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The complex triplet potential energy surface of the,8kD system, including 49 minimum isomers and 114
transition states, is investigated at the B3LYP and QCISD(T) (single-point) levels in order to explore the
possible reaction mechanism of theH, radical with NO. The most feasible pathway is the head-on attack

of 3CH, at the terminal N-atom of pD to form cis-H,CNNO (a;) andtransH,CNNO (a,). Both a; anda,

can subsequently dissociate to gigH.CN + NO) via the direct N-N bond rupture. Much less competitively,

a; can undergo a 1,4-H shift, leading to the chainlike isomer HCNN®#H followed by the direct N-N

bond cleavage to form produ@, (HCN + SHON) or interconversion between the isomérs-kg and
subsequent dissociation . Furthermore, the product; (H.CN + NO) andP, (HCN + 2HON) can
undergo secondary dissociation to the same proydHCN + NO + H). The formation of CO, however,
seems impossible due to rather large barriers. Our results are in part contradictory with the recent time-
resolved Fourier transform infrared spectroscopic study that nascent vibrationally excited products CO, NO,
and HCN were observed. Since the initial N-attack step fRno a; needs a considerable barrier of 14.8
kcal/mol, the title reaction may only be significant at high temperatures, as confirmed by the ab initio dynamic
calculations on the rate constants. The reactivity discrepancies between the triplet and siaglith@HO

are compared and discussed in terms of their potential energy surface features. Our calculations suggest that
future experimental reinvestigations on the product distributions and rate constants of the title reaction at
high temperatures are greatly desired.

1. Introduction singlet 1CH, + N,O reaction, the most feasible reaction
Methylene radical in both singlet and triplé€H, and3CHb) pathways_are_ proceed_ed via a barrierless end-N_ attack to form

is an important intermediate in combustion, atmospheric chem- the low-lying intermediate bCNNO, followed by direct N-N

istry, and organic chemistry procesde$ As a highly reactive ~ Pond cleavage to form product&N + NO, by a concerted

species, the Chiradical can react with nitrous oxide £8), 1,3-H shift and N-N bond rupture to form product HCN-
which is known to be a very important intermediate in the HNO, or by a successive CNNO four-membered ring formation
conversion in flames from fuel N and atmospherigthl NO7 and bimolecular extrusion to give,BO + N,. Therefore, a
Therefore, the investigation of GHF N,O reaction plays an detailed theoretical exploration on the whole triplet potential
important role in decreasing the emitted NO amount. energy surface of th#&CH, + N,O reaction is still very desirable

Experimentally, botACH, and3CH, can be produced by laser SO as to p_ro_vide_ a theoreticgl interpretation for #u, and
photolysis of ketene at 308 and 351 nm, respecti¥ee SCH, reactivity differences with pO.
1CH, + N0 reaction was found to be very fast around room
temperature, with the measured rate constant61®-11 cm?
molecule! s71° Very recently, we calculated the singlet All calculations are carried out using Gaussian 98 program
potential energy surface of this reacti®rand our results are  packagé? The geometries of all the reactants, products, various
consistent with the high carbene reactivity of singleH,. For intermediates, and transition states for #6&i, + N,O reaction
the 3CH, + N,O reaction, Darwin and Mooté studied the are optimized using hybrid density functional B3LYP method
reaction kinetics by using time-resolved IR diode laser absorp- with the 6-31G(d,p) basis set. Vibrational frequencies are
tion spectroscopy. They reported an upper bound rate constantalculated at the B3LYP/6-31G(d,p) level to check whether the
of 1.9 x 10714 cm?® molecule’® s71 for the overall reaction at  obtained stationary point is an isomer or a first-order transition
295 K. Simply from the measured rate constants, the reactivity state. To confirm that the transition state connects designated
of triplet 3CH, toward NO is expected to be much lower than intermediates, we also perform intrinsic reaction coordinate
that of 1CH, + NO, which might be due to their potential (IRC) calculations at the B3LYP/6-31G(d,p) level. In addition,
energy surface differences. Recently, Su éga@arried out a single-point energies are calculated for the B3LYP/6-31G(d,p)
time-resolved Fourier transform infrared (TR-FTIR) spectros- optimized geometries with the quadratic configuration interac-
copy study on théCH, + N,O reaction. They observed the tion method with single and double excitation as well as
nascent vibrationally excited products CO, NO, and HCN (and perturbative corrections for triple excitations (QCISD(T)) with
even possibly BH). They also proposed a possible mechanism the 6-311G(d,p) basis set. Unless otherwise specified, the
either via the end-O, NO s bonding or via N-N sz bonding QCISD(T) single-point energies with inclusion of B3LYP/6-
attack. Yet whether such an intuitive mechanism works or not 31G(d,p) zero-point energies (ZPE) are used in the following
still waits to be tested. It should be pointed out that for the discussions.
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2. Computational Methods
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Figure 1. B3LYP/6-31G(d,p)-optimized geometries of reactants and products. Bond distances are in A, and angles are in deg.

