut off the NCNO + H channel,

making it largely irrelevant.

The maximum barrier along the pathway to HCN + NO lies at 5.5 kcal/mol. The

TS entropy for the dissociation from NCNHO should be larger than that for the ring

formation step in the NCO + NH forming pathway. Thus, this HCN + NO channel may

compete effectively with that channel at higher temperatures.

The red dotted curve in Fig. 8 denotes a quartet state pathway, which may be of

some significance at higher temperature as it involves solely atom addition and atom

elimination channels whose TSs should be of relatively high entropy.

The present predictions for the temperature and pressure dependence of the phe-

nomenological rate constants for the reaction of NCN with OH are illustrated in Figs. 10-

12 for pressures of 0.01, 1, and 100 bar, respectively. At low pressures, bimolecular reac-

tions dominate, with NCO + 3NH the dominant channel at low temperature, while HCN

+ NO dominates at high temperature. We refrain here from making comparisons with

the rate predictions of Zhu et al. [26]; with the abovementioned substantive differences

in the potential energy surfaces there is little point in such comparisons.

At high pressures, stabilization dominates, with most of the flux stopping in the

entrance adduct NCNOH. Notably, the NCNOH, NCNHO, and NCONH complexes are

each thermodynamically stable until high temperatures and so should be included in

chemical models. If observable, these three species could provide useful markers for the

flux proceeding through NCN, and particularly through NCN + OH. The supplementary
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Figure 10: Plot of the predicted rate constants for the NCN + OH reaction at a pressure of 0.01 bar.
The black lines denote formation of stabilized unimolecular complexes, the blue lines denote bimolecular
products formed through reaction on the doublet surface, and the red line denotes the bimolecular
products of formed through reaction on the quartet surface.

material contains modified Arrhenius fits to the rate constants for the phenomenological

reactions from NCN + OH as well as from each of these three complexes. These fits are

provided for temperatures ranging from 300 to 2500 K and for pressures ranging from

0.01 bar to 100 bar.

At intermediate pressures, stabilization dominates at low temperature, while bimolec-

ular product formation dominates at high temperature. The key bimolecular products

are again NCO + 3NH and HCN + NO. The NCOH + 4N and NCNO + H channels con-

tribute at most 20% of the flux at all temperatures (300-2000 K) and pressures (0.01-100

bar) examined here.
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Figure 11: Plot of the predicted rate constants for the NCN + OH reaction at a pressure of 1 bar.
The black lines denote formation of stabilized unimolecular complexes, the blue lines denote bimolecular
products formed through reaction on the doublet surface, and the red line denotes the bimolecular
products of formed through reaction on the quartet surface.

3. Implications for modeling prompt NO formation at high pressure

The prompt NO mechanism is a major source of nitric oxide in combustion of gaseous

fuels, in particular natural gas. Gas combustion typically takes place in stationary fur-

naces at atmospheric pressure or in engines and gas turbines at high pressure. Un-

fortunately, the knowledge of prompt NO formation at high pressure is limited. Most

laboratory studies of the prompt NO mechanism have been conducted in laminar, pre-

mixed flames, typically at low pressure to increase the spatial resolution of the reaction

zone [9–12, 14, 15, 80]. Data obtained in premixed flames at higher pressure have been

reported for a range of smaller hydrocarbons [32–37, 39], but it is a challenge to char-
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Figure 12: Plot of the predicted rate constants for the NCN + OH reaction at a pressure of 1 bar.
The black lines denote formation of stabilized unimolecular complexes, the blue lines denote bimolecular
products formed through reaction on the doublet surface, and the red line denotes the bimolecular
products of formed through reaction on the quartet surface.

acterize prompt NO formation under these conditions. The prompt NO mechanism is

active in the reaction zone where hydrocarbon radicals may be formed in significant con-

centrations. However, at increased pressure the spatial resolution of the flame is low and

there may be concerns about interaction with the burner surface if the flame is heavily

stabilized. Interaction with the burner surface can be avoided by using an opposed-flow

diffusion flame configuration. A number of high pressure studies have been reported for

this flame configuration [40, 41, 43–45]. However, these results must also be interpreted

cautiously because of the growing importance of other NO formation mechanisms with

pressure. The enhanced fuel through-put at high pressure leads to increased flame tem-

peratures, promoting thermal NO formation, while the pressure increase itself promotes
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NO formation through N2O. In addition, the flow and mixing patterns facilitate removal

of NO by reaction with hydrocarbon radicals. A further complication for both premixed

and non-premixed flames is that LIF signals suffer from spectroscopic interferences at

high pressure [81, 82].

