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Computational Study of the HCCO + NO Reaction: ab Initio MO/VRRKM Calculations of
the Total Rate Constant and Product Branching Ratios

I. V. Tokmakov, L. V. Moskaleva,™ D. V. Paschenko, and M. C. Lin*
Department of Chemistry, Emory Uirsity, Atlanta, Georgia 30322
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Accurate thermochemistry for major product channels of the HGERO (R1) reaction was established at

the CCSD(T)/6-311G(3df,2p) and QCISD(T)/6-3HG(3df,2p) levels of theory based on the potential energy
surface (PES) calculated by density functional B3LYP/6-311G(d,p) method. Two barrierless entrance pathways
forming trans- andcis-nitrosoketenel and2) have been mapped out following the minimum energy paths.
Using isodesmic reaction analysis, the standard enthalpy of formatidhiofound to be 17.8t 1.7 kcal/

mol. The recently reported PES of the nitrosoketene decomposition (Vereecken, L.; Sumathy, R.; Carl, S. A.;
PeetersJ. Chem. Phys. LetR001, 344, 400) has been appended with two additional pathways to form
HCNO + CO (R1a) and HCN+ CO, (R1b) products. A lower-energetic transition state for the decomposition

of 2to HCNO+ CO has been found, and a new stepwise pathway for the decomposition of 1,2-oxazet-4-one
(3) to HCN + CGO; has been considered in competition with a more favorable concerted pathway. The effective
total rate constant and products distribution have been calculated in the framework of multichannel and
multiquantum well kinetic model, and the effects®fnd T have been evaluated by weak collision master
equation/RRKM approach with a variational treatment of the entrance channels. Our predicted total rate

constantkgy(T) = 1.37 x 10" T ~998 exp(=190/T) cm® mol~! s1, exhibits a negative temperature depen-
dence in very good agreement with experiment. T{&1b) branching fraction can be given by 0.5
exp(=T/67.1)+ 0.3 exp-T/2592) in the 256-2500 K temperature range, which is also well-supported by

available experimental data.

Introduction
Reduced NQ@ emissions is an important requirement for

modern technologies of hydrocarbon combustion. To date, some

of the most efficient and universal solutions in the design of
industrial combustion sources rely on fuel reburning tech-
nologies! 3 Innovative methods, such as fuel flexible reburn-
ing,* have been actively developed and optimized. The ketenyl
radical (HCCO) is one of the free radicals responsible for NO
removal in the reburning processeEsin recent experimental
and kinetic modeling of plug-flow reacto®® and jet-stirred
reactor combustiof,12 the HCCO + NO recombination
reaction (R1) was identified as the critical NO removal step

HCCO+ NO — products (R1)

produced in the O+ C,H, reaction and monitored by far-
infrared laser magnetic resonance spectroscopy. For reaction
with NO, they foundkgi(296 K) = 1.3 x 10 cm® s7!
molecule’®. In 1994, Boullart et af.investigated the kinetics

of the HCCO+ NO reaction in a similar €4,/O/NO system
over an extended temperature range,2800 K, with discharge
flow and molecular beam mass spectrometry techniques (D-F/
MBMS). They determined the total rate coefficieki(T) =
(1.04+ 0.3) x 10 %exp(—3504 150 K/T) cm® s~ molecule’?,
relative to the known rate coefficient of the HCGEOO reaction.
According to this expression, the; coefficient exhibited a
slight positive temperature dependence within relatively large
error limits. Very recently the same group measured more
accurate absolute valueslef; at temperatures from 297 to 802

K using a laser-photofragment/laser-induced fluorescence tech-

Understanding of the exact mechanism, by which reaction (R1) nique® The updated; rate coefficient was found to have a
acts in NO scavenging, is important for optimizing the efficiency negative temperature dependerieg(T) = (1.6+ 0.2) x 107!

of reburning technologies.

exp(3404 30 K/T) cm?® s! molecule’™

Since the first measurement of the total rate constant by Several product channels have been proposed for reaction

Unfried and co-workef§ in 1991, this reaction has been
investigated several times for its total rate and/or product
distribution4~19 Unfried et all3 used the 193 nm excimer laser

photolysis of ketene to generate the HCCO radical and IR diode

laser absorption spectroscopy to detect it. Following the HCCO
decay in the excess of NO, they determined the rdowalue
of the total rate constarkgy(298 K) = 2.3 x 10% cm® s?!
molecule’®. In the experiments of Temps et &#.HCCO was
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The product distribution of the HCC® NO reaction was first HCCO(CA")+NO
determined in the D-F/MBMS studies of thelG/O/NO system 457
by Peeters and co-workerd® They concluded that the two main L
product channels were (CHN) CO, and (CHNO)+ CO, i
whereas it was not exactly clear from the mass spectroscopic 20
characterization which of the (CHNO) and (CHN) isomers were
formed as the coproducts of CO and £@TIR study by
Eickhoff and Temp¥ clarified this issue by demonstrating that 107
the coproduct of CO was HCNO rather than the thermodynami-
cally more stable HNCO isomer. In the subsequent studi¥s, 2

an agreement has been reached that the two main product 0 ° oS (192,5

chan_nels are (Rla) :_:md (Rlb). The branching fractions for \® 62
reaction (R1b) determined in ref 17 and 18 at room temperature ¢ © o O onorco) 3
are 0.28+ 0.10 and 0.12t 0.04, respectively, whereas at 550 -10-

and 700 K, the values of 0.28 0.04¢ and 0.23+ 0.09 have

been deduced. A

The potential energy surface of reaction (R1) was first -80-
investigated by Nguyen et &.in 1992 and more recently by HCN+CO,
Vereecken et &' The latter theoretical study computed product Figure 1. Schematic potential energy surface of the HCROJ +
branching fractions in good agreement with the experimental NOGIT) reaction. Relative energies (kcal/mol) were taken as an average
observations, while in strong disagreement with earlier statisti- of the CCSD(T)/(ll) and QCISD(T)/(ll) values and include a ZPE
cal-theoretical predictions of Miller et al.who used the  correction calculated by the B3LYP/(I) method.
quantum chemical results from ref 20 and predicted an almost
equal conversion of NO to HCNO (via R1a) and HCN (via R1b) accurate prediction of vibrational frequenct&sAnother im-
at 700 K, and an even higher yield of HCN at room tempera- portant reason is that B3LYP can implicitly include electron
ture: kriykr1(298 K) = 0.82. correlatio” which makes it useful for optimization of the

Because of the complexity associated with the required HCCO + NO recombination profiles, where the system has
variational treatment of the two entrance channels, no attemptpartlally diradical character at large intermolecular separations.
was made to calculate the total rate constant in the previous To obtain chemically accurate reaction enthalpies and barrier
theoretical studies. The main target of the present work was anheights, we performed the CCSD(T) and QCISD(T) single-point
accurate description of the entrance channels using canonicafalculations at the 6-3#1G(3df,2p) level for the present 5 heavy
variational transition state theory (VTST) and multichannel atom system. Therefore, the highest levels of theory attained in
RRKM-master equation analysis. Both entrance channels werethis study can be denoted as CCSD(T)/(Il)//B3LYP/(l) and
coupled with isomerization and decomposition channels; this QCISD(T)/(I1)//B3LYP/(l), where we have introduced the
allowed us to derive the effective total rate constant as well as following short notations for the basis sets: (I) for 6-311G-
branching of the main product channels. (d,p); (1) for 6-31H-G(3df,2p).