Further, to compare with Darwin and Moore’s roughly 3. Results and Discussions

estimated upper bound rate const&(295K) for the title

reactiont! we carry out dynamic calculations using the For the®CH, + N,O reaction, various dissociation products,
POLYRATES.0 progrant* The theoretical rate constants over including P;—P12 (in Figure 1), are considered. A total of 49
the wide temperature range 26R000 K are calculated using intermediate isomers (in Figure 2) and 114 transition states (in
the conventional transition state theory (TST), canonical varia- Figure 3) are located. The zero-point, total, and relative energies
tional transition state theory (CVT), and canonical variational of the products, isomers, and transition states are listed in Tables
transition state incorporating small-curvature tunneling correc- 1, 2, and 3, respectively. By means of the products, intermediate
tion (CVT/SCT). All internal modes of the transition states, isomers, transition states, and their corresponding relative
reactants and products are treated as harmonic vibrations.  energies, the schematic reaction pathways are plotted in Figure
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Figure 2. B3LYP/6-31G(d,p)-optimized geometries of all isomers. BBond distances are in A, and angles are in deg.
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Figure 3. B3LYP/6-31G(d,p)-optimized geometries of all transition states. Bond distances are in A, and angles are in deg.
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TABLE 1: Zero-Point, Total (au), and Relative Energies in Parentheses (kcal/mol) as well as Those including Zero-Point
Vibration Energies (kcal/mol) of Reactants and Products for theCH, + N,O Reaction at the B3LYP/6-31G(d,p) Level and the
QCISD(T)/6-311G(d,p)//B3LYP/6-31G(d,p}-ZPE Level

species ZPE B3LYP QCISD(T) QCISD(W ZPE
R (3CH, + N;0) 0.028586 —223.813760 (0.0) —223.348852 (0.0) 0.0
P. (H.CN + NO) 0.029820 —223.873579437.5) —223.406671436.3) -355
P, (HCN + 3HON) 0.030196 —223.86381931.4) —223.400713432.5) 315
P5 (HCN + *HNO) 0.030061 —223.879012440.9) —223.409260437.9) -37.0
P4 (HCNH + NO) 0.029442 —223.850219422.9) —223.383412421.7) —21.1
Ps (*H.CO + Ny) 0.028991 —223.919608{66.4) —223.456503466.4) -67.3
Ps ((HCOH + Nj) 0.030109 —223.903512456.3) —223.447991462.2) -61.3
P2 (®HNN + CO) 0.031315 —223.897982{52.9) —223.439029{56.6) —54.9
Ps (*HNNH + CO) 0.029891 —223.894849450.9) —223.429370450.5) —49.7
Po (N2H + HCO) 0.026292 —223.884557{44.4) —223.415527441.8) —43.3
P10 (N,H + HOC) 0.026393 —223.81690642.0) —223.34951940.4) -1.8
P11 (H20 + 3CNy) 0.029618 —223.864755{32.0) —223.397174430.3) —-29.7
P12 (HCN + NO + H) 0.021005 —223.806345 (4.7) —223.3622718.4) -13.2

TABLE 2: Zero-Point, Total (au), and Relative Energies in Parentheses (kcal/mol) as well as Those including Zero-point
Vibration Energies (kcal/mol) of the Isomers for the 3CH, + N,O Reaction at the B3LYP/6-31G(d,p) Level and the QCISD(T)/