Despite these complications, the high-pressure flame studies have provided important

information on the effect of pressure on prompt NO formation. In premixed hydrocarbon

flames, Laurendeau and coworkers [32, 36] observed that with increasing pressure, the

peak NO concentration shifted to leaner flames. They reported that the peaks in NO

coincided with peaks in the maximum concentration of CH. If the measured NO levels

are converted from the reported number densities [35] to mole fractions, it appears that

NO, after an initial increase, decreases with increasing pressure above 6 atm in fuel-

rich methane flames (see discussion below). Results from counter-flow diffusion flames

fueled with methane show a similar behavior [41, 43], with NO decreasing already above

3 atm and reaching small concentrations above 10 atm. Naik and coworkers [44, 45, 83]

show that in the pressure range of 1-6 atm, the NO and CH concentrations are strongly

correlated, both peaking at 2 atm and then decreasing with increasing pressure.

Modeling studies of prompt NO formation have been reported both for high-pressure

premixed [34, 37–40] and high-pressure counter-flow diffusion [41–45] flames. Most of

these studies were conducted with the GRI-Mech mechanism (either version 2.11 or 3.0)

or other mechanisms with CH + N2 
 HCN+ H as the initiation step; these mechanisms

often failed to capture the observed pressure dependence for NO. Here, we re-evaluate the

effect of pressure on prompt NO formation through chemical kinetic modeling, updating

the prompt NO subset based on the theoretical results from the present work.

3.1. The Chemical Kinetic Model

The chemical kinetic model used for the assessment of prompt NO formation at high

pressure is largely drawn from the recent review by the authors on modeling of nitrogen

chemistry in combustion [16]. The temperature and pressure dependent rate coefficients

for CH + N2 → NCN + H (R1), NCN + H → products (R2, R3), and NCN + OH

→ products (R4, R5) were adopted from the theoretical analysis in this work. Rate

coefficients for the reactions on the HNCN and HONCN PES at selected pressures are
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listed in Table 5 and available in PLOG format together with the full mechanism as

Supplemental Material.

At high pressure, the HNCN and HONCN adducts formed in reactions R1a, R2a,

and R3a may stabilize. The oxidation chemistry of these species is not well established,

but they would be expected to react rapidly with the O/H radical pool. Stabilization to

cyc-NCHN, NCNHO, and NCONH would be expected to be of less importance under the

conditions investigated below.

3.2. Results and Discussion

The effect of pressure on the formation of prompt NO is investigated at different

stoichiometries and temperatures through chemical kinetic modeling. The calculations

were conducted with Chemkin PRO for a burner stabilized flame. We have chosen to

compare predictions with the results from the laminar premixed CH4/O2/N2 flames at

pressures in the range 1.0-14.6 atm reported by Klassen et al. [35]. In Fig. 13, results are

shown for NO as a function of pressure for three selected fuel-air equivalence ratios (0.8,

1.0, and 1.2). The measured data were obtained at a height of 0.7 cm above the burner

surface for the lower pressures and at 0.3 cm for the highest pressures (presumably above

9 atm). Modeling predictions are shown for both locations.

The modeling is conducted assuming adiabatic conditions and solving the energy

equation to obtain the flame temperature. As expected, the predicted temperatures are

higher than indicated by measurements, but the difference is mostly within the experi-

mental accuracy of ± 75 K [35]. The implication of overpredicting the temperature would

be most pronounced in the lean and stoichiometric flames where NO formation is most

sensitive to temperature due to the contribution from thermal NO.

The results show that for the lean and stoichiometric flames, the NO concentration

increases with pressure. The local peak in NO observed in these flames for a pressure of

6 atm is attributed to the change in measurement location from HAB = 0.7 cm (6 atm)

to HAB = 0.3 cm (9 atm). The modeling predictions, which are in fairly good agreement

with the experimental results, indicate that NO formation increases monotonically with

pressure in these flames.

