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The mechanism for the NC@& NO reaction has been studied using a high-level ab initio molecular orbital
G2M method in conjunction with variational RRKM calculations. The results indicate that the reaction occurs
primarily via the following singlet potential energy surface: (1) NGONO == OCNNO— N;O + CO; (2)

NCO + NO == OCNNO— ¢c-OC(O)NN- — N, + CO,. Cis-OCNNO is the main intermediate to form these
products. The decomposition of cis-OCNNO to the product® M CO is energetically less favorable than

the cyclization process forming c-OC(O)NNby 8.2 kcal/mol, but both processes take place via tight transition
states. These tight transition states coupling with the loose association channel give rise to the experimentally
observed strong negative temperature dependence. Calculated results also indicate that the total and individual
rate constants have a strong angular-momentum dependence. The calculated values are in good agreement
with experimental data both for the rate constant and product branching ratios. These results are qualitatively
consistent with those predicted previously by the conventional RRKM calculations based on the energetics

computed at the BAC-MP4 level of theory.

1. Introduction

The isocyanate radical, NCO, is a key intermediate in the
RAPRENQ (rapid reduction of nitrogen oxides) process using
cyanuric acid to reduce the emission of nitrogen oxides from
internal-combustion enginé£.The reaction of NCO with NO
is one of the most important reactions in this system, which
produces NO, CO, and CQ via the following three possible
channels:

NCO+ NO— N,O + CO @)
—N,+ CO, (b)
—N,+0+CO ©)

workerd® and by Mertens et al. studied in shock waves.
Combination of the low-temperature and high-temperature
shock-tube data results in a very pronounced negative temper-
ature dependence.

To elucidate the mechanism of this important process, Lin
et al1® have performed a quantum chemical calculation using
the BAC-MP4 method’~1° The rate constants for the overall
as well as individual channels were calculated by means of the
RRKM theory2° However, in their calculations the transition
state for the association process NGONO — OCNNO was
not directly computed quantum mechanically and the reproduc-
tion of the experimentally observed branching ratfofrom
RRKM calculations required a downward adjustment of the
transition state energy for channel (a) by 3.6 kcal (15% of the
barrier height). In this study, we carried out variational RRKM
calculations based on the energies and structures predicted by

Several research groups have experimentally measured the tota® high-level molecular orbital method.

rate constant for the reactibri* and three groups have reported
its product branching ratidst215Becker et al? reported that
(b) is the major channel, with the branching ratio of &0.35:

0.65 from their FTIR absorption measurement of the stable
products. This is in reasonable agreement with the results of

Cooper et al®,who obtained the ratio, a#s 0.44:0.56, for the
temperature range 29%23 K from diode laser absorption

2. Computation Methods

2.1. Ab Initio MO Calculations. The geometries of the
reactants, intermediates, transition states, and products for the
NCO + NO reaction have been optimized at the hybrid density

measurements. The product channel (c) is believed to befunctional B3LYP/6-311G (d, p) level of theory, i.e., Beck’s

negligible according to the experiment of these authors. In
contrast, Jones and Waidnave reported that theJ® and CO

three-parameter nonlocal-exchange functiofiaf® with the
nonlocal correlation functional of Lee et 4l The vibrational

are the main products; they detected the products with a coherenfrequencies, calculated at this level have been used for
anti-Stokes Ramam scattering (CARS) technique and observedcharacterization of stationary points, zero-point energy (ZPE)

no N, formation. For the total rate constant determination,

corrections, and RRKM calculations. All the stationary points

Perry’s study by monitoring the disappearance of NCO indicated have been identified for local minima (with the number of
that the reaction had a strong negative temperature dependencémaginary frequencies equal to zero) and transition states (each

but no pressure effect was notedimilar strong negative

with one imaginary frequency). Intrinsic reaction coordinate

temperature dependencies were reported by Juang and co(lRC) calculation®® have been performed to confirm the

* Corresponding author. E-mail: chemmcl@emory.edu.

connection between transition states and designated intermedi-
ates.
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TABLE 1: Total and Relative Energies of Reactants, Intermediates, Transition States, and Products for the Reaction of NCO
with NO Calculated at Different Levels of Theory with B3LYP/6-311G** Optimized Geometries