6-311G(d,p)//B3LYP/6-31G(d,p)-ZPE Level

species ZPE B3LYP QCISD(T) QCISD(T) ZPE
a 0.035981 —223.877891440.2) —223.389772425.7) —21.0
a 0.035947 —223.885854 {45.2) —223.394118428.4) -23.8
b 0.036531 —223.807712 (3.8) —223.324845 (15.1) 20.1
o 0.033852 —223.893007 £49.7) —223.41326340.4) —37.1
C 0.033707 —223.893025£49.7) —223.413261440.4) —37.2
d; 0.036831 —223.920497£67.0) —223.440429457.5) —52.3
da 0.036862 —223.924213469.3) —223.443442459.4) —54.2
e 0.036165 —223.918098 £65.5) —223.429050450.3) —45.6
& 0.035434 —223.917108464.9) —223.428458450.0) —45.7
e 0.035271 —223.912736£62.1) —223.42259346.3) —42.1
e 0.034415 —223.906123{58.0) —223.415243441.7) —38.0
fa 0.037683 —223.907951£59.1) —223.427451449.3) —43.6
fa 0.037657 —223.913909{62.8) —223.431842452.1) —46.4
fa 0.038257 —223.915690 (64.0) —223.434567453.8) —47.7
fa 0.037236 —223.909232£59.9) —223.427839449.6) —44.3
0 0.037268 —223.914329463.1) —223.431542451.9) —46.4
% 0.036551 —223.918430465.7) —223.435123451.1) —49.1
hy 0.036522 —223.922518468.2) —223.440262457.4) —52.4
h, 0.036237 —223.922626 £68.3) —223.440178457.3) —525
hs 0.037126 —223.930113473.0) —223.447629462.0) —56.6
hs 0.036670 —223.929377472.6) —223.446852{61.5) ~56.4
iy 0.036852 —223.856527426.8) —223.382628421.2) ~16.0
i 0.036308 —223.856356 £ 26.7) —223.382919421.4) ~16.5
is 0.035950 —223.851601423.7) —223.375496416.7) ~12.1
i 0.035150 —223.845849£20.1) —223.370658{13.7) -9.6
i1 0.035798 —223.868762434.5) —223.38565123.1) ~18.6
i 0.036539 —223.879858 £41.5) —223.39600829.6) —24.6
js 0.034851 —223.860424 {29.3) —223.379081{19.0) ~15.0
is 0.035994 —223.874090437.9) —223.390234426.0) —21.3
is 0.036335 —223.872815¢37.1) —223.392106427.1) —22.3
is 0.035675 —223.874006437.8) —223.390231426.0) —21.5
iz 0.034052 —223.853117424.7) —223.371352414.1) -10.7
is 0.036119 —223.878480440.6) —223.39485328.9) —24.1
ks 0.034838 —223.837564 {14.9) —223.35472543.7) 0.2
ka 0.034868 —223.840979417.1) —223.3586936.2) 2.2
ks 0.035168 —223.839743{16.3) —223.35794545.7) -1.6
Ka 0.035174 —223.840697£16.9) —223.3588386.3) 21
ks 0.034404 —223.832435411.7) —223.339722 (5.7) 9.4
ks 0.034625 —223.834663£13.1) —223.35268342.4) 1.4
ks 0.033113 —223.82189845.1) —223.338726 (6.4) 9.2
ke 0.034354 —223.836316£14.2) —223.3539443.2) 0.4
Iy 0.035892 —223.843203{18.5) —223.356928{5.1) -0.5
I 0.035214 —223.840058 £ 16.5) —223.35315142.7) 1.5
ls 0.034455 —223.832113€11.5) —223.344583 (2.7) 6.4
Iy 0.035210 —223.839459€16.1) —223.35311942.7) 1.5
my 0.033545 —223.81587941.3) —223.331876 (10.7) 13.8
m, 0.032781 —223.81482540.7) —223.329080 (12.4) 15.0
n 0.034417 —223.830055£10.2) —223.344895 (2.5) 6.1
0 0.035815 —223.81802542.7) —223.331296 (11.0) 15.6

4 (for P;—P4 and P1p) and Figure 5 (forPs—Pi1). Unless
otherwise specified, the energies in the following discussions 31G(d,p}-ZPE values.

are referred to as the QCISD(T)/6-311G(d,p)//B3LYP/6-
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TABLE 3: Zero-Point, Total (au), and Relative Energies in Parentheses (kcal/mol) as well as Those including Zero-Point
Vibration Energies (kcal/mol) of the Transition States for the 3CH, + N,O Reaction at the B3LYP/6-31G(d,p) Level and the
QCISD(T)/6-311G(d,p)//B3LYP/6-31G(d,p}-ZPE Level

QCISD(T) QCISD(T)
species  ZPE B3LYP QCISD(T) +ZPE ' species  ZPE B3LYP QCISD(T)  +ZPE

TSRa; 0.029888 —223.802946(6.8) —223.326620(14.0) 14.8 TShsPs 0.032844 —223.891657¢48.9) —223.419105¢44.1) —41.4

TSRn  0.030890 —223.784381(18.4) —223.306260(26.7) 28.2 TShjs 0.031219 —223.824258(6.6) —223.344681(2.6) 4.3
TSRPs 0.029626 —223.787695(16.4) —223.307646(25.9) 26.5 TShyPs 0.032193 —223.889562(47.6) —223.417929¢43.3) —41.1

TSRPs 0.029542 —223.760725(33.3) —223.275122(46.3) 46.9 TSii,  0.035020 —223.814912¢0.7) —223.342377(4.0) 8.1
TSaa, 0.035136 —223.862140¢30.4) —223.377479¢18.0) —13.9 TSijis 0.033713 —223.829219¢9.7) —223.353003(2.6) 0.6

TSab 0.034661 —223.787805(16.3) —223.303561(28.4) 32.3 Tsij;  0.030456 —223.775853(23.8) —223.296356(32.9) 34.1
TSak; 0.030506 —223.819311¢3.5) —223.332441(10.3) 11.6 TShis 0.033334 —223.828001{8.9) —223.353409¢2.9) 0.1