In the lean flames, NO is formed almost entirely from thermal NO and via the N2O
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A β E Pressure Source

1a. CH + N2 � HNCN 6.0E23 -4.410 14410 0.01 atm pw
1.4E23 -3.740 15820 1.0 atm
3.1E17 -1.780 15240 100 atm

1b. CH + N2 � NCN+H 5.9E08 1.060 15960 0.01 atm pw
2.5E09 0.890 16620 1.0 atm
9.5E09 0.810 20340 100 atm

2a. NCN +H � HNCN 3.9E23 -4.340 5347 0.01 atm pw
1.5E30 -5.430 4415 1.0 atm
5.1E27 -4.150 5370 100 atm

2b. NCN +H � HCN+N 2.2E11 0.710 5321 0.01 atm pw
2.2E11 0.710 5321 1.0 atm
2.5E11 0.690 5371 100 atm

2c. NCN +H � HNC+N 3.9E-04 4.700 2440 0.01 atm pw
4.3E-04 4.690 2434 1.0 atm
9.6E-03 4.320 3641 100 atm

3a. NCN +OH � NCNOH 1.6E31 -6.650 2718 0.01 atm pw
1.8E32 -6.370 3924 1.0 atm
1.5E27 -4.350 3691 100 atm

3b. NCN +OH � HCN+NO 2.9E05 2.040 1505 0.01 atm pw
2.6E08 1.220 3593 1.0 atm
2.6E11 0.480 8655 100 atm

3c. NCN +OH � NCO+NH 8.6E14 -0.950 734 0.01 atm pw
1.7E18 -1.830 4143 1.0 atm
6.3E16 -1.250 10220 100 atm

4. NCN+H2 � HNCN+H 4.1E13 0.000 24100 [22]
5a. HNCN+O � HNC+NO 1.2E14 -0.050 72 [84]
5b. HNCN+O � NH+NCO 5.6E13 -0.050 72 [84]
5c. HNCN+O � CN+HNO 9.4E12 -0.050 72 [84]
6. HNCN+OH � NCN+H2O 1.0E05 2.480 -1887 [85]
7a. NCNOH � NCO+NH 2.1E35 -7.730 56420 0.01 atm pw

5.8E36 -7.620 59640 1.0 atm
1.9E29 -4.970 62850 100 atm

7b. NCNOH � NCNO+H 9.9E-28 8.750 50680 0.01 atm pw
2.1E10 -1.120 66840 1.0 atm
9.2E26 -4.810 69960 100 atm

7c. NCNOH � HCN+NO 1.5E23 -4.810 52570 0.01 atm pw
4.2E30 -6.140 59260 1.0 atm
4.3E28 -4.780 62950 100 atm

8a. NCNOH+H � HNCN+OH 1.2E14 0.000 0 est
8b. NCNOH+H � NH+CNOH 6.0E13 0.000 0 est
9a. NCNOH+O � NCNO+OH 1.2E14 0.000 0 est
9b. NCNOH+O � NO+CNOH 6.0E13 0.000 0 est
9c. NCNOH+O � CN+HONO 6.0E13 0.000 0 est
10. NCNOH+OH � NCNO+H2O 6.0E13 0.000 0 est

Table 5: Selected reactions in the prompt NO mechanism subset. Parameters for use in the modified
Arrhenius expression k = ATβ exp(−E/[RT]). Units are mol, cm, s, cal.

31



Figure 13: Effect of pressure and fuel-air equivalence ratio on the formation of NO in premixed, laminar
CH4/O2/N2. The N2/O2 ratio of the oxidizer was 3.1. The fuel-air equivalence ratios are ϕ = 0.8
(lean), 1.0 (stoichiometric) and 1.2 (fuel-rich). The experimental data, shown as symbols, are drawn
from Klassen et al. [35]. Measurements of NO were conducted at 0.7 cm (1-0-6.1 atm.) and 0.3 cm
(9.15-14.6 atm.) above the burner, respectively. Modeling predictions are shown as solid lines (HAB =
0.7 cm) and dashed lines (HAB = 0.3 cm).

mechanism. The contribution from the N2O scheme is most important early in the flame;

when the temperature increases downstream, thermal NO is the dominant source of nitric
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oxide. This behavior is similar at low and high pressure. The enhanced NO formation at

high pressure can mainly be attributed to a longer residence time at high temperature in

the post-flame zone, even though a slight increase in temperature also contributes.