In the next sections, a description of the theoretical approach In an attempt to calculate a more reliable enthalpy for the
will be given followed by a discussion of the refined potential initial association step, an isodesmic reaction analysis was
energy surface (PES) for the HCC® NO reaction. Then  performed at various levels of theory, including CCSD(T),
effective rate constants and product distributions calculated by QCISD(T), as well as MPn, where= 1—4 (n = 1 corresponds
statistical theories will be analyzed with respect to experimental to HF theory) with the large 6-3#1G(3df,2p) basis set.
data. Finally, kinetic implications of our findings to combustion
modeling will be discussed. Results and Discussion

HCCO Radical. As indicated in earlier theoreti¢af836 and
experimentdf-37-43 studies, the ketenyl radical is a Renner-

Quantum chemical calculations were done with the GaussianTeller species. The rotational spectrum of HCCO was observed
98%2 suite of programs. We employed a hybrid density functional by Endo and co-worke?$3° who reported a bent quasilinear
B3LYP (Becke 3-parameter hybrid exchange functighal structure of the ground electronic state 8Ad symmetry. Their
combined with the LYP exchange-correlation functiéfjalith work also pointed to noticeable perturbation effects owing to
the standard 6-311G(d,p) basis set for the full geometry the presence of a low-lying Renner-Teller componéht,
optimizations of the reactants, products, intermediates, and The geometry of the HCCO radical computed at the B3LYP/
transition states. To ensure the accuracy of the electronic wave6-311G(d,p) level of theory can be compared with the results
function, its stability was routinely tested, and the wave function of the previous high level theoretical calculations and with that
was reoptimized whenever internal instabilities were found. The inferred from the microwave spectra (see Table 1). Experimen-
optimized equilibrium geometries of all stationary points located tally, unfortunately, it was not possible to unambiguously
on the reaction potential energy surface (PES) are summarizeddetermine all geometrical parameters without introducing certain
in Figure 1. Harmonic vibrational frequencies calculated at the assumptions, such as fixing the CCO angle at°1&0d CO
same level of theory were used for characterization of the bond length at 1.150 A (taken from early ab initio calculations).
stationary points as minima or saddle points and for ZPE Under these assumptions, the HCC angle was determined to be
corrections. Intrinsic reaction coordinate (IRC) calculatiéns  138.7, some 10 larger than those predicted at the highest levels
allowed us to make unambiguous connections between theof theory considered. The B3LYP/6-311G(d,p) level employed
stationary points located along the reaction paths. in this work for geometry optimizations predicted the geometry

Our choice of the B3LYP density functional was motivated of HCCO very close to that computed by Stavaet al3* at the
by its good performance for the geometry optimizations and CASSCF/DZP level and differs from the CCSD(T) geometries
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TABLE 1: HCCO( 2A") Equilibrium Geometry and Renner-Teller Splitting: Present Level of Theory vs Experiment

B3LYP CASSCF CCSD(T)
method (this work) (ref 34)

basis 6-311G(d,p¥F (1) DZP PVTZ TZ2P expt
A cmt 42.48 34.99 29.35 41.46
B, cm™ 0.364 0.364 0.363 0.383
C,cmt? 0.361 0.360 0.358 0.389
r(C—H), A 1.077 1.079 1.066 1.073 1.056{4)
r(C—C), A 1.318 1.322 1.297 1.310 1.314(25)
r(C—0), A 1.171 1.171 1.173 1.176 1.149
OHCC, deg 127.3 128.3 134.6 130.2 138.7¢14)
0CCO, deg 169.8 163.6 169.4 168.2 80
fundamentals, crt:
CH stretch 3355 3371 3324
CCO stretch (asymm) 2092 2099 2054 2023
CCO stretch (symm) 1269 1249 1210
CCO bend (§ 564 568 612
torsion (&) 508 539
CCH bend (9 441 511 528 494
splitting (AE), cnT® 1140 1609 643 1096 1175

2 Reference 38 Fixed. ¢ Reference 13 Reference 42 Calculated at the CCSD(T)/(1)//B3LYP/(l) leveAE(B3LYP/(l)) = 331 cn™. f Calculated
based on the formul& .. = —4A AsdAE, where the rotational constatand the spir-orbit rotational constart ., were experimentally determined
in ref 38 and the spinorbit splitting Aso was theoretically calculated in ref 36.

by at most 6% in bond angles and 2% in bond lengths. The 1215 Vioss lmo 1078 1163 fros
rotational constants, calculated at the B3LYP level, agree with @ 1331 “50 1 1200150
experimentally measured values within experimental uncertain- 1z ,\4;71771 @10 2 ORI O
ties.

The theoretically predicted harmonic vibrational frequencies
computed at the B3LYP/6-311G(d,p) level of theory are in very
good agreement with earlier high level calculations. Experi-
mentally, onlyv, andve were measuretf*®-42 These ground-
state fundamentals agree very well with our values computed
at the B3LYP/6-311G(d,p) level.

Another important parameter which can be compared with
experiment and other MO calculations is the Renner-Teller (i
splitting (AE), i.e., the energy difference of théA (12IT) and mmé
2A\""(12IT) equilibrium geometries. As demonstrated by previous
theoretical investigations, this quantity is very sensitive to the
method and basis set employed (some of the best levels of theory
are summarized in Table 1). It is seen from Table 1 that the
CCSD(T)/(Il) and QCISD(T)/(Il) predictions, 1140 and 1136 .,
cm L, are in excellent agreement witE = 1175 cnttinferred L
from the experimental spinrotational constaft and theoreti- o 2677
cally predicted® spin—orbit splitting in the ground state of TS-rad, C, TS2-rad, C
HCCO (see footnotes of Table 1). The B3LYP value, 331€m  Figure 2. Molecular structures of intermediates and transition states
is apparently too small. fully optimized at the B3LYP/6-311G(d,p) level of theory.