TSal, 0.029293 —223.773331(25.4) —223.286025(39.4) 39.9 Tsij,  0.030430 —223.789723¢15.1) —223.308715(25.2) 26.3
TSan 0.031651 —223.742468(44.7) —223.257377(57.4) 59.3 TSiPy 0.030674 —223.811927(1.2) —223.334518(9.0) 10.3
TSaP; 0.032978 —223.858750¢28.2) —223.375022¢16.4) —13.7 TSisis 0.034307 —223.817654{2.4) —223.344595(2.7) 6.3
TSaP; 0.032931 —223.865020¢32.2) —223.382698¢21.2) —18.5 TSisPs 0.031584 —223.822842{5.7) —223.342310(4.1) 6.0
TSbe,  0.035219 —223.802445(7.1) —223.320844(17.6)  21.7 TSj:P1 0.030233 —223.814922¢0.7) —223.339885(5.6) 6.7
TScic,  0.033224 —223.890992¢48.5) —223.411323¢39.2) —36.3 TSjsPy 0.029799 —223.801515(7.7) —223.320814(17.6) 19.0
TScid; 0.028015 —223.839878(16.4) —223.356580¢4.8)  —5.2 TSjsPyo 0.031301 —223.815770¢1.3) —223.340089(5.5) 7.0
TScih; 0.030644 —223.841190¢17.2) —223.359286(6.5)  —5.3 TSjeP1o 0.031021 —223.819670¢3.7) —223.338239(6.7) 8.0
TSciPs 0.032583 —223.892698(49.5) —223.412605¢40.0) —37.5 TSkik, 0.033878 —223.821935(5.1) —223.341744(4.5) 7.8
TScd, 0.027588 —223.837647¢15.0) —223.354093¢3.3)  —3.9 TSkiks 0.033051 —223.821987{5.2) —223.340729(5.1) 7.9
TSch, 0.030288 —223.841395¢17.3) —223.359252¢6.5)  —5.5 TSkik; 0.031556 —223.813036(0.5) —223.329235(12.3) 14.2
TSPs 0.032218 —223.892484(49.4) —223.409566(38.1) —35.8 TSkiP, 0.031926 —223.818099¢2.7) —223.337771(7.0) 9.1
TSdhd, 0.035568 —223.894007¢50.4) —223.418872¢43.9) —39.6 TSkoks 0.033045—223.823329{6.0) —223.342036(4.3) 4.6
TSche, 0.031091 —223.845365¢19.8) —223.363834(9.4)  —7.8 TSkoks 0.032066 —223.819878¢3.8) —223.336563(7.7) 9.9
TSchi; 0.030766 —223.795226(11.6) —223.315608(21.0) 22.2 TSkom, 0.031204 —223.787117(16.7) —223.270924(48.9) 50.5
TSPy 0.031151 —223.878390¢40.6) —223.397379¢30.5) —28.8 TSkoP, 0.031902 —223.822418{5.4) —223.342615(3.9) 4.4
TSche, 0.030726 —223.845186¢17.2) —223.363177¢9.0)  —7.7 TSkeks 0.034506 —223.825481{7.4) —223.346472(1.5) 5.2
TSdf, 0.031967 —223.856630¢26.9) —223.373723¢15.6) —13.5 TSksP, 0.031613 —223.813347(0.3) —223.334731(8.9) 10.8
TSdphs 0.031560 —223.870121¢35.4) —223.381976(20.8) —18.9 TSksks 0.032205—223.816211{1.5) —223.333322(9.7) 12.0
TSdhi, 0.030438 —223.797551(10.2) —223.317568(19.6) 20.8 TSkiks 0.032436 —223.817130¢2.1) —223.334558(9.0) 11.4
TSdPy 0.031013 —223.878966(40.9) —223.397605¢30.6) —29.1 TSks, 0.029166 —223.759349(34.1) —223.274640(46.6) 46.9
TSee, 0.034865 —223.904950¢57.2) —223.420466(44.9) —41.0 TSk, 0.031788 —223.816503¢1.7) —223.337651(7.0) 9.0
TSef; 0.029184 —223.826304(7.9) —223.339148(6.1) 6.5 TSkek; 0.032308 —223.814453(0.4) —223.333044(9.9) 12.3
TSefs 0.029572 —223.817536(2.4) —223.332536(10.2) 10.9 TSkels 0.029444 —223.757577(35.3) —223.273319(47.4) 47.9
TSeji 0.029589 —223.808424(3.3) —223.321975(16.9) 17.5 TSksP, 0.031900 —223.817904(2.6) —223.339727(5.7) 7.8
TSePy 0.030746 —223.881097¢42.3) —223.400289¢32.3) —30.9 TSkek; 0.034133 —223.822969{5.8) —223.343072(3.6) 7.1
TSeg, 0.029747 —223.850517{23.1) —223.362364(8.5)  —7.8 TSkeks 0.032433 —223.818036{2.7) —223.336575(7.7) 10.1
TSej, 0.030184 —223.820487¢4.2) —223.331573(10.8) 11.8 TSkeP> 0.032064 —223.820610¢4.3) —223.341774(4.4) 6.6
TSePs 0.030434 —223.879804¢41.4) —223.399380¢31.7) —30.6 TSkrks 0.033440—223.818837{3.2) —223.337774(6.9) 10.0
TSeshs 0.032532 —223.886303(45.5) —223.398466(31.1) —28.7 TSksP, 0.032161—223.826509{8.0) —223.346735(1.3) 3.6
TSejs 0.028842 —223.800396(8.4) —223.314965(21.3) 21.4 TShl, 0.034567 —223.827440(8.6) —223.343096(3.6) 4.9
TSejs 0.029567 —223.813281(0.3) —223.323996(15.6) 16.2 TShls  0.032503 —223.825044(7.1) —223.337709(7.0) 9.5
TShfs 0.035349 —223.878239¢40.5) —223.402100¢33.4) —29.2 TSLPs 0.032565 —223.829661{10.0) —223.344406(2.8) 5.3
TShfs 0.034989 —223.860704{29.5) —223.360749¢7.5)  —3.4 TShl, 0.031893 —223.820395(4.2) —223.332345(10.4) 12.4
TSHPs 0.032996 —223.87351737.5) —223.395940¢29.5) —26.8 TSLP; 0.032106 —223.827065(8.3) —223.341077(4.9) 7.1
TShfs 0.035747 —223.882869¢43.4) —223.405220¢35.4) —30.9 TSlP; 0.032659 —223.833115¢12.1) —223.347963(0.6) 3.1
TSf,g, 0.030770 —233.825631{7.5) —223.344451(2.8) 4.1 TSlPs 0.032125-223.826640(8.1) —223.340438(5.3) 75
TSHPs 0.032712 —223.879324¢41.1) —223.400538¢32.4) —29.9 TSmP; 0.031816 —223.815323¢1.0) —223.328904(12.5) 14.5
TSfig: 0.031293 —223.833619¢12.5) —223.342414(4.0) 5.7 TSmyPs 0.031204 —223.81413140.2) —223.326379(14.1) 15.7
TShis 0.031519 —223.829679¢10.0) —223.348857(0.0) 1.8 TSnc; 0.033015 —223.765190(30.5) —223.275694(45.9) 48.7
TSfPs 0.033135 —223.881790¢42.7) —223.403443¢34.2) —31.4 TSno 0.033733 —223.772632(25.8) —223.284190(40.6) 43.8
TSHPs 0.032650 —223.87239736.8) —223.394607¢28.7) —26.2 TSoP, 0.034074 —223.802156(7.3) —223.320906(17.5) 21.0
TSqge 0.036094 —223.895046¢51.0) —223.415401¢41.8) —37.0 TSoP/ 0.033067 —223.804695(5.7) —223.310057(24.3) 27.2
TSmP; 0.033823 —223.885260{44.9) —223.411400¢39.2) —36.0 TSPP; 0.026267 —223.848196(21.6) —223.364635(9.9) —11.4