Energie8

Species ZPE B3LYP/6-311G (d,p) MP2/6-311G(d, p) MP2/@11+G(3df, 2p) CCSD(T)/6-311G (d, p) G2M
NCO+ NO 9.1 —297.97671 —297.23272 —297.4058971 —297.29181 —297.51212
trans-OCNNOC;, A’ 11.6 —37.2 —46.6 —51.1 —324 —40.0
TS1,Cs, A’ 8.8 325 27.5 23.2 27.5 17.1
N.O + CO 9.4 —51.9 —76.5 =775 —57.9 —64.3
cis-OCNNOC;, A’ 11.4 —32.8 —42.5 —47.1 —28.5 —36.5
TS2,Cs, A’ 10.6 -7.3 —-13.9 —19.2 —5.7 —15.1
TS3, c-OCEO)NN— 11.4 —12.6 —24.9 —324 —12.4 —23.3
c-OC(E=0)NN— 11.7 —21.1 —35.4 —42.3 —24.2 —34.3
TS4,Cs, A 11.1 —21.0 —35.3 —41.8 —23.6 —33.8
N2+ CO, 10.8 —138.3 —164.2 —164.7 —145.8 —150.2
trans-OCNNO,C,, A" 11.4 —0.69 6.6 2.9 11.4 7.5
cis-OCNNO, C, 2A" 11.3 4.1 10.2 6.6 15.4 11.4

2 Zero-point energy (kcal/mol), calculated at the B3LYP/6-311G (d, p) |&VEhe total energies for NC@ NO are given in hartree. For other
species, relative energies (kcal/mol) with respect to NEQO (with ZPE included at the G2M level).

To obtain more reliable energies, the modified G2M(RCC,
MP2) method® has been used. The total energy in G2M(RCC,
MP?2) is calculated as follow?%:

E[G2M(RCC, MP2)]= E[RCCSD(T)/6-311G(d, p)}-
AE(+3df, 2p)+ AE(HLC) + ZPE[B3LYP/6-311G(d, p)]

Here,

AE(+3df, 2p)= E[MP2/6-311+ G(3df, 2p)]—
E[MP2/6-311G(d, p)]

and

AE(HLC) = —0.00525 p — 0.00019

where HLC represents the small empirical “higher level cor-
rection”; n, and ry are the numbers of valence electrong2n
ng. All calculations were carried out with Gaussian?9&nd
MOLPRO 968 programs.

2.2. VTST Calculations for the Association Step.The
association of NCO with NO forming intermediate OCNNO

Other geometric parameters were optimized for eachNN
separation. For each structure, we calculated the 3N-7 vibrational
frequencies, projected out of the gradient direction. In this
manner, a smooth and reasonable potential curve was obtained.
The B3LYP calculated total energy at each point along the
reaction path was used to evaluate the Morse potential energy
function and then scaled to match the dissociation energy
predicted at the G2M level of theory.

The resulting potential energy functid&{(R) is given by

E(R) =D, [1 — e "®™)?

whereD, = 36.09 kcal/molg = 1.743 A1, andR. = 1.543 A

is the equilibrium value oR, i.e., the equilibrium N-N bond
length in cis-OCNNO as alluded to above. This potential for
the association process was used in all subsequent RRKM
calculations.

3. Results and Discussion

3.1. The Potential Energy Surface.Because the O atom

does not have a well-defined transition state because of theformation channel (c) is of negligible importance and the triplet
absence of reaction barrier; a variational transition state theory states cis-OCNNO and trans-OCNNO have higher energies (see
(VTST) calculation has to be carried out as described below. Table 1), we focus our study on the formation giNand CQ

The OCNNO intermediate formed in the association reaction by channels (a) and (b), respectively, as was done in our
has two isomers: cis-OCNNO and trans-OCNNO. The cis- previous calculations based on the BAC-MP4 metHodhe
isomer is the main intermediate producing the major products optimized geometries of the reactants, intermediates, transition

N2O + CO and N + CO,. First, we calculated the potential

energy surface for the approach of NCO and NO forming cis-

OCNNO. The forming N-N bond distance was varied from
its equilibrium value 1.543 A to 3.5 A with an interval of 0.1

states, and products are shown in Figure 1; the potential energy
diagram obtained at the G2M level is presented in Figure 2;
the total and relative energies are compiled in Table 1; and the
vibrational frequencies and moment of inertia of all species are