Under stoichiometric conditions, prompt NO formation dominates in the flame zone,

accounting for 30-50% of the NO formed in the flame. Downstream of the reaction zone,

thermal NO is the major source of NO. Again there is some contribution from the N2O

scheme, but it diminishes with increasing temperature in the post-flame region. Similar

to the lean flames, the increase in NO with increasing pressure is mainly related to

NO formation in the post-flame, facilitated by a longer residence time as well as by a

temperature increase of about 50 K from 1 atm to 6 atm.

For studying the effect of pressure on prompt NO formation, the rich flames with a

fuel-air equivalence ratio of ϕ = 1.2 are the most interesting. In these flames, almost all

NO is formed from the prompt mechanism, independent of pressure. The experimental

data show that the NO concentration initially increases with pressure, peaking at 6 atm,

but then decreases with increasing pressure above this value. The modeling predictions

are qualitatively in agreement with observations, except that the peak in NO is predicted

already at a pressure of 3 atm. Both the measurements and the modeling predictions

indicate that the flame temperature increases by about 50 K, when the pressure is raised

from 1 to 6 atm and then levels out.

The prompt NO formation is initiated by attack of the CH radical on molecular

nitrogen, mainly

CH + N2 � NCN+ H (R1b)

In agreement with the results of Fig. 6, at high pressure the recombination reaction

forming HNCN also contributes,

CH + N2 � HNCN (R1a)

According to the model, the NCN radical reacts mainly with atomic hydrogen in this rich

flame,

NCN + H � HCN+ N (R2b)
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Since atomic oxygen levels are low, the HCN + O reaction proceeds slowly, and reaction

R2b is followed mainly by the reaction sequence

NCN
+H−→ HCN

+M−→ HNC
+OH−→ HNCO

+H−→ NH2
+H,OH−→ N

+OH−→ NO

The pressure can affect the formation of prompt NO through temperature, total con-

centration, and residence time changes; through its impact on the fuel oxidation chem-

istry and formation of hydrocarbon radicals; and/or through its direct effect on the key

reactions in the prompt NO scheme. The initial increase in NO with pressure can be at-

tributed mainly to the increase in temperature in the flame zone. However, at pressures

above 6 atm, the temperature levels out. Actually, it is conceivable that the temperature

in the flame zone is even reduced at high pressures, since a heavier stabilization of the

flame may lead to increased heat loss to the burner.

Under conditions of the fuel-rich flames in Fig. 13, the NCN + OH reaction (R3) is

not competitive and the prompt NO chemistry is dominated by reactions on the HNCN

PES. Figures 6 and 7 show the calculated pressure dependence for the individual product

channels of the CH + N2 (R1) and NCN + H (R2) reactions. For CH + N2 (R1), an

increased pressure facilitates stabilization of HNCN (R1a) and reduces the formation of

NCN + H (R1b). However, HNCN rapidly feeds into the cyanide and amine pool by

reaction with radicals, and the change in product branching between (R1a) and (R1b)

with pressure has little impact on the NO formation.

The impact of pressure on the product channels for NCN + H (R2) was shown in

Fig. 7. Stabilization of HNCN is insignificant at atmospheric pressure and below, but

becomes important at high pressure. Predictions of prompt NO formation are sensitive

to the yield of HCN + HNC (promoting NO formation) compared to the yield of CH +

N2 (inhibiting NO formation). According to our theoretical calculations, the selectivity

of NCN + H for forming HCN and HNC does not appear to be a strong function of

pressure, but the yield of CH + N2 decreases strongly at high pressure. While this effect

benefits NO formation, it is not sufficient to ensure an increase in prompt NO at elevated

pressure.

The calculations indicate that the inhibiting effect of a high pressure on prompt NO
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can be attributed mostly to its impact on the radical pool. A high pressure promotes

radical recombination reactions, such as

CH3 +H(+M) � CH4(+M)

CH3 +OH(+M) � CH3OH(+M)

CH3 + CH3(+M) � C2H6(+M)

These chain terminating steps serve to reduce the peak concentrations of the O/H radi-

cals by approximately an order of magnitude when the pressure is increased from 1 atm

to 15 atm. The impact on the CHn radical pool is even more pronounced, since the re-

combination reactions serve to weaken the formation of the smaller hydrocarbon radicals.

According to the modeling predictions, the peak CH concentration is reduced by close

to two orders of magnitude by this increase in pressure, strongly inhibiting prompt NO

formation.

