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The complex doublet potential surface of the NCO+ HCNO reaction has been investigated at the QCISD-
(T)/6-311g(d,p)//UB3LYP/6-31G(d,p) level. We have found 29 isomers on the potential surface, which are
connected by 38 transition states. The single-point energy calculations are performed at the high-level QCISD-
(T)/6-311G(d,p) for more accurate energy values. In various possible initial association ways, the end-N
attack leading to HC2N2O2 a1 anda2 is the most favorable association way through a barrierless process.
Through the thermodynamic and kinetic analyses, the product NO+ CO + HCN should be the major product
in both the low- and high-temperature conditions for its low-energy determination transition state. Our
calculation is consistent with the available data in low-temperature condition and expected to be confirmed
in the high-temperature condition.

Introduction

The fate of the HCNO molecule, as the important intermediate
molecule in the NO-reburning process for the reduction of NOx

pollutants, has been an interesting aspect for the atmosphere
chemistry and the combustion chemistry.1 NCO is also an
important intermediate in several combustion environments,
including the PAPRENOx process for reducing NOx emissions.2-4

Thermodynamic information on the reactants and products are
available,5-8 but only one kinetic study has been reported, with
the major product channel identified as NO+ CO + HCN,
and a total rate constant of (1.58( 0.20) × 10-11 cm3

molecule-1 s-1 at 298 K.9 No computational studies of the title

reaction have been reported. In this paper, we report the results
of DFT calculations on the potential energy surface in order to
elucidate the possible reaction paths.

Calculation Method

All calculations are carried out using the Gaussian 98
program.10 The geometries of all the reactants, products, various
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Figure 1. Total reaction paths obtained at the QCISD(T)/6-311G(d,p)//
UB3LYP/6-31G(d,p) level.

TABLE 1: Zero-Point, Total (au), and Relative Energies
(kcal/mol) of Reactant, Products, and Isomers for the HCNO
+ NCO Reaction at the QCISD(T)/6-311G(d,p)//UB3LYP/
6-31G(d,p) Level

species ZPE QCISD(T) QCISD(T)+ ZPE

a1 0.036075 -335.942930 -41.3
a2 0.036073 -335.931261 -34.0
a3 0.036874 -335.947252 -43.5
a4 0.030138 -335.836133 22.0
a5 0.030705 -335.903877 -20.2
a6 0.030286 -335.906291 -21.9
a7 0.035670 -335.911511 -21.8
a8 0.035528 -335.893274 -10.5
a9 0.035431 -335.892707 -10.2
b1 0.035078 -335.891146 -9.4
b2 0.034098 -335.830173 28.2
b3 0.036598 -335.838516 24.5
b4 0.034444 -335.870632 3.0
b5 0.034229 -335.866858 5.2
b6 0.033154 -335.825993 30.2
b7 0.035355 -335.959746 -52.3
b8 0.029518 -335.975967 -66.1
b9 0.033942 -335.832808 26.5
c1 0.034115 -335.822795 32.9
c2 0.033276 -335.862699 7.3
c3 0.034228 -335.822547 33.1
c4 0.033448 -335.830651 27.5
c5 0.035453 -335.866497 6.3
c6 0.034620 -335.857070 11.7
c7 0.034631 -335.859838 9.9
c8 0.034886 -335.93648 -38.0
c9 0.035632 -335.822789 33.8
d1 0.033386 -335.821021 33.5
d2 0.033420 -335.838602 22.5
P1 HCN + NO + CO 0.026030 -335.956369 -56.0
P2 HCCO+ NNO 0.030042 -335.884628 -8.5
P3 CO2 + HCNN 0.030326 -335.959107 -55.1
P4 HCO + N2 + CO 0.025095 -335.977452 -69.9
R NCO + HCNO 0.028564 -335.869602 0.0
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Figure 2. Part 1 of 2.
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intermediates, and transition states for the NCO+ HCNO
reaction are optimized using hybrid functional UB3LYP method
with the 6-31G(d,p) basis set. Vibration frequencies are
calculated at the UB3LYP/6-31G(d,p) level to check whether
the obtained stationary points correspond to isomer or to first-
order transition states. To confirm that the transition state
connecting designated intermediates, we also perform intrinsic
reaction coordinate (IRC) calculations at the UB3LYP/6-31G-
(d,p) level. In addition, single-point energies are calculated for
the UB3LYP/6-31G(d,p) optimized geometries with the qua-
dratic configuration interaction method with single and double
excitation and perturbative corrections for triple excitations
(QCISD(T)) with the 6-311G(d,p) basis set. Unless otherwise
specified, the QCISD(T) single-point energies are used in the
following discussion.