A. Despite our numerous attempts, we were unable to obtain asummarized in Table 2.

reliable PES at the B3LYP/6-311G (d, p) level of theory, the

As mentioned above, the OCNNO intermediate formed in

energy curve increases monotonically and cannot be improvedthe NCO+ NO reaction has two isomers, whose energies at

by mere energy corrections in the framework of the G2M
method. Similar phenomenon was found in other sysffwo

the G2M level of theory are 36.5 and 40.0 kcal/mol lower than
that of the reactants for the cis- and trans-isomers, respectively.

possible factors contributed to the monotonic increase of Although the trans-isomer is more stable, about 4 kcal/mol, than

energy: One is the larger spin contamination at longeM\N
distances ¥2.3 A) because of the spin variation from singlet
at shorter N-N bond lengths to almost triplet at longer-WN
distances. The other factor is that with the-N bond lengthen-

its cis-isomer, it cannot yield products competitively. From
Figure 2, we can see that the energy of TS1 is about 32.2 kcal/
mol higher than that of TS2; it is thus much less efficient to
form N,O + CO directly from trans-OCNNO. On the contrary,

ing, the distance between the two O atoms decreases; accordeis-OCNNO can efficiently produced® + CO and N + CO,
ingly, the repulsion energy increases, leading to the monotonic via channels (a) and (b). The decomposition of the cis-=OCNNO
increase in total energy. To overcome these problems, we usentermediate producing the ® + CO products occurs via a

mixed wave functions and fix the NNO bond angle in the cis-
OCNNO configuration at 115%5and the N-N bond changes
from 1.543 A to 3.5 A with an interval of 0.1 A as before.

simple bond-fission with a very tight transition state (TS2), in
which the breaking €N bond is 0.371 A longer than that in
the cis-intermediate. This process is energetically less favorable
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Figure 1. The optimized geometries of the reactants, intermediates,
transition states, and products at the B3LYP/6-311G(d, p) level.
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Figure 2. Energy diagram of the NCONO system computed at the

G2M level.

than the cyclization step. The cis-isomer can form a cyclic
intermediate (c-OC(O)NN) via a very tight four centers
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TABLE 2: Vibrational Frequencies and Moments of Inertia
of All Species

Ian Ibylc

Frequencies
Species (amu) (cm™)
NCO 0 504.7 586.3 1298.8
153.6  2000.6
153.6
NO 0 1988.44
35.2
35.2
N.O 0 595.7 1368.6 2401.2
141.3
141.3
CcO 0 2219.9
311
31.1
N2 0 2447.4
30.0
30.0
trans-OCNNO 295 117.2 1684 389.7
690.9 627.8 6544 765
7204 13324 1786.3 2278.6
cis-OCNNO 97.8 99.5 134.7 331.6
498.3 630.7 699.7 794.3
596.1 1305.1 1744.2 2260.2
trans-OCNNO— CO + N,O 32.2 508i 86 142.2
(TS1) 779.4 3192 3261 495.1
811.7 987.7 1587.9 2195.6
cis-OCNNO— CO+ N,O 91.9 617.7i 1347 156.2
(TS2) 4954 4117 6329 869.8
587.3 1346.7 1728.1 2122.2

cis-OCNNO— c—C(=0O)NN— 113. 405.7i 256.1 428.4
TS3 3279 7375 753.7 10754

4409 1226.7 1357.2 2130.2
c-OCEO)NN— 1141 168.3 2753 4715
300.1 727.1 7739 966.1
415.1 11111 1660.2 2012.4
c-OCEO)NN— — CO+N> 121.2 470.20i 2855 4544
TS4 305.6 6985 760.1 846
426.8 1093.3 1671.4 1978.6

step size of 50.00 cmt was used for the generation of the
transitional-mode number of states. The numbers of states are
evaluated according to the variable reaction coordinate flexible
transition state theorsf.31 The Morse potential witl§ = 1.743
A-1, D, = 36.4 kcal/mol derived above was employed for this
process. The component rates were evaluated witlettend
E,J-resolved RRKM calculations. The pressure dependence was
treated by 1-D master equation calculations using the Boltzmann
probability of the complex for the J distribution. The master
equation was solved by an inversion-based appré&a€h.

