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The reaction of fulminic acid, HCNO, with NH, radicals was studied using quantum chemical and
theoretical kinetic methodologies. B3LYP/6-311++G(3df,2p) calculations combined with CCSD(T) energy
calculations at the basis set limit reveal a complex potential energy surface, where only two entrance
channels contribute significantly to the product formation. Transition state theory and RRKM master
equation calculations find a rate coefficient ranging from 7.2 x 10712 cm? molecule~! s~! at room tem-
perature, to> 1 x 10~ cm? molecule~! s~! at 3000K. Despite a reduced efficiency in product formation
due to fast redissociation of the adducts to the reactants at high temperatures, the title reaction can thus
be an efficient sink for HCNO at combustion temperatures in nitrogen-rich environments. At 1bar and
below, H,NCO + NO is the dominant product, with HNCN + OH and HCN + NHOH contributing weakly.
This work presents rate coefficients and product distributions for the temperature range 300-3000K, and
pressure range of 10-3-103 bar; a brute-force error analysis examines the expected uncertainty interval

for these predictions.

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The mitigation of NOx emissions from combustion systems is
critical to improve air quality in many places on the globe. Several
mitigation strategies have been proposed, with solutions that en-
compass fuel additives, reburning, or treatment of flue gases with
catalytic converters, with or without further chemicals (e.g., Ad-
Blue based on urea) [1-6]. The HCNO molecule, fulminic acid, is
a critical intermediate in NOx reduction [3]. It is formed primarily
from the reactions of HCCO and CH, with NO [3,7-13], as:

HCCO + NO — HCNO + CO (1)
HCCO 4+ NO — HCN + CO, 2)

Boullart et al. [11], Eickhoff and Temps [12], and Rim and
Hershberger [13] reported values for kq/(k;+k,) ranging from
0.64+0.12 to 0.88 £0.04, using different experimental techniques.
These results showed that channel (1), yielding HCNO, is the dom-
inant pathway. HCNO is also formed by reactions of NO with 3CH,
and 'CH, radicals in the flame [14-16]:
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3CH, ('CH,)+NO — HCNO + H 3)
3CH, ('CH,) + NO — HCN + OH (4)

For the 3CH, + NO reaction, Bauerle et al. [14] measured H, O,
and OH production rates in shock waves over the temperature
range from 1100 to 2600K and concluded that (3) and (4) are ma-
jor product channels, with both rate coefficients increasing with
temperature. Later, GruRRdorf et al. [16] reported that the dominant
channel is HCNO +H, accounting for about 84%. The physicochem-
ical properties of HCNO, and its reactions with various species
present in hydrocarbon combustion such as H- and O-atoms,
HOy radicals, and other reactive species have been investigated
[3,17-29]. Theoretical studies showed that there are two main
mechanisms for the reactions of HCNO, i.e. direct H-abstraction
and the association-elimination process, where the latter is typi-
cally more favorable. For example, in the HCNO + OH reaction, the
H-abstraction occurs via an energy barrier of 8.7 kcal mol~! while
the channel of HO addition to the carbon of HCNO is a barrierless
process leading to the major products [28].

The NH, radical is an interesting coreactant for HCNO, as
nitrogen-containing species have been used extensively in NOx re-
duction strategies, where especially NH; and NHs3-sources such as
urea are in use as active components of fuels or flue gas treatment
systems. The NH, radical can be formed by dissociation of NH3 or
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by its reaction with radical species such as O-atoms, CHs, OH, etc.
[9,30]:

NHs3 + O — NH, + OH (5)
NH3 + CH3 — NH, + CH4 (6)
NH; + OH — NH, + H,0, (7)
where recommended rate coefficients are k;=1.6x10""

794 exp(—3250/T)cm3
exp(—=5100/T)cm® molecule? s!, and
exp(—480/T) cm® molecule’! s [9,30].

The title reaction is also of some interest outside of combus-
tion systems. Fulminic acid was detected recent along with its iso-
mer, HNCO, in dark clouds by Marcelino et al. [31]; he also con-
cluded that the reaction of NO with CH, radical is a key reaction
for the formation of HCNO in these environments. The NH, radi-
cal has likewise been detected in the interstellar medium [32], is
included in chemical models for Titan [e.g., 33], and plays a mi-
nor role in the removal of ammonia from earths’ atmosphere [34].
Compared to combustion systems, these environments are charac-
terized by lower temperatures and pressures, which may affect the
reaction rate and product distribution.

To our knowledge, the cross-reaction of HCNO with NH; radi-
cals has not been studied in detail before. In this work, we present
a quantum chemical characterization of the potential energy sur-
face (PES) of the HCNO +NH; reaction, based on which we de-
termine the temperature- and pressure-dependent rate coefficient
and product distribution, using theoretical kinetic methodologies.
The results are expected to be directly useful for kinetic modeling
studies containing the reactants.