TS@P; 0.033974 —223.892965¢49.7) —223.421101¢45.3) —42.0 TSPP; 0.026099 —223.847258(21.0) —223.363845¢9.4) —11.0

TShihs 0.034786 —223.913391¢62.5) —223.432270¢52.3) —48.5 TSPP, 0.025592 —223.795114(11.7) —223.328265(12.9) 11.0
TShyi; 0.030255 —223.797105(10.5) —223.317332(19.8) 20.8 TSP,P4 0.026276 —223.796176(11.0) —223.327482(13.4) 12.0
TShohs 0.034476 —223.913392(62.5) —223.432257¢52.3) —48.6 TSPiPy, 0.027655—223.832351{11.7) —223.362825(8.8)  —9.4

TShyjs 0.031336 —223.824779¢6.9) —223.345202(2.3) 0.2 TSP,Py, 0.021757 —223.804897(5.6) —223.342583(3.9) 0.4

TSheis 0.029897 —223.795002(11.8) —223.314520(21.5) 22.4 TSPsP1, 0.021396 —223.813377(0.2) —223.359347{6.6) —11.1

end-O attack is much more favorable than the trans end-O attack.
The middle-N attack can be realized Vi&Rn, with a barrier

of 28.2 kcal/mol leading to the branched-isomeps@N(O)N)

n. We cannot find any transition states that are directly
associated with the NN and N-O s bonding attack. The
search for such transition states often leadE3&n or TSRay.