The energy-transfer rate coefficients were computed on the
basis of the exponential down model with tieEdown value
of 400 cntl. To achieve convergence in the integration over
the energy range, an energy grain size of 30 tmas used,
this grain size provides numerically converged results for all
temperature studies with an energy spanning range, from 15000
cm™! below to 24000 cm! above the threshold. The total

transition state (see TS3 in Figure 1) whose energy is 23.3 kcal/angular momentund covered the range from O to 246 in steps

mol below the reactants. In TS3, the forming-O bond, 1.797
A, is 0.436 A longer than that in c-O&Q)NN—. The c-OC-

of 5 for the E,J-resolved calculation. The Lennard-Jones
parameters for OCNNOAr pair were assumed to be the same

(=O)NN- intermediate is about 2 kcal/mol less stable than cis- as those of the OCNOAr pair, 0 = 3.9 A ande = 205 K33

OCNNO and it can readily decompose te M CO, with a

In the RRKM calculations, we neglected the effect of TS4

barrier of only 0.5 kcal/mol at the G2M level. Overall, both because its energy is about 10 kcal/mol lower than TS2 and
channels are highly exothermic.

3.2. Microcanonical E-Resolved andE,J-Resolved RRKM
Calculations for Total and Individual Rate Constants. In the

the rate-controlling step in this channel is TS2. For TS2 and
TS3, the numbers of states were evaluated according to the rigid-
rotor harmonic-oscillator assumption. The frequencies and

association process, a statistical treatment of the conserved-modenergies used in the RRKM calculations were obtained by the
contribution to the transition-state partition functions was B3LYP/6-311G (d, p) and G2M methods, respectively. All the

performed variationally?—33 the step size of 1.00 cmis used

rate constants and product branching ratio were calculated using

for the convolution of the conserved-mode vibrations and the the Variflex progrant3
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TABLE 3: Calculated Values of Total and Individual 31.5 1
Channel Rate Constants for the NCO+ NO Reaction as a 310
Function of Temperature? B - S %
T/IK k(E): k(E)a K(E)o k(E,J)t K(E,J)a k(E,J)b zgz I 2 S
300 2.84 1.19 1.64 2.28 0.96 1.32 2 1 P AOCPEREL
400 226 099 126  1.81 0.79 1.01 5 97 e
500 1.89 0.87 1.02 1.51 0.70 0.81 g 29.04 ’ O Mertens al. (ref 7)
600 1.61 077 084 130 0.63 0.68 “g 2851 T kB Lrmhed s vork
700 140 070 0.71 1.14 0.57 0.57 5 ] R i) ek
800 123 063  0.59 1.01 0.53 0.49 v 28.04 @ uanzetal (ef 10)
1000 097 053 044 082 0.45 0.36 = 275 ¥ okl ot
1200 0.78 0.45 0.33 0.67 0.39 0.28 — 270 o — = K(E-resalved) this work
1500 0.56 0.34 0.22 0.49 0.30 0.19 - ; ¥ Atkanetal. (ref6)
1800 039 024 014  0.35 0.22 0.13 %59 Q e
2000 030 019 011 027 0.17 0.10 26.0]
2500 0.15 0.10 0.05 0.14 0.09 0.05 — T T T T T
3000 0.08 0.05 0.03 0.07 0.05 0.02 00 04 08 12 16 20 24 28 32 36
aRate constants are calculated at 100 Torr, given in units &f 10 1000/T(K)

-1 o1
e mol™ s Figure 3. Comparison of the experimental and calculated rate

TABLE 4: Branching Ratio (kp/(Ka + Kp))? constants.

T/IK 300 400 500 600 700 800 1000 1200 1.0 Calculated values in this work
ratio(E) 0.579 0.559 0.540 0.518 0.500 0.482 0.448 0.418 ® ExvC L ref 9
ratio (,J) 0.580 0.560 0.540 0.521 0.502 0.485 0.450 0.421 1 xp- Cooper et al. (ref 9)

0.8 1 )
TIK 1500 1800 2000 2500 3000 | —A— Exp. Becker etal. (ref 12)

ratio (E) 0.38 0.365 0.356 0.339 0.330 £

ratio (E,J) 0.389 0.367 0.357 0.341 0.332 S 0.6

aRatio () and Ratio E,J) representE-resolved ancE,J-resolved g -
branching raticky/(ka + k), respectively. § 0.4