molecule?  s!,  kg=18x10"1
k;=8.3x10"17 T6

2. Computational methods

The potential energy surface (PES) of the HCNO + NH, reaction
was first characterized using the B3LYP/6-311++G(3df,2p) level
of theory [35-37], obtaining the rovibrational characteristics of
the reactants, products, intermediates and transition states. Vibra-
tional wavenumbers were used scaled by 0.98 [38,39]. The rel-
ative energies were then improved by single point CCSD(T)/6-
311++G(3df,2p) calculations on the B3LYP geometries [40,41]. The
full PES is depicted in the supporting information (Fig. 2S). Many of
the pathways and intermediates are only accessible through very
high energy barriers, and play no role in the kinetics of the system.
We have selected the kinetically relevant part of the PES, shown
in Fig. 3, and further improved the relative energy of the criti-
cal points therein by extrapolation to the complete basis set limit
(CBS) [42], based on CCSD(T)/aug-cc-pVxD calculations (x=D,T,Q)
[43]. To assess the accuracy of such calculations, the heats of for-
mation of main products at 298.15K are compared against high-
accuracy literature data (see Table 1). For most products, this re-
sults in deviations between the 6-311++G(3df,2p) basis set and
the CBS limit of less than 1kcal mol~!, and differences of less
than 0.5 kcal mol~! against reference literature data [44], suggest-
ing that the chosen level of theory is sufficiently accurate to de-
scribe the reaction kinetics of the title reaction. This is further cor-
roborated by the low spin contamination in the DFT calculations,
where S2 for doublet states remains below 0.77 even before spin
annihilation. Likewise, T1 diagnostic values are always below the
upper limit of 0.044 proposed by Rienstra-Kiracofe et al. [45,46]:
the highest value, T1=0.042, was found for the TOP1 transition
state, while all other structures have T1 diagnostics <0.040. The
barrierless dissociation of H,NCHNO (IS1a) to H,NCH + NO (PR2)
was characterized by a set of constrained geometry optimizations
at increasing C-N atom distances ranging up to 7A; the ener-
gies along this reaction path are further optimized by single point

CCSD(T)/aug-cc-pVTZ calculations. At the kinetically relevant sep-
arations, S? values of the DFT wavefunction remain < 0.76 before
annihilation, and T1 diagnostics < 0.025, though higher values are
found at short separations below 2 A. To investigate variational ki-
netic effects in the low TO/1 entrance transition state, IRC calcu-
lations were performed using B3LYP, combined with B3LYP fre-
quency calculations and single point CCSD(T) calculations on the
obtained points along the reaction coordinate. These calculations
showed increased T1 values reaching 0.044 at reactant separations
shorter than the TS saddle point, which itself has a T1 diagnostic
of 0.039; these higher values could indicate some multi-reference
character in the wave function. All quantum chemical calculations
were performed using Gaussian-09 [47].

The reaction of HNCO + NH, shows several entrance channels,
many of which are not accessible kinetically in practical reaction
conditions. For brevity, we only discuss the relevant pathways in
this paper, relegating the less accessible pathways to the support-
ing information. The rate coefficient of the reaction is calculated
using canonical transition state theory (CTST) [48,49] for tempera-
tures ranging from 300 to 3000K; variational effects on the TO/1
entrance TS are studied using canonical variational TST (CVTST)
[48,50]. Tunneling is accounted for by asymmetric Eckart tunneling
[51,52]. The product distribution is then calculated using RRKM-
based master equation analysis [53], based on a rigid rotor har-
monic oscillator paradigm. The solution method used, CSSPI as im-
plemented in our in-house software [53], is based on a stochas-
tic description of the underlying Monte Carlo random walk of the
nascent adducts, yielding product distributions valid at comple-
tion of the reaction (i.e. all chemically activated intermediates con-
verted to products or stabilized adducts). This method does not as-
sume steady-state of the intermediate concentrations, though the
product yield is also directly valid in steady-state conditions as the
concentrations of the intermediates then correspond to the prob-
ability distributions inherent in the random walk. It is assumed
that the stabilized adducts react primarily with other reactants in
the reaction mixture, i.e. unimolecular reactions are expected to be
negligibly slow due to the ~40kcal mol~! dissociation barriers.

Redissociation of adducts to the free reactants becomes im-
portant at higher temperatures, such that the overall rate coef-
ficient shows pressure dependence; the rate coefficient for the
adduct formation channel needs to be corrected for this. Colli-
sional energy transfer was described by the Troe biexponential
model [54] using N, (£ =97.0K, o =3.617A) as a bath gas, and
collisional transfer parameters for the [CH,N,0] adducts were es-
timated as £=365.76K, o =3.58A, and AE,q,, =400cm~!. The
barrierless dissociation channel H,NCHNO (IS1a) to H,NCH + NO
(PR2) was treated by microvariational minimization of the RRKM
energy-specific rate coefficients k(E), based on a rigid rotor har-
monic oscillator description of the structures, using the rovibra-
tional and energetic properties obtained from the constrained ge-
ometries described above.

3. Results and discussion
3.1. PES and reaction mechanism

The optimized geometries of the reactants, and of key interme-
diates, products and transition states are shown in Figs. 1 and 2,
with energetic data listed in Table 2. A simplified PES is depicted in
Fig. 3, showing the kinetically relevant pathways; a more complete
PES can be found in the supporting information (Figs. 1S and 2S).
Two entrance channels for the HCNO + NH, reaction are kinetically
relevant. The first is an H-abstraction reaction through transition
state TOP1 with a barrier of 10.4kcal mol~!, forming CNO + NH;.
The second pathway is the addition of the NH, radical onto
the carbon of HCNO, forming HC(NH,)NO through TO0/1 with an
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