It is also worth noting that the search for the direct N-abstraction
transition state betweeéd@H, and NO usually leads td SRa;

or TSaP; (or TS&P,). Surely, we can find from Figure 4 and

For the initial step of the title reaction, we consider five
possible attack ways GCH, at N;O, i.e., end-N attack, end-O
attack, middle-N attack, NN & bonding attack, and NO &
bonding attack. There is an end-N attack transition Si&Ra;
linking the reactant® (3CH, + N,O) with the chainlike isomer
cis-H,CNNO (a;) after overcoming a considerable barrier of
14.8 kcal/mol. The conversion from to its trans from &) is
very easy, with a low barrier of 7.1 kcal/mol. Note that the
transition statéTSRa, cannot be obtained. The end-O attack
can directly lead to produd®s (3H,CO + N,) either via a cis Figure 5 that the end-N attack is the most favorable association
transition stat&f SRPs or a transTSRPs' with the much larger channel for the title reaction. For simplicity, we mainly discuss
barriers of 26.5 and 46.9 kcal/mol, respectively. Surely, the cis the formation pathways of various products proceededavia
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3.1. Formation of P, (H,CN + NO), P, (HCN + 3HON), TABLE 4: Rate Constants (cnm® Mol ~* s71) of the *CH, +
and Py2 (HCN + NO + H). As shown in Figure 4, the initially ~ N2O (R)d—’ ';'/ZCNNO/ (a1) Reo?cnon at the Q|C|SD(T)/
formed end-N attack isomer 8NNO (@) can directly dis- ~ 8-311G(d.p)/B3LYP/6-31G(d,p} ZPE Leve

sociate toP; (H,CN + NO) via the N-N bond cleavage or T(K) TST CvT CVT/SCT
isomerize to its trans forray, with a; then undergoing a direct 200.00 1.61x 10727 9.03x 10°3° 1.46 x 1028
N—N bond cleavage to forr?;. The direct dissociation cdy 222.00 4.90< 10726 4.28x 10728 2.39x 10°%

and a, is barrier-consumed processes, i.e., 7.3 kcal/mol via ~ 240.00 5.10x 10°% 6.01x 10727 2.13x 10°2°

: 255.00 2.81x 107 4.11x 10726 1.14x 10°%
gs:élr::lb :(;1(; 5.3 via kcal/molfSaP;. Such processes can be 57500 5 07 10-23 380 < 10-2 YIRS

295.00 1.17x 1022 2.73x 10724 5.22x 10724
298.00 1.49« 1022 3.58x 1072 6.72x 10724

PathR:  R—a(a,ay) —P; (H,CN + NO) 30000  1.75¢10%2  428x 102  7.93x 10
350.00 5.18x 10°% 1.91x 1072 2.88x 10722
The formation ofP; from the initially formed middle-N attack 400.00 6.86¢ 1020 3.42x 10 4.58x 107

isomer (HCN(O)N) n seems unlikely due to the high-energy 450.00  528¢101  332x10%  412x10°%
: 500.00 2.78< 1078 2.09x 10°%° 2.46x 10°%°

of the involvedTSno (43.8 kcal/mol abover). 600.00 3541 10-17 350 10-18 384 10-18
The.isomer (HCNNO) a; can allte.rna'gively undergoes al4d-H 800:00 9:92( 1015 1:36X 10°16 1:38 % 10716
shift via TSask; to form the chainlike isomer (HCNNOHj;. 1000.00 8.32¢ 10715 1.37x 10715 1.34x 10°1°
k, can then dissociate 8, (HCN + 3HON) via TSk;P; also 1200.00 3.73 1071 6.94x 10°% 6.63x 10715
through the direct NN rupture. Interestingly, there are ~ 1400.00 1.16¢107°  2.34x 1074 2.20x 1074
altogether 8 isomersk{—kg) for the HCNNOH structure that 1600.00 284« 1013 6.08x 1013 5.65x 1013

be i d b h oth . . 1800.00 5.9 10~ 1.32x 10~ 1.22x 10°
can be interconverted between each other via 11 transition 505000 1.09% 10-12 250% 1013 1.80x 1013

states: TSklkz, TSklka, TSk1k7, TSk2k4, TSk3k4, TSk3k5,

TSk4k6, TSk5k7, TSk6k7, TSkekg, andTSk7kg. Exceptk7, all (Cly C2) — Ps andR — (al, az) —n— (Cly CZ) — Ps, in which
isomers can each lead B via a direct dissociation transition  the respective highest-energy transition stateg Sab (32.3)
state. Note that the relative energiesT&ksk; andTSksP-, are and TSan (59.3). The conversion froma to ¢ via the four-
abnormal, i.e., 2.1 and 1.6 kcal/mol lower thip and ks, membered ring intermedialteis associated with the successive
respectively, Which can surely Iqe ascribed to thg single-point ring-closure and ring-opening process, while that via the
energy calculations. The formation pathwaysPefvia a, and branched-chain isomeris associated with the successive 1,2-O
k are written as: shift process, which is kinetically much less favorable. Despite
3 numerous attempts, we are not able to locate the direct 1,3-O
PathB:  R—a;—k(k; — kg — P, (HCN + "HON) shift transition stateTSayc; from a; to ci. Optimization of