Modeling calculations were conducted also for a perfectly stirred reactor environment,

partly because this configuration, characterized by short reaction times and high radical

concentrations, favors formation of prompt NO [16], and partly because some of the

complexities of the laminar flames discussed above are avoided. For clarity, we here

decouple the impact of pressure and stoichiometry on the combustion temperature.

Figure 14 shows modeling predictions as a function of pressure and fuel-air equiva-

lence ratio for formation of NO in combustion of methane under perfectly stirred reactor

conditions. Predictions are shown for a temperature of 1800 K, which is sufficiently low

to limit formation of thermal NO. The calculations are conducted for pressures of 0.01,

1.0, and 100 atm, both with the full mechanism (solid lines) and with a scheme where

the prompt NO initiation reactions, i.e., CH + N2 and C + N2, were deactivated (dashed

lines).

Prompt NO is seen to be the controlling NO formation mechanism under stoichio-

metric and reducing conditions. In line with the flame results, prompt NO forma-

tion is reduced when the pressure is increased from atmospheric to 10 atm. How-

ever, a further increase to 100 atm is seen to largely eliminate prompt NO formation.
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Figure 14: The predicted effect of pressure and fuel-air equivalence ratio on the formation of NO in a
perfectly stirred reactor, combusting a CH4/air mixture. The temperature was 1800 K and the nominal
residence time was 3 ms. The solid lines denote predictions with the full model, while calculations shown
as dashed lines were conducted with the initiation reactions in prompt NO formation disabled.

Again, the behavior can largely be attributed to the effect of pressure on the radical

pool. At high pressure, the recombination reactions CH3 +H(+M) → CH4(+M) and

CH3 + CH3(+M) → C2H6(+M) are responsible for a large part of the consumption of

methyl radicals. Both reactions serve to weaken the formation of the smaller hydrocar-

bon radicals.

The dominating pathways in forming prompt NO change with pressure. At 1 and

10 atm, CH + N2 → NCN + H is followed by reaction of NCN with H, O, and OH

to form cyanides, amines and NO. With increasing pressure, also formation of HNCN

from CH + N2 and NCN + H becomes important. At 100 atm, CH is almost depleted,

with a concentration more than three orders of magnitude lower than at atmospheric

pressure. Here, the reaction C + N2(+M) → NCN(+M) becomes the most important

initiation step. The NCN radical then recombines with H to form HNCN, which feeds

into the cyanide/amine pool by reaction with O/H radicals. Stabilization of HONCN

contributes only at lower temperatures.
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Our analysis indicates that while it is important to describe correctly the pressure

dependence of the key reactions in prompt NO formation, the largest impact of pressure

comes from its effect on the radical pool. Thereby the present analysis support the

findings of Naik and coworkers [44, 45, 83], who observed that in counter-flow diffusion

flames the NO and CH concentrations were strongly correlated, both decreasing with

increasing pressure above two atm.

4. Conclusions

High level theoretical methods have been employed to predict the heat of formation for

NCN as well as the kinetics of the CH + N2, H + NCN, and NCN + OH reactions. The

good agreement between the theoretically predicted heat of formation for NCN and the

corresponding ATcT value indicates that the predictions are consistent with the available

data. For the CH + N2 and H + NCN reactions the present high accuracy theoretical

analyses provide a consistent (maximum discrepancies with experiment of about 30%)

description of the literature data for both the forward and reverse reactions in the CHN2

system. The analysis also predicts considerable stabilization to HNCN for both forward

and reverse reactions at high pressure. For NCN + OH, the present analysis indicates

the importance of a new pathway that yields NCO + 3NH. At high temperatures, the

formation of NCO + NH through this new pathway is predicted to be comparable to

the formation of HCN + NO. At high pressures, significant stabilization to intermediate

wells also occurs. These new predictions differ considerably from the earlier predictions

of Zhu et al. [26].

The modeling simulations confirm that the pressure has an important impact on the

prompt NO mechanism. For the rate determining step, CH + N2 (R1), an increased

pressure facilitates stabilization of HNCN (R1a) and reduces the formation of NCN +

H (R1b). According to our current predictions, this change in pathway has only a lim-

ited impact on the NO formation rate, but more work on the HNCN reaction subset

is desirable. Elevated pressures also promote radical recombination reactions, reducing

concentrations of the radical pool and, in particular, of CH. This effect explains the ob-

servation from premixed and non-premixed flames that prompt NO formation decreases

with increasing pressure above 2-3 atm.
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