HCCO + NO Potential Energy Surface. The potential
energy surface of the title reaction was investigated earlier by erless entrance channels to form two initial adducis, and
Nguyen et afo at the QCISD(T)/6-311G(d,p)//HF/6-31G(d,p) transnitrosoketene, denoted asnd2, respectively. The initial
level and more recently by Vereecken etaat the CCSD(T)/ addition steps will be discussed in more detail in the section
6-311+G(2d,p)//B3LYP-6-31%#+G(d,p) and CCSD(T)/6-  devoted to variational calculations.
311+G(2d,p)//CCSD(T)/6-31G(d,p) levels. Plausible pathways  We will now briefly comment on the most important features
for channels (R1a), (R1b), and (R1c) were mapped out step byof the PES (see Figure 1). In the first theoretical study of this
step; a branch leading to the HNCOCO products (R1d) was  reaction, Nguyen et &P did not look for the transition state
also considered, but its connection to the reactants could notconnecting cis and trans isomersind2. It was assumed that
be found. the barrier for internal rotation around the single- i€ bond is

In the present work, we examined the main accessible small, and the isomers can easily interchange. In fact, the C
channels (Rla and R1b) and unveiled important pathwaysbond in nitrosoketene has a significantharacter because of
overlooked in the previous studies. The energetics have beendelocalization of ther-electronic density over conjugated=C
refined by single-point calculations at the CCSD(T)/(ll) and and N=O double bonds. Consequently, the rotational barrier
QCISD(T)/(IN) levels, where (Il) stands for the large 6-31G- in nitrosoketene is high. In the recent studies of Badawi and
(3df,2p) basis set. Updated potential energy profiles are shownFornef* and Vereecken et &, its value relative tol was
in Figure 1. The equilibrium geometries of the intermediates estimated to be 18 and 14 kcal/mol, respectively. Our prediction
and transition states are shown in Figure 2. We have alsoof 14.7 kcal/mol (see Figure 1 and Table 2) is in agreement
computed one-dimensional reaction profiles for the two barri- with these estimates. An important implication of the relatively

cis-TS3, Cg

125.5 .1
1.092 12
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TABLE 2: Energetics (kcal/mol) of the Nitrosoketene Decomposition

CCsSD(T)/(In/ QCISD(T)/(I/

species/TS B3LYP/(I) B3LYP/(I) B3LYP/(I) Nguyen et ak Vereecken et dl.
1 0.00 0.00 0.00 0.0 0.0
2 1.09 1.28 1.12 1.5 1.4
3 —2.44 —10.28 -10.17 -7.5 -9.0
3-rad 13.07 15.64 14.98 =) =)
TS1 8.57 6.90 6.27 8.0 6.7
TS2 12.43 9.71 7.74 13.8 8.1
Cis-TS3 16.47 13.94 13.63 =) -)
trans-TS3 23.91 20.98 20.21 26.5 19.6
TS3a 37.57 39.20 36.54 =) (19.6y
TS-rad 13.94 18.30 17.35 ~) =)
TS2-rad 12.68 17.52 19.06 =) (-)
HCN + CO, —77.89 —82.54 —82.46 —86.3 —84.0
HCNO + CO —1.85 —5.66 —5.82 —7.4 —-8.1

a QCISD(T)/(I)//HF/6-31G(d,p), ref 202 CCSD(T)/6-31%+G(2d,p)//B3LYP/6-31%+G(d,p), ref 21.¢ Unrestricted wave functions were used
in ab initio and DFT calculations for this singlet species/T8ssumed to be the same @ans-TS3.

high barrier of NO rotation in nitrosoketene is that its cis and TSpsrot in ref 21, where it was misinterpreted as a transition
trans forms have to be considered as separate intermediates istate for isomerization betwednand 2.

the statistical theory CalCUlationS, haVing their own decomposi- In Competition with (R]_a)’ thermodynamica”y more favorable
tion pathways back to the reactants or to the products, which products, HCN+ CO,, can be formed. Earlier studfés!
will be discussed next. established a pathway to these products involVigg, relatively
From bothl1 and 2, the extrusion of the terminal CO group stable 1,2_0xazet_4_on§)( and TS2. The Corresponding el-
can produce fulminic acid (HCNO) in a single step but in more ementary steps can be described as 1,4-electrocyclizatidn of
than one way. Because the CCO fragment becomes stronglywhich yields a cyclic intermediat8, followed by its [2+2]
nonlinear as CO departs from eitfieor 2, different possibilities  cycloreversion via a concert@@2. The last transformation has
of CO loss arise. For instance, two conformauonsTde_ a relatively high barrier, in accordance with Woodward
connect2 to HCNO+ CO: cis-TS3has CO and CN bonds in Hoffmann orbital symmetry rule®. In addition to this known
a cis orientation, whereas tnans-TS3, the CO group is bent  naihway, we have also examined a stepwise dissociati@ of
away from the CNO moiety. As follows from the energetics jnyolving a diradical open-chain intermedia@rad. This
listed in Table 2, the cis orientation of the leaving CO group is jntermediate can be formed upon a ring-opening 3oby

energetically more favorable by6—7 kcal/mol. The earligr breaking the NO bondTS-rad) and can then dissociate to
study of Vereecken et &t.reported only the trans conformation N + CO, via TS2-rad.

of TS3, thus missing the more favorable CO-extrusion pathway
via cis-TS3 However, they emphasized the importance of
treating internal rotation of the leaving CO group as free in
order to obtain reasonable kinetic results. The latter assumption
is not well-justified, because we found that a considerable barrier
of 8.8 kcal/mol separates cis and trans conformation&38.

Accurate description of the stepwise pathway of 1,2-oxazet-
4-one decomposition cannot be achieved without accounting
for both dynamic and nondynamic correlation effects inTise
rad, 3-rad, andTS2-rad, all of which possess a strong diradical
character, combined with a considerable degree of electron

This value was taken as a difference between the energies c)1de!ocadi_zation _because of the interaction of nonbonding electron
cis-TS3and a nonplanar second-order saddle-point, here denoted®@!"S with Conjugate_at bonds. I_n such cases, as a result of the
asC1-TS3(see Figure 2), which can be regarded as a barrier neglect of (_electronlc co.rrelatlon, ;mgle-refgrence HF-bqged
of internal rotation inTS3. Because of the relatively high methods typlca_lly overestimate relatlve_ energies _of t_he transition
magnitude of this barrier, cis and trans pathways of CO extrusion Structures and intermediates involved in homolytic ring-opening
from 2 have been taken into account explicitly in this study. react|ons..A good p(escrlpt|on woulgl be to use a multlreferenpe
Vereecken et &l could not find a separate transition state methoql W'th a suff|C|en'FIy large basis set. However, we are St!”
connectingl and HCNO+ CO probably because they assumed too "”_“te‘_’ n computatlon_al power to embark on a systematic
a trans orientation of the CO and CN bonds such asains- investigation of such a high level for the present five heavy
TS3; therefore, they concluded that the dissociation pathways atom system.
from 1 and 2 were passing through the same transition state, Recently, nonlocal unrestricted DFT was successfully em-
trans-TS3, because of a facile rotation of the NO group. We, Pployed to study systems with strong effects of nondynamical
however, have found another transition state denotebS&a electron correlation in general and homolytic ring-opening
from 1 to HCNO+ CO, with the cis configuration of the NCCO  reactions in particulet® 49 Interestingly, pure DFT methods tend
fragment, similarly tocis-TS3. TS3alies more than 20 kcal/ to overestimate the stability of diradical transition structures and
mol higher tharcis-TS3 suggesting that the barrier for internal  intermediates because of the inclusion of electron correlation
rotation of the NO group ifS3 should be high. As mentioned  during the optimization of the KohnSham orbital$? This
above, the NO rotation around CN bond in nitrosoketene is deficiency of the pure DFT methods can be partially cured by
hindered by~14.7 kcal/mol. InTS3 (both cis and trans), the inclusion of some HF exchange (recall that HF theory under-
CN bond shortens as its order increases to double. Thereforegestimates the stability of diradical species). The B3LYP is an
the internal rotation of the NO group ihS3 is expected to example of hybrid functionals that include a well-balanced
become even more hindered, contradictory to the assumptionadmixture of HF-exchange. Goddard et“@lapplied this
that 1 can be directly connected to eitheis-TS3 or trans- functional to study the ring-opening reaction of 1,2-dioxetene
TS3 by virtue of “a smooth rotation of the NO group®Upon and obtained the energetics and geometries that were in
closer examination, we noticed thdiS3a corresponds to agreement with multireference results and experimental data.
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TABLE 3: Thermochemical Parameters of Selected Molecules and Radicals Relevant to This Study