Table 3 presents the total and individual channel rate constants”™
for the NCO+ NO reaction as a function of temperature; the 0.24
calculated rate constants are plotted in Figure 3 for comparison
with experimental values. The results show that for total and 0.0 —
individual rate constants, tleresolved rate constants are-10 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
25% higher than thé&,J-resolved values in the 368000 K 1000/T (K)

temperature range (see Table 3). This is similar to the differences
observed in other radical reactions=50% for CH + H —
CH,4 (300-2500 K)}* and 20% for 2 CH— C,Hg (300—-2000
K).3® The differences are attributable to the strong dependencesgg—goo K, the branching ratio for COproduction varies
in the transition states on the total angular momentum. The rateéjthin the range of 0.520.58, which is in good with the
constants obtained from both methods appear to have a strongyperimental values, 0.5 0.07 and 0.65+ 0.0612 The
negative temperature dependence which is in agreement withyranching ratios obtained from boresolved andE,J-resolved
experiment. The pronounced negative temperature dependencgy|culations are almost the same, suggesting that they are
can be ascribed to the results of the coupling between tight ingependent of angular momentum. As mentioned previously,
dissociation transition states and the loose entrance channel. I the BAC-MP4 level the reproduction of the experimentally
can be readily seen from Figure 3 that tg-resolved rate  gpserved branching rafidy conventional RRKM calculations
constants can better reproduce experimental values in therequired a downward adjustment of transition-state energy for
temperature range of 36B000 K. channel (a) by 3.6 kcal (15% of the barrier height). At the BAC-
The calculated rate constants for the total and the two-product\ip4 |evel|16 the energy difference between TS2 and TS3 is

channels can be expressed, in units of enol™* s™, by the 9.5 kcal/mol; at the G2M level, it is 8.2 kcal/mol. Therefore,

following equations evaluated for the temperature range-300 ihe petter branching ratio predicted by G2M was due in part to

3000 Kt the difference in the energies between the two transition states
and in part to the difference in ZPEs (or vibrational frequencies)

Figure 4. Branching ratio for the production ofNdind CQ via channel
(b) as a function of temperature.

k=2.80x 10°°T **exp(~856.7T) predicted by the two methods. Obviously, the G2M method is

more reliable for prediction of both transition-state energies and
k,= 3.98 x 10T **%exp(—877.2N) for their vibrational frequencies at least for the present system.
k,= 1.46 x 107 T 274exp(—918.0M) Concluding Remarks

The strong negative temperature dependence of the experi-
3.3. Product Branching Ratios Table 4 presents the results mental results for the total and individual rate constants could
for the branching ratid/(ks + ky) obtained byE-resolved and be reproduced and explained by microcanonkdtresolved
E,J-resolved RRKM calculations. The results show that with variational RRKM calculations based on the energies and
temperature increasing, the branching ratig/(ka + k), molecular parameters predicted by the G2M method. With the
decreases slowly (see Figure 4). In the temperature range oftemperature increasing, the enhanced redissociation of inter-
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mediate cis-OCNNO back to the reactants results in the observed (13) Becker, K. H.; Kurtenbach, R.; Schmidt, F.; WieserBé. Bunsen-
strong negative temperature dependence as was concluded b§es- Phys. Chenl997 101, 128.

our previous calculation’s.

The branching ratioky/(ka + k) decreases slowly with
temperature, the predicted value is in good agreement with the

experimental results in temperature range-3600 K. The good

agreement in the total rate constant and the branching ratio
between theory and experiment suggests the reliability of the
G2M method for energy prediction and the versatility of the

(14) Wategaonkar, S.; Setser, D. W.Phys. Chem1993 97, 10028.
(15) Jones, W. E.; Wang, ICan. J. Appl. Spectrosd993 38, 32.
(16) Lin, M. C.; He, Y.; Melius, C. FJ. Phys. Chem1993 97, 36.

(17) Melius, C. F.; Binkley, J. S20th Symposium (International) on
Combustion Combustion Institute: Pittsburgh, 1984; p 575.

(18) Melius, C. F. InChemistry and Physics of Energetic Materjals
Bulusu, S., Ed.; NATO ASI 309, 1990; p 21.

(19) Ho, P.; Melius, C. FJ. Phys. Chem199Q 94, 5120.
(20) Forst, W.Theory of Unimolecular Reaction&cademic Press: New

variable, flexible transition-state approach for barrierless reac- york, 1973.
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