Results and Discussion

3.1. Initial Association Pathways.Starting from the reactant
R NCO + HCNO, we have obtained four energetically

accessible primary products (P1, HCN + NO + CO; P2,
N2O + HCCO;P3, CO2 + HCNN; andP4, N2 + HCO + CO),
and listed the reaction pathways in Figure 1. Figure 2 shows
the optimized geometries of the reactants, products, and 24
intermediate isomers (denoted by the letters from a to d). The
optimized structures of the transition states are shown in Figure
3. The reaction pathways related to the doublet [HC2N2O2]
potential energy surface (PES) are schematically plotted in
Figure 4. The energetic data of the reactants and products are
listed in Table 1. The energy values of the transition states are
listed in Table 2. All of the calculations are carried out at the
QCISD(T)/6-311G(d,p)//UB3LYP/6-31G(d,p) level.

The attack of NCO at the HCNO molecule may have about
15 possible paths, i.e., end-N attack, end-O attack, middle-C
attack, side N-C bonding attack, and side O-C bonding attack,
etc. We tried all of the paths to associate NCO to the HCNO
molecule, and found four feasible association paths. These paths
are end-N attack to C, end-N attack to N, end-O attack to C,
and middle-C attack to C. The end-N attack to C can form two

Figure 2. Part 2 of 2. The UB3LYP/6-31G(d,p)-optimized geometries of all isomers, the products, and the reactants. Bond distances are in angstroms
and angles are in degrees.
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Figure 3. Part 1 of 2.
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isomersa2 anda1, which are directly linked with the reactant
with two potential wells-34.0 and-41.3 kcal/mol, respec-
tively. Other two isomers obtained from the end-N attack are
isomersb6 andc4 located at 30.2 kcal/mol and 27.5 kcal/mol
above the reactant, respectively. These two isomers are linked
with the reactant byTSRc4for isomerc4andTSRb6 for isomer
b6. Clearly, these pathways involve substantial potential energy
barriers. The C-C attack can form isomerc9after surmounting
an energy barrier 71.6 kcal/mol ofTSRc9. Isomera8 is resulted
from the O-attack to the C atom and linked with the reactant
by tsRa8 lying at 12.7 kcal/mol above the reactant. Obviously,
the end-N attack to the C atom should be more competitive
than any other association ways because it is a barrierless
association process. But these high-energy paths may be
important in the high-temperature conditions.

3.2. P1, P2, P3, and P4. In this paper, 12 total reaction paths
have been obtained and listed in Figure 1. The initially formed
end-N attack isomer HC2N2O2 a1 can dissociate to the product
P1 via two C-N single bonds ruptures. Isomera2 can further
form a four-member ringa7, which can release the HCN
fragment via the N-C bond rupture. The last ONCO fragment
can further form the final NO and CO products through the
N-C rupture. Another competitive reaction path is path 2P1,
which need to surmountTSa3a4lying 69.5 kcal/mol above the
reactant. So this path cannot be expected feasible in low-
temperature condition. It can be written as follows: isomera2
is converted toa3 through the end-O atom vibration transition
state, after which the O atom of the HCNO fragment is