) ) ) N ) TSa&c; usually leads toTSasb or TShc;. Formation of the
The energies of all intermediates and transition states involved remaining product®s—P11 must proceed via the sequerse

in Path P, and Path P, are lower than that of the entrance p andc (in Figure 5). Clearly, the rate-determining step for
TSRay. Then, bothPath P, andPath P, may be energetically  these products involveESab. Thus, due to the high-energy

accessible oncay is formed. Since the barrier feg — k1 (32.6 and complexity of the formation pathways &—Pyj, the
kcal/mol) inPath P; is significantly larger than those feg — competition of these products witP; and P, is almost
P1 (7.3 kcal/mol) andy — &; (7.1 kcal/mol) inPath Py, Path negligible. The secondary products B§—Py; are then not
P, is certainly much less competitive th&ath P;. considered further.

The released energy fromSRa; to Py (H2CN + NO) and 3.3. Reaction Mechanism and Comparison with Experi-
P2 (HCN -+ ®HON) may further drive their secondary dissocia- ments. From Section 3.1, we know that the most energetically
tion to the same produéy, (HCN + NO + H) with relatively feasible channels for the title reaction may be:

high energy {13.2 kcal/mol belowR), i.e., via the direct EH
cleavage of HCN in Py and via the direct ©H cleavage of  pathp:  R—a(a,, a,) — P, (H,CN + NO) —
3HON in P,. The corresponding dissociation barriers Rar— P._(HCN + NO + H
P2 andP, — Py, are 26.1 and 31.1 kcal/mol, respectively. The 12 )
secondary reactions includii®gy — P; (HCN + HNO), P, — . Ca Y 3 _
P, (HCNH + NO), and P, — P3 seem unlikely to occur Path B R =8, k(k;~kg) = P, (HCN + "HON)
considering the inter-H shift, since the two fragments of primary P, (HCN + NO + H)
products should reorientate and must not separate.

3.2. Formation of Other Products.We also consider several  The secondary produé; is also included. Note th&ath P,

other product$s (HCN + SHNO, —37.0),P4 (HCNH + NO, is much less competitive thaPath P;. Formation of the other
—21.1),Ps (3H,CO + Ng, —67.3),Ps ((HCOH + Nj, —61.3), products seems unlikely due to kinetic hindrances.
P; (®HoNN + CO, —54.9), Pg ((HNNH + CO, —49.7), Pg The initial step inPath P, andPath P, is a barrier-consumed

(N2H + HCO, —43.3), P1o (N2H + HOC, —1.8), andPi1 end-N attack process with a considerable barrier of 14.8 kcal/
(H20 + 3CN,, —29.7). The values in parentheses are relative mol at the QCISD(T)/6-311G(d,p)//B3LYP/6-31G(HgIPE

energies with reference to the reactaRtsNotice thatPs, Ps, level. By means of our calculated potential energy surface, we
Ps, P7, Pg, andPg are lower in energy than the produd®s roughly estimate the theoretical rate constants of the initial step,
(—35.5) andP, (—31.5). i.e., €CH, + N,O) R — (H,CNNO) a;. Table 4 lists the

As shown in Figure 4P; can only be obtained via the very  conventional (TST) and canonical variational transition state
high-energy transition stateBSal, (39.9) or TSkyl, (46.9), theory (CVT) rate constants as well as with a small curvature

while formation of P, must proceed vial Skom, (50.5). As tunneling correction (CVT/SCT) in a wide temperature range
shown in Figure 5, the lowest-energy prodBgican be formed from 200 to 2000 K at the QCISD(T)/6-311G(d,p)//B3LYP/6-
either through the direct processes VBRPs (26.5) andT SRPs' 31G(d,p}+-ZPE level. We can easily find that for such an
(46.9) or via the multistep process&s— (ay, a) — b — addition process, the rate constant at room temperature is very
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small ask(295K) = 5.22 x 1024 cm?® molecule’! s71. Only at the most feasible pathways are initiated by an end-N attack to
1400 K, the CVT/SCT rate constant gets considerably larger at form the chainlike speciesJ@NNO, followed by a direct NN
2.20 x 10714 cnm?® molecule! s71, Note that the!CH, + N,O dissociation to produce &N + NO. For ICH, + N;O, a
reaction was found to be very fast with the room-temperature competitive concerted 1,3-H shift and-W\ cleavage to product
rate constant as 6.8 10711 cm® molecule! s71.° Therefore, HCN + HNO may also take place, while f6&CH, + NO,
the reaction®CH, + N,O is negligible below about 1000 K  formation of P, (HCN + 3HON) via the 1,4-H shift process is
and may only be of significance at higher temperatures. The much less competitive than that Bf (H.CN + NO). Notice-
exclusive high-temperature product is predicted to Re ably, such an end-N attack step is barrierless for i@ei,
(HCN + NO + H). reaction, as is consistent with the measured high rate constant
Itis useful to compare with available experiments concerning 6.3 x 1071 cm® molecule’ s™* at room temperaturgYet, the
the title reaction. In 1995, Darwin and Modtedetected no initial end-N attack needs a considerable barrier (14.8 kcal/mol)
change in3CH, decay rates upon addition of,® at 295 K, for the 3CH, reaction, which makes this reaction to be only of
and thus, they roughly assigned an upper limik(#95K) as importance at high temperatures. On the other hand, for the
1.9 x 107 cm? molecule? s°L. Surely, this is in good ICH; + N2O reaction, HCNNO can isomerize to the CNNO
agreement with our calculations. Since the title reaction may four-membered ring species, followed by the bimolecular
be important in high-temperature processes, it is very desirable€xtrusion to give the very low-lying yet less competitive product