AfHOOy SO2981 AfHo2981
species g? kcal mol? cal molt K1 kcal mol? ref

ketenyl (HCCOYA" 2 42.2+ 0.7 58.8 42.2+0.7 43
nitrogen oxide (NO) 21y, 2 21.464 0.04 50.4 21.58-0.04 53
Tlap 2

carbon monoxide (CO) 1 —27.20+ 0.05 47.2 —26.42+ 0.05 53
carbon dioxide (C@) 1 —93.97 51.2 —94.05 53
hydrogen cyanide (HCN) 1 31805 48.2 31.8: 2.0 74
fulminic acid (HCNO) 1 41.6+ 2.0 56.7 41.3t 2.0 74
ethylene (ghs) 1 146+ 0.1 52.4 12.5:0.1 53
trans-nitrosoethylene (43NO) 1 43.3+ 1.5 65.8 40.9- 1.5 54
ketene (CHCO) 1 -12.0+£0.1 57.7 -12.8+0.1 55
trans-nitrosoketene (1) 1 18& 1.7 70.0 17.81.7 this work

a Electronic degeneracy.The ground state of NO radical is split into two spiorbit components?{1;, and 1, A = 121 cnT?).

TABLE 4: Enthalpy of Formation of trans-Nitrosoketene (1)
and Heat of Reaction R1#

computational
method$ AH®gA0 K) AfH®0(1)¢ AH%R1{0 K)¢ AH°R1(0 K)e
B3LYP/(I) -1.2 17.9 —45.7 —42.0
MP2/(1) -1.8 18.5 —45.1 —48.9
MP4/(1) -1.4 18.1 —45.6 —44.7
CCSD(T)/(1) -2.2 18.9 —44.8 —40.4
MP2/6-311-G(d,p) —-1.5 18.2 —45.4 —50.6
MP4/6-31#G(d,p) —1.0 17.7 —46.0 —46.5
MP2/6-311G(2df,p) —2.1 18.8 —44.8 —51.5
MP4/6-311G(2df,p) —1.7 18.4 —45.3 —47.2
HF/(I1) -4.1 20.8 —42.9 —-15.5
MP2/(I) -2.0 18.7 —45.0 —53.0
MP3/(Il) —-3.4 20.1 —43.6 —44.8
MP4/(Il) —-1.5 18.2 —45.5 —48.7
QCISD(T)/(I1) -1.9 18.6 —45.0 —44.2
CCSD(T)/(I) -2.2 18.9 —44.8 —44.4

function for these species. Refined energetics of the diradical
branch (see Table 2) qualitatively agrees with the UB3LYP/(l)
predictions, but the main differences are (1) slightly increased
relative energies of all 3 stationary points and (2) a slightly
deeper well associated with tBerad minimum. For generality,
we adopted the average of CCSD(T) and QCISD(T) energies
for rate constant calculations (Figure 1). However, one should
bear in mind that the reliability of the CCSD(T)/(Il) and QCISD-
(M)/(I) energetic parameters farS-rad, 3-rad, andTS2-rad
is lower than that for closed-shell species involved in the
competing decomposition pathways. Furthermore, CCSD(T) and
QCISD(T) methods probably give the upper bounds of the
accurate relative energies faiS-rad, 3-rad, and TS2-rad,
because these methods cannot fully recover the nondynamical
component of electron correlation.

In summary, three new pathways were added to the PES of

2 All energies are in kcal/mol and include a ZPE correction calculated Vereecken et aP! extrusion of CO froml via TS3a (instead

at the B3LYP/(1) level of theory® (1) stands for 6-311G(d,p), and (II)
stands for 6-311G(3df,2p).c The 0 K heats of formation of are
calculated fromAH°r»(0K) using eq 19 Based on isodesmitiiHo(1)
and experimentah{H°(NO), AiH°o(HCCO) from Table 3¢ Calculated
directly.

of trans-TS3), dissociation of2 via cis-TS3 and a stepwise
ring-opening/dissociation a8 to HCN+CO,. The latter two
pathways have relatively low energies and were included in the
model used for rate constant calculations.

We note in passing that predicted thermochemistry of the

B3LYP studies of the ring-opening of some other four-member product channels is in very good agreement with the known

heterocyclic systems have also been repofté.

The ring-opening o8 belongs to the same class of reactions.

heats of formation of HCCO, NO, HCN, and HCNO. The
calculatel 0 K enthalpies for reactions (R1a) and (R1b) are

Not surprisingly, we obtained very reasonable structures for the —50.0 and—126.7 kcal/mol at the QCISD(T)/(ll) level and

ring-opening transition stat&S-rad, intermediate diradical
3-rad, and decomposition transition staf&s2-rad with the

—49.9 and—126.9 kcal/mol at the CCSD(T)/(Il) level, whereas
from the experimental heats of formation (Table 3), we obtain

unrestricted B3LYP method (see Figure 2). Although both —49.3+ 2.8 and—125.7+ 1.3 kcal/mol.

transition states are close 8rad, particularly TS2-rad, the

Finally, we want to mention many similarities of the current

corresponding imaginary vibrational frequencies (Table 6) are PES to the previously studied PES of the isoelectronic NEO

very different (212cm™* for TS-rad and 1194cm™1 for TS2-
rad). The lowest frequency d&-rad corresponds to the torsional
motion around the single-©C bond. Despite inherent difficul-