abstracted, and the HCN fragment is emitted. The last NCO2

fragment isomerizes to the ONCO construction via an O-shift
process from the C atom to the N atom (TSa5a6), and finally
the products NO and CO molecules are emitted through the
N-C bond rupture. Starting fromTSRa8we can get two paths
which need to undergo two high-energy transition statesTSb3b4
andTSb1b2lying at 103.3 and 58.2 kcal/mol above the reactant,
respectively. Obviously it is difficult to surmount them in low-
temperature condition. So from the dynamical view, these two
paths are not important. Starting fromTSRb6 the reaction can
proceed in three reaction paths and results in two speciesP4

andP1. We simply describe the isomerization process starting
from isomerb6 in the following: (1) isomerb6 undergoes a
hydrogen shift followed by an N-C bond rupture, leading to
product CO+ HCO+ N2. We also located another high-energy
transition stateTSb6b7 in this reaction path; (2) isomerb6
undergo an end-H vibration followed by an O-shift process
leading toc2, which looks like to rupture the N-C bond and
emit the CO2 molecule. So we underwent many attempts to
confirm a transition state to link isomerc2 with the product
CO2 + HCN2, but finally always ended up withTSc2a5, through
which HCN + NCO2 can be produced. The conversion from
NCO2 a5 to ONCOa6needs to hurdle a high barrier 94.6 kcal/
mol, so it is difficult to rupture further to NO+ CO, at least in
moderate temperature; (3) isomerb6 can undergo an O-shift
process followed by an O-N rupture, leading to isomerc2,
which can proceed the same isomerization process as mentioned
in path 1 and result in product CO+ HCO + N2.

Figure 3. Part 2 of 2. The UB3LYP/6-31G(d,p)-optimized geometries of all transition states. Bond distances are in angstroms and angles are in
degrees.
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Isomerc4 first formed the four-member ringc5, and then
underwent two continual N-C bond ruptures leading to product
P2. Alternatively it can also undergo an O-shift process followed
by an N-C bond rupture to result in productP3. We also have
found another path linking the reactant withP2: isomerc9 can
undergo an N-O rupture followed by a rotational isomerization
and an N-shift process leading to the isomerc6, which can arrive
at P2 after an N-C bond rupture.

From the energy view, these four series of products are all
feasible because all of them are located below the reactant on
the potential energy surface, and the most stable product should
be P4. Kinetically P1 should have the largest branch ratio
because its highest lying transition state lies at 1.4 kcal/mol
above the reactant. This value is greatly lower than the barriers
to the other product channels.

3.3 Reaction Mechanism.In section 3.2, we have obtained
five important reaction channels which are most accessible for
the NCO+ HCNO reaction to produce four series of products.
For these five reaction channels, the least competitive channel
should be path 1P4 due to the high-energy transition state
TSb6b7, which is 73.6 kcal/mol above the reactant and
inaccessible in the combustion reactions. So thoughP4 is the
most stable product, we still have to regard it as the least
competitive product in the combustion conditions. From Figure
4 we can find that isomerc6 is the mutual isomer in both path
1 P2 and path 1P3. Furthermore,TSc6P2 is located at 8 kcal/

mol aboveTSc7c8,which can result inP3 finally over another
transition stateTSc8P3, soP2 should be the second uncompeti-
tive reaction product. There are two feasible reaction pathways
path 3P1 and path 1P1 to produceP1. The relative energies of
the determining transition states of these two reaction pathways
are very similar; i.e., the barrier ofTSa7a6 in path 3 P1 is
1.0 kcal/mol, and the barrier ofTSa1P1 in path 1P1 is 1.4 kcal/
mol. But they are both much lower than the determination
transition states of the other reaction pathways. Then we
tentatively expect these two pathways may have comparable
contributions to the NCO+ HCNO reaction. Compared toP3

andP2, P1 should be more competitive not only thermodynami-
cally but also kinetically.