to perform experimental measurements on the high-temperaturéN2 + H2CO. For the presertCH, + N2O reaction, similar
rate constants for the title reaction in future. pathway leading t®s (N, + *H,CO) also exists. Yet the CNNO

four-membered ring isomdy and the isomerization transition
stateTSa;b are 20.1 and 32.3 kcal/mol higher thBr(in Figure
5). Then, N formation can be excluded for tH€H, + N,O
reaction. CO is a minor product for tA€H, + N,O reaction,
while it seems unlikely for théCH, + N,O reaction even at
high temperatures.

Recently, Su et a carried out a time-resolved Fourier
transform infrared (TR-FTIR) spectroscopy study on the possible
products of théCH, + N,O reaction. They explicitly identified
three nascent vibrationally excited products HCN, NO, and CO.
The existence of the M radical was also suggested. However,
their observation of CO surely contradicts to our calculations
predicting HCN, NO, and H as the exclusive observable high- 4. Conclusions
temperature fragments. On the other hand, the available energy™
in Su et al.’s experimer£ 5.0 kcal/mol, is considerably lower A detailed triplet potential energy surface of fi@gH, + N,O
than our calculated entrance end-N attack barrier (14.8 kcal/ reaction system is investigated at the B3LYP and QCISD(T)
mol). We perform further higher-level QCISD(T)/6-311G(3df,2p)// (single-point) levels. The most feasible reaction pathways
B3LYP/6-31G(d,p}-ZPE single-point energy calculations, and proceed via the initial end-N attack to forois-H,CNNO (@),
the barrier is slightly increased to 15.2 kcal/mol. In addition, it followed by easy conversion teans-H,CNNO a,. Botha; and
is worthwhile to consider that the triplet reaction may proceed a, can undergo the direct NN rupture to form the primary
via a singlet-triplet intersection point to form singletis- productP; (H2CN + NO). Much less competitivelya; can
H,CNNO (f& in ref 10), instead of overcoming the high barrier undergo a 1,4-H shift leading to (HCNNOH), followed by
at TSRa; (In the singlet reactiontCH, + N,O lies higher in the direct N-N cleavage to producP, (HCN + 3HON) or
energy than®CH, + N,O. Yet the cisH,CNNO is formed interconversion between the isométs—kg and subsequent
without barrier and with 50.8 kcal/mol energy grain). However, dissociation toP,. Both P; (H,.CN + NO) andP, (HCN +
we cannot locate any intersystem crossing points along the triplet®HON) can undergo secondary dissociation to form the final
reaction pathwayR — TSRay) using the B3LYP and MP2  same producP;2 (HCN + NO + H). Formation of the other
methods with the 6-31G(d,p) basis set. Note that we have products seems unlikely due to kinetic hindrances. Moreover,
considered nearly all possible attack channels in our work. The since the initial end-N attack needs a considerable barrier of
IR emission signals in Su et al.’s experiment may originate from 14.8 kcal/mol, theéCH, + N,O reaction may only play a role
secondary chemistry (perhaps €H CH, — CH; + CH, in very high temperatures with the exclusive prodirib
followed by CH+ N0, or reaction of CHwith NO impurity (HCN + NO + H). Our calculated rate constants are in good
in the NbO samples). Therefore, further experiments of this agreement with the roughly estimated upper limit by Darwin
reaction are still very desirable to identify the products (most and Moore'! Yet our predicted product distributions are in
preferably, the product branching ratios). contradiction with recent TR-FTIR spectroscopy studies by Su

It should be pointed out that based on their experimental €t al*? This suggests a great need for future laboratory
observation, Su et a? also proposed a reaction mechanism, investigations on the title reaction.
i.e., 3CH, attack on end-O, NN = bonding, and N-O n ) ) )
bonding. In our calculations, the end-O attack transition state Acknowledgment. This work is supported by the National
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