NO reactiof® which is important for the RAPRENOX (rapid
reduction of nitrogen oxides) proce¥skor the latter system,
the two main accessible pathways were identified as a direct

ties in geometry optimization on the very flat PES surrounding decomposition o€issOCNNO to NO + CO and a cyclization
3-rad, we were also able to locate the transition state for internal process to fornc-OC(O)NN-— (an analogue of intermediag
rotation in this diradical. The corresponding barrier amounted in the present study) followed by its decomposition tg N

to 2.7 kcal/mol, which is higher than eith&S-rad or TS2-
rad. In fact, the intermediate diradicd@-rad appears as a
shoulder betweermS-rad and TS2-rad, so that the initial

CQO,. Similarly to the HCCO+ NO case, the C@producing
pathway was found to be energetically slightly more favorable
than the one associated with CO formation. Unfortunately, the

breaking of the NO bond is the most costly step in the stepwise previously reported PES for the NC® NO reaction appears

dissociation of3.

to be incomplete, because it does not include the analogue of

As we did for all other singlet species, we tried to refine the TS6for internal rotation of NO in OCNNO and a pathway from
energetics of the diradical decomposition branch by restricted cisOCNNO to NO + CO via the cis form of the CO-extrusion

CCSD(T) and QCISD(T) theories but failed to obtain meaning-

ful results from neither coupled cluster nor quadratic ClI

transition state, analogous tis-TS3in this work. Although
stepwise dissociation of the cyclic intermediat®C(O)NN—

calculations based on the RHF wave function, because it did was not considered in the theoretical analysis of the NEO

not represent a stable solution of the HF equationli®+rad,
3-rad, and TS2-rad. Therefore, we carried out CCSD(T)/(Il)

NO reaction, this pathway would not affect the product
distribution because the concerted process is already found to

and QCISD(T)/(Il) calculations based on the stable UHF wave be so facile thatc-OC(O)NN— once formed immediately
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TABLE 5: Moments of Inertia, Symmetry Numbers (n), and Vibrational Frequenciest of the Reactants and Products
vibrational frequencies

moments of inertia,

molecule Ia, Ig, 1c/1070 g cn? symm vicmt
HCCO @A), 0.659, 76.90, 77.54 A 441 (4949, 564, 1269, 2092 (2023)3355
n=1 (0.675, 77.12, 77.97) A" 508
NO (IT), 16.35, 16.35, 0.0 s+ 1988 (19049
n=1 (16.43, 16.43, 0.6)
CO (I=9), 14.46, 14.46, 0.0 s+ 2220 (21709
n=1 (14.50, 14.50, 0.6)
CO, (1541, 71.53, 7153, 0.0 Syt 1376 (1385)
n=2 (71.50, 71.50, 0.6) b 2436 (2349
1L, 666 (667}
HCN (=4), 18.73, 18.73, 0.0 =+ 2200 (20969, 3456 (3312
n=1 (18.86, 18.86, 0.6) 5| 787 (714y
HCNO (1=+), 72.88,72.88, 0.0 =+ 1301 (1254) 2335 (2196) 3514 (3336)
n=1 (73.22,73.22,0.0) I 242 (2245, 570 (537)

2 Calculated at the B3LYP/6-311G(d,p) level, experimental values are given in parentheses if avaialdeence 42 Reference 13? Reference
38. ¢ Reference 53\ Reference 75¢ Reference 76.

TABLE 6: Moments of Inertia, Symmetry Numbers (n), and Vibrational Frequencies of the Intermediates and Transition
States

vibrational frequencies

moments of inertia,

species/TS Ia, Ig, 1c/10740 g cn? symm vicm™?t

1,n=1 16.89, 324.83, 341.72 ‘A 183, 536, 568, 1011, 1096, 1330, 1563, 2233, 3186
A" 174,572,678

2,n=1 57.00, 213.66, 270.66 ‘A 137, 406, 789, 902, 1127, 1268, 1585, 2211, 3264
A" 214,601, 634

3,n=1 53.50, 147.48, 200.98 ‘A 478, 658, 762, 966, 1057, 1215, 1640, 1969, 3235
A" 276, 740, 839

3-rad,n=2 65.67, 180.02, 245.69 ‘A 172, 486, 623, 853, 1112, 1170, 1530, 1706, 3026
A" 94, 554, 866

TS1i,n=1 56.37, 169.76, 226.14 ‘A 290i, 364, 797, 982, 1169, 1247, 1411, 2137, 3252
A" 251, 670, 693

TS6,n=1 37.57,292.84, 313.12 ‘A 418i, 171, 290, 484, 537, 713, 776, 1070, 1285, 1689, 2223, 3249

TS2,n=1 65.93, 154.18, 220.10 ‘A 867i, 369, 490, 665, 933, 1171, 1786, 1901, 3178
A" 148, 669, 827

Ccis-TS3n=1 78.01, 162.83, 240.84 ‘A 475i, 158, 450, 668, 992, 1303, 1927, 2055, 3349
A" 247,484,617

trans-TS3n=1 43.51, 269.42, 312.93 ‘A 470i, 116, 339, 733, 1005, 1345, 1826, 2056, 3002
A" 119, 456, 579

Cl1-TS3n=1 52.52, 254.33, 296.91 ‘A 535i, 170i, 101, 285, 493, 578, 738, 1049, 1306, 1816, 2062, 3297

TS3an=1 45.88, 260.25, 306.13 A 606i, 196, 410, 695, 1134, 1285, 1916, 2089, 3132
A" 241,432,715

TS-radn=1 65.02, 163.57, 228.59 ‘A 212i, 450, 600, 807, 1104, 1127, 1627, 1719, 3090
A" 158, 608, 870

TS2-radn=2 68.84,172.63, 241.47 ‘A 1194i, 176, 501, 645, 1121, 1169, 1251, 1723, 3062
A" 65, 578, 852

a Calculated at the B3LYP/6-311G(d,p) level.

decompose to N+ CO,. On the other hand, the effects of the 1+ GH,=1t-CHNO + CH,CO (R2)
overlooked analogues ofS6 and cis-TS3 on the total rate ) ) )
constant of the NCG- NO reaction and its product distribution ~ The enthalpy of formation ofrans-nitrosoketene was derived

could be nonnegligible and warrant further revision of that from the isodesmic reaction analysis as follows:

system. ° (1Y — A IO 0 _
Enthalpy of Formation of trans-Nitrosoketene.Calculation AH®(1) = AH7G(t-CoH5(NO)) + AH"(CH,CO)
of the enthalpy for the initial addition (R1t) to fortmans AH(CH,) — AHR(0 K) (1)

nitrosoketenel), at the present highest levels of theory, QCISD-

(T)/(I1) and CCSD(T)/(Il), resulted in-44.2 and—44.4 kcal/ ~ Where the enthalpy of reaction (R3H°r2(0 K), was evaluated
mol, respectively, whereas previously calculated enthalpies for theoretically in this work, whereas the enthalpies of formation
this channel were-40.0 kcal/mol at the QCISD(T)/6-31G(d,p) ©f transnitrosoethylene t(C;HsNO), ketene (CHCO), and
leveP® and —41.6 kcal/mol at the CCSD(T)/6-3#1G(2df,p) thylene (GH4) have been established elsewfigre (see Table