As a result, reflected in the final product distributions, we
predict that: (1) total four productsP1, P2, P3, andP4, should
been detected in the experiments; (2) in both low and high-
temperature conditions, the major product should beP1; (3) P3

may be the second feasible product; (4)P2 is the third
competitive product; (5)P4 is the least competitive product.

4. Conclusions

A detailed doublet potential energy surface calculation of the
HCNO + NCO reaction system has been carried out at the
UB3LYP and QCISD(T) (single-point) levels. The main cal-
culated results can be summarized as follows: (1) The most

Figure 4. The potential energy surface of the relevant reaction pathways for the HCNO+ NCO reaction at the QCISD(T)/6-311G(d,p)//UB3LYP/
6-31G(d,p) level.
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feasible initial association way is the end-N attack of NCO at
HCNO leading to HC2N2O2 a1 via a barrierless process. Other

pathways involve high-energy barriers, and therefore do not play
a major role at moderate temperatures; (2) Four total series of
products can be obtained,P1, P2, P3, and P4. Among these
products,P1 is the most favorable product.P3 is more feasible
thanP2, andP4 is the least feasible product. These four products
cannot further dissociate due to thermodynamical and kinetic
factors; (3) The inner reaction mechanics for all of the feasible
reactions paths are plotted in detail at the QCISD(T)/6-311g-
(d,p)//UB3LYP/6-31G(d,p) level.
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TABLE 2: Zero-Point (au), Total (au), and Relative
Energies (kcal/mol) of Transition States for the Title
Reaction at the QCISD(T)/6-311G(d,p)//UB3LYP/6-31G(d,p)
Level

species ZPE QCISD(T) QCISD(T)+ ZPE

TSc4c5 0.033187 -335.819038 34.6
TSc5c6 0.033796 -335.834228 25.5
TSc2a5 0.030743 -335.845822 16.3
TSd2c6 0.034217 -335.833858 26.0
TSc6P2 0.031879 -335.832652 25. 3
TSb7b8 0.031645 -335.919685 -29.5
TSa1P1 0.030337 -335.869185 1.4
TSb6c3 0.033649 -335.819606 34.5
TSc3c2 0.031341 -335.810866 38.6
TSRb6 0.032176 -335.820669 33.0
TSb6b9 0.032013 -335.820765 32.8
TSb6b7 0.029608 -335.753276 73.6
TSa7a6 0.030636 -335.870131 1.0
TSa9b1 0.034943 -335.889967 -8.8
TSb1b2 0.028752 -335.777017 58.2
TSb2a6 0.030791 -335.815362 35.4
TSa3a4 0.029981 -335.760290 69.5
TSa8a9 0.034305 -335.877661 -1.5
TSa9b3 0.035485 -335.835841 25.5
TSd1d2 0.032436 -335.822877 41.3
TSRc9 0.032049 -335.758955 71.6
TSc9d1 0.032604 -335.807712 41.4
TSa2a7 0.035430 -335.908333 -20.0
TSa2a3 0.035312 -335.922666 -29.1
TSc6c7 0.034255 -335.854397 13.1
TSb9c1 0.033668 -335.821125 33.6
TSc1c2 0.031678 -335.817442 34.7
TSb4b5 0.033027 -335.848163 16.3
TSb3b4 0.029555 -335.705970 103.3
TSRa8 0.031399 -335.852182 12.7
TSb5P1 0.028096 -335.832657 22.9
TSRc4 0.031255 -335.813536 36.9
TSc8P3 0.032115 -335.922442 -30.9
TSb8P4 0.026839 -335.974075 -64.6
TSa6P1 0.027407 -335.900613 -20.2
TSa5a6 0.027156 -335.745467 77.0
TSa4a5 0.028032 -335.803925 40.9
Tsc8P3 0.032115 -335.922400 -30.9
Tsc7c8 0.034163 -335.8454824 17.2
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