e
level 21 3).
Table 4 lists the predicted values AfH°y(1) and the 0 K

HCCO+NO=1 (R1t) enthalpies for the initial addition stepH°r1: (0 K), calculated
either using this value and experimental enthalpies of formation
Such a discrepancy motivated us to examine the enthalpy offor HCCO and NO or directly, i.e., from the differences between
the initial reaction step more carefully. We used an isodesmic the ZPE-corrected electronic energies of HCEONO and1.
reactioff? (R2) to calculate the heat of formation of intermediate The idea of using an isodesmic reaction is to take advantage of
1 at several correlated levels of theory. an error cancellation because of similar types of atoms and
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@ degeneracy’ = 2 for the HCCOfA'") + NO recombination
@—@ reactions producing either or 2. The same path degeneracy
/ factors apply to the reverse dissociations.
| 283 /283 We should mention that although transient structures along
the dissociation profiles are singlet states, unrestricted DFT
; _@_@ [ formalism must be used in the electronic structure calculations
@ @_G)—@ because restricted solutions of the KetBham equations
O O become unstable at long separatioR€0—N) > 2.3 A). The
use of an unrestricted B3LYP functional allowed us to obtain
reasonable dissociation profiles with smooth point-to-point
variations of the energetic and molecular parameters. The
potential energies, ZPEs, moments of inertia, and vibrational
chemical bonds in the compounds on the right- and left-hand frequencies orthogonal to the reaction coordinate for different
sides of such a model reaction. For the present case, there is agariational points used in the rate constant calculations are
additional advantage of an isodesmic reaction approach, becauseollected in Tables S1 and S2 of the Supporting Information.
both HCCO and NO have almost degenerate ground electronicThe canonical variational transition state theory (CVTST) rate
states, and therefore, the direct calculatioBiPr1(0 K) using constant calculations will be discussed in the next section, where
single reference methods, especially perturbation theory, maythey will be coupled with the RRKM/master equation analysis
be significantly in error. Clearly, from Table 4, the values of of the decomposition of the chemically activated nitrosoketene.
AH°r1(0 K) derived based on the isodesmic reaction at different ~ As mentioned earlier, HCCO radical possesses a low-lying
levels of theory are much less scattered than the correspondingsxcited state?A’, which results from the Renner-Teller splitting
values calculated directly. By inspecting the results in Table 4, of a doubly degeneratéT state. Both components can, in
an estimation of the heat of formation tBns-nitrosoketene principle, react with NO. Possible errors caused by neglecting
can be made quite reliably. First of all, we note that the basis the excited electronic states of HCCO and of variational
set limit is reached with the 6-3#1G(3df,2p)= (Il) basis set,  transition states can be estimated. For that, let us write down
because the values calculated with 6-311G(2df,p) and (Il) do the total path degeneracy combined with electronic degeneracy
not differ by more than 0.2 kcal/mol for the same method. MPn factors for an entrance channel (to form eitheor 2) as
series (| = 1—4) converge; thus, from the difference between
bounds: 16,22 At-H(1 < 20.1 kealimol. The QGISDTY - L & 7o + s expC AB/RDY
. . i o] = . . " ,
and CCSD(T)/(ll) results, 18.6 and 18.9 kcal/mol, nicely fit in [gHCCO(ZA )+ gHCCO(ZA )expAELccdRT] Gyo (2)
this interval closer to the MP4 border, as expected for a true
limit. Takmg the average value as a base and addmg anWherEGNo is the electronic partition function of NQ\Ers and
experimental uncertainty of 1:5 0.1+ 0.1 kcal/mol (because ~ AEncco are the splittings between the ground and the first
of combined experimental uncertainties for nitrosoethylene’ excited state for a variational transition state and HCCO, and
ethylene, and ketene), one obtaibéi®o(1) = 18.8£1.7 kcal/  9'ts = g'rs = 1 andgucco®A") = Gucco°A’) = 2 are the
mol. Corrected to the room temperature, the enthalpy of corresponding electronic degeneracies. This expression also
formation becomedH°eg(1) = 17.8+1.7 kcal/mol. incorporates path degeneracy factd¥sndl’, for paths origi-
Hence, from the isodesmic enthalpy of formationloénd nating from HCCOfA"') and HCCOfA'), respectivelyl’ = 1,
accurate experimental enthalpies of formation of NO and because the recombination of HCC®( and NO radicals
HCCO radicals (Table 3), the heat of their recombination can Occurs in-plane, whereas the addition to HC&O() does not
be estimated asAH°ri{OK) = —44.9+1.8 kcal/mol and  Preserve th&s symmetry, and thereforé; = 2.
AH°g1(298 K) = —46.0£1.8 kcal/mol. The last column of Substituting these values into eq 2, one can rewrite it in a
Table 4 lists the values ahH°gr1(0K) calculated directly by more compact form:
various methods. Among them, the QCISD(T)/(ll) and CCSD-
(T)/(11) predictions are the most accurate, and they are very closeG = [2 + exp(~AE;s /RT)I/

Figure 3. Selected geometries along the minimum energy pati$-
0) = 2.83 A). The addition of NO to the HCC@X'") radical occurs
perpendicularly to the HCCO plane.

to our best recommendation obtained from the isodesmic [2 + 2 expAE;cco/RT]Gyo (3)
reaction analysis.
Variational Calculation of the Entrance Transition States. The calculation of the rate constant presented in this paper

As the initial reaction of HCCO and NO is a barrierless radical  555umed that bothErs and AEjcco were large enough to
radical association, a variational treatment of the reaction neglect the exponential terms, so t@&ft = 1/Gyo. Therefore,
coordinate is required. We computed two separate minimum ina calculated rate constant is in error by a factor of4{2
energy paths (MEPs) for the dissociation dfand 2 to exp(—AErs IRTJ[2 + 2 explAEucco IRT)] = GIGO. It is

HCCOEA") + NO by stretching the EN bond up t0 45 A 11 ohahe that at long separations (which correspond to the VTST
with 0.1 A increments. For the present calculation, we ignored locations at low T)AErs &~ AEncco, Whence

the excited A state of HCCO. Possible errors caused by this
approximation will be discussed at the end of this section. 0.
Sample structures along the MEPs are illustrated in Figure 3. GIG™~ [2 + exp(-ABuccdRTI

The A’ state of HCCO has an unpaired electron perpendicular [2 + 2 expCAE RN =1 (4)

to the molecular plane; therefore, the molecular geometries along

the dissociation profiles are nonplanar, although both adductsThen, at low temperatures, the rate constant could be over-
1 and2 have a planar structure. Symmetry removal during the estimated, though only slightly, because at Bvexp(—AEynccd
dissociation ofl and 2 to HCCOA") + NO creates two RT) ~ 0. For example, th&/GP ratio defined by (4) equals
enantiomeric pathways for each reaction. This will be accounted 0.977 at 500 K and 0.997 at 300 K assumixifcco= 3 kcal/

for in the rate constant calculations by introducing a path mol.



Study of the HCCOt+ NO Reaction J. Phys. Chem. A, Vol. 107, No. 7, 2008073

At high temperatures, VTST locations shift to shorter SCHEME 1

separations, wher&Ers should be smaller thaAEycco. In the VTS1 +M
limiting case thatAErs — 0 HCCO + NO =——=1" =—=1
iTS6
GIG® — 3/[2 + 2 exp(-AE, cco/RT)] (5) VT\ 1 TSN
2 =5 2 HCNO + CO (Rla)
eq 5 givesG/G® = 1.23 at 1000 K, which decreases to less ‘ITSW
than unity atT > 2000 K and can drop as low as 3/4 whén
is raised to infinity. In the opposite limit tha#tErs ~ AExcco, 3 182 HCN + CO, ®R1b)
eq 4 will apply, suggesting the total rate is overestimated by ™M
9% at 1000 K and 18% at 2500 K. TS-rad A
Thus, we can conclude that the errors introduced as a result 3-rad === 3-rad'

of neglecting the?A’ state of HCCO are negligible at low ™

(primarily because of low occupancy of this state) and amount | . . — .
to less than 25% at high, as follows from equations (4) and cm~!was used in the master equation computations; the matrix
) ' size was up to 150& 1500 to ensure the convergence at high

Multichannel Variational RRKM Calculations. On the T. More detai_ls about the imple_m_entation of the time-d_ependent
basis of theoretical energetic and molecular parameters of theMaster equatlon_/ RR.KM analysis in ChemRate are axsa;llable from
reactants, products, intermediates, and transition states, the rat@ Series of publications by Tsang and co-workéfs.
constant calculations were carried out with a recently updated ~The updated mechanism of reaction R1 can be expressed in
version 1.19 (Feb. 20, 2002) of the ChemRate pro§fdram Scheme 1. Here, “t” denotes internal excitation, and M
NIST. We used a weak collision master equation/RRKM represents the third-body (bath gas). The scheme comprises four
modeling with a variational treatment of the entrance channels coupled wells, two variational entrance, and two major product
to derive effective rate constants and product distribution channels. The molecular parameters of the reactants, intermedi-
according to theirtual componenformalism of Knyazev and  ates, and transition states used in the RRKM/ME calculations
Tsang®’ are given in Tables 5 and 6. The energetics are defined in Figure

Because variational calculations are currently not supported 1.
in the ChemRate program, the canonical variational TST  OQur kinetic model may at first glance appear rather complex.
(CVTST) calculations for the HCCOF NO recombination  However, the topology of the PES permits a very straightforward
channels were performed externally with the POLYRATE description of the mechanism. We would like to point out that
program3® using the electronic structure input files which Il decomposition pathways lie well below the energy level of
contained energies, gradients, and force constants at selecteghe reactants. As a result, the stabilization of all chemically
points on the reaction paths 20 points for each channel). These  activated intermediates is negligible under a wide range of
points were selected from the interval that covers the effective experimental conditiond(< 10F Torr, T = 250—2500 K), and
locations of variational transition states Bt= 250-2500 K the reaction proceeds in the steady-state regime. Both effective
(RCC—N) = 2.0-3.7 Afor HCCO+ NO — ; R(C_N) =20- total and branching rate constants are well-defined and es-
4.3 A for HCCO+ NO — 2). The energetic and molecular  gentjally independent of pressure.

Fnigimgiﬁ)rﬁ ?';atggze Splmgtns d agz)avﬁggbﬁég tgﬁaiﬁigor;g:g The mechanis_,tic details can be sumrr_larized as follows. At
. N . . ’ . all T, recombination of HCCO and NO radicals preferably yields
additional points on a fine grid (0.001 A) were defined from 1* The selectivity i : . -
. y is particularly high at low. Initially formed

Fhe mput.(sparse) grid points bypomt. (h=3,5) Lagrang_e . 1" can either isomerize ' or dissociate back to the reactants.
interpolation. The results were stable with respect to the variation . L
The latter process is negligible at Iolvbut consumes a larger

of - S . o fraction of 1" as theT increases. As a consequence, the effective
Within the CVTST approximation, the location of variational . : - .
total rate shows negative dependence. Only a minor fraction

transition states was determined by maximizing the free energy _"_. .

of activation with respect to reaction coordinate at any given afCZN(r)et+urrc1;s()'[0 thhle reacf[ants. Instefg%elt:telr de(%orPhposCeS to

temperature, whenc&-dependent molecular and energetic rus th( a) or |s_|c_)gnse_rlzgs . N t?w ’ eth "

parameters for variational transition states were supplied to the SXUTUSION pathway vi&is- IS dominant, however, the cis
and trans channels make comparable contributions to the rate

ChemRate program. Then, the interplay of recombination, ) . ) T . -
isomerization, decomposition, and stabilization channels was of CO production at higft. A small fraction of3' can isomerize
back to2" and then decompose to HCNOCO. The rest oB'

analyzed by solving the one-dimensional (E-resolved) master ) X X
equatiors® which describes the evolution of all active compo- produces HCN+ CO; either via concerte@S2 or by a stepwise
mechanism vid S-rad, diradical intermediat8-rad, andTS2-

nents. Microscopic rate constarkéE) for isomerization and o Vie ) ' ha
decomposition channels were calculated by RRKM th&®r§H rad. The first ring-opening §tep is rate contrplllng in the latter
In the present study, the energy increment was fixed at 1¢.cm Sequence. AlthoughS-rad lies ~9 kcal/mol higher thaiTS2,

in all sum and density of states calculations, which were Fhe contnb.utllon of the diradical branch to the £@oduction
performed using the modified BeyeBwinehart algorithns? is not negllglble and accounts for as much as 15% of the total
The standard form of the “exponential-down” modéP was yield at highT.

used for collisional energy transfer. The frequency of collisions ~ The results of our calculations are plotted in Figures 4 and
with the bath gas was estimated from the Lennard-Jones5 for the temperature range from 250 to 2500 K. In Figure 4,
parameters adopted from refs 64 and 65, assuming thatwe plotted the effective total rate constant, which is best
e/kg(HC(CO)NO)~ e/kg(HCNO) = 258 K, ando(HC(CO)NO) expressed in the following formiga(T) = 1.37 x 1016 T098

~ o(HCNO) = 4.42 A. The master equation was solved in a exp(—190K/T) cm? s~ mol~L. It shows an excellent agreement
matrix form with a method based on the Householder's with the room-temperature value of Unfried etdand recent
tridiagonalization algorithni® The energy bin sizé E = 100 most extensive experimental set of data by Carl & @mbined



1074 J. Phys. Chem. A, Vol. 107, No. 7, 2003 Tokmakov et al.

14.0 . . T al?investigated the formation of HCNO and HCN in the same
system. They concluded that reactions ofqbbth singlet and
triplet) with NO, along with (R1a) and (R1b), yield significant

= 1354 amounts of HCNO and HCN via reactions (R4a) and (R4b):
2 CH, + NO— HCNO+ H (R4a)

£

< 1301 — HCN + OH (R4b)

8

channel (R4a) being the dominant one. The H atoms produced
in (R4a) and (R3c) are consumed mainly in the reaction with

12.5 T — T

0.0 1.0 2.0 3.0 4.0 H,CCO

1000/T, K™

Figure 4. Plot of the effective total rate constant for HCGONO in
comparison with experimental data. Solid line: this waPk=€ 0.1— ) ] )
1000 Torr); dashed line: Miller et al.;experimental data: circle, ~ Which could be responsible for a fraction of CO measured by

H + H,CCO— CH, + CO (R5)

Unfried et al.}® diamond, Temps et al% squares, Boullart et at.; Rim and Hershberger. We should note that the product yields
triangles, Carl et af of HCNO and HCN reported by Eschenko et'&lcan be
accounted for with our predicted product branching for the
90 ' ' ' ] ] HCCO + NO reaction,0(298 K) = kiyks = 0.27, when it is
801 T combined with known photodissociation yieltl§R3a—R3d)
701 Honosco and the product branching for reaction (RKij/ks = 0.89 +
0.0671.72
801 ] Previously, Miller et aP and recently Vereecken et #.
%07 ] attempted to theoretically predict the product branching distribu-

401 tion based on the PES of Nguyen et&(or its slightly refined

304 HCN+CO, ] version). Because of the incompleteness of PES, Miller &t al.
20 I . were unable to account for the experimentally observed branch-
$ ] ing fractions, overestimating significantly the fraction of
00 o 20 20 20 HCN + CO, produced. The kinetic model used by Vereecken
; et al?* did not include the major CO-producing pathway (via
1000/T, K cis-TS3 either. However, they assumed thans-TS3 directly
Figure 5. Branching fractions of the two main product channels: connects bothl and 2 to the HCNO+ CO and treated the
lHCN(t)h +CO ?(Rlda) ?}n% HI'CNJF\(/:OZ (Rtb)- Tngéeﬁca! resut“ISidS(t)”d torsional motion of CO irirans-TS3 as a free rotor. We found
ine, this work; dashed line, vVereecken etakxperimental data: g gypport for either assumption, but these assumptions ef-
zﬂtéa;'eesr,sﬁggtrggﬁet&}F‘;cwcles, Eickhoff and TempS;diamonds, Rim fectively compensated the lack of a major CO-producing
' pathway in the analysis of Vereecken and co-workers. Fortu-
with the earlier measurement by the same group. The rateitously, their product branching is very close (within 10%) to
constant of Temps et &t.is lower than our prediction by a  the values estimated in this study based on the complete PES.
factor of 2. To complete the study, we tested the sensitivity of our
In Figure 5, the calculated and experimental branching Predicted branching fractions to small variations in the most
fractions of the two main product channels are given. The Critical energetic parameters. A variation2 kcal/mol in the
branching fraction of the HCN- CO;, channel can be fitted by ~ €nergy ofTS1 propagates into thé-0.06 variation in the yield
a double-exponential decay formulec= 0.5 exp(-T/67.1)+ of CO, at room temperatureq(298 K) = 0.27+0.06. The
0.3 exp(-T/2592). Our estimates are in excellent agreement with Product branching is less sensitive to the energyf 2. lts
room-temperature branching fractions of Eickhoff and Tethps ~ Shift by +2 kcal/mol variesa(298 K) by less thant0.03.
and within the error limits of highT data of Peeters et &f6 Considering an uncertainty af2 kcal/mol in the energies of
The room-temperature yield of GQreported by Rim and 1S3 (cis and trans), the following error limits af (CO;
Hershbergé#is lower by a factor of 2. These authors analyzed bPranching) were derived: 0.18 a(298 K) < 0.38. Finally, a
the yields of CO and COfrom the 193 nm excimer laser ~Calculation based on the B3LYP/(I) energies for the diradical
photolysis of ketene in the presence of excess amounts of NO.Pranch (Table 2) instead of those given in Figure 1 predicts
Under these conditions, several initial photolytic products can that & higher fraction of HCN- CO;, will be formed via this

branching fraction, %

be formed® branch (16% instead of 7% at room T). At the same time, the
total CQ yield (o) increases insignificantly (by less than 0.01
H,CCO+ hy — 3CH2 +CO (R3a) at room temperature) and the concerted pathway of the 1,2-
oxazet-4-oned) decomposition remains dominant.
—CH, + CO (R3b) ,
Concluding Remarks
— HCCO+H (R3c)

As we mentioned earlier, the mechanism of the HCEO
— CCO+H, (R3d) NO reaction is relevant to large-scale modeling of,X€luction
by reburning technologies. This study provides two key kinetic
Rim and Hershberger assumed that only reactions (R3a), (R3b) parameters that determine the importance of HCCO as a
and (R1la) need to be considered as CO-producing channelsrecycling agent for NO, namely, the total rate constant and
reaction (R1b) was considered as the source of &@ng with product branching. Previously, Miller et &lrecommended
the static CQ impurity in ketene. Very recently, Eschenko et temperature-independent valuekaf = 2.4 x 103 cm? mol~?1
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s™1 and a constant value of = 0.65 for kinetic modeling of (Iﬁ) Glarborgf, P.; Karlll, B.; antapas, J. (errOfceedings ﬁf the 19th
i i inati World Gas Conferen¢eMilano, Italy, 1994 and references therein.
NO reburning. Or116the basis of the early kinetic measurements (4) Lissianski, V. V.: Ho. L.: Maly. P. M.: Pizeq, G.. Zamansky, V.
of Peeters et ab] temperature-dependent parameters Were \ proc. Combust. Ins2002 29, WIP Abstract +25—1432.
derived and employed for jet-stirred reactor modeling by Dagaut  (5) Boullart, W.; Nguyen, M. T.; Peeters, 3. Phys. Cheml1994 98,
et al!! Both kr1 and a. had a slightly positive temperature =~ 8036-8043. =
dependence, so that &tabove 1000 K, the total rate constant (6) Stapf, D.; Lueckel, WProc. Combust. Ins1.99§ 26, 2083.
3 1 1 . - (7) Glarborg, P.; Alzueta, M. U.; Dam-Johansen, K.; Miller, J. A.
was 4.3x 10*cm® s~ mol~* and higher, whereas the branching  combust. Flamd 998 115, 1-27.
fraction for channel (R1b) exceeded 0.28. Our results suggest  (8) Prada, L.; Miller, J. ACombust. Sci. Tec199§ 132, 225-250.
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