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The complex singlet potential energy surface of the CHN{tem is investigated at the B3LYP and CCSD-

(T) (single-point) levels in order to explore the possible reaction mechanism of CH radical withirivénty-

five minimum isomers and 50 transition states are located. Possible energetically allowed reaction pathways
leading to various low-lying dissociation products are obtained. Starting from the very energy rich reactant
R CH + NO,, the side-attack adduct HCN@!) is first formed followed by oxygen-shift almost barrierlessly

to givecissOC(H)NO @) and then tdrans-OC(H)NO '). Subsequently, the most favorable channel is direct
dissociation of2 and2' to productP; HCO + NO. The other two much less favorable channels are direct
dissociation of2' to productP, HNO + CO or isomerization o2’ to a complex HON--CO (21) that easily
dissociates to produ@&; HON + CO. The large exothermicity released in these processes further drives the
three product$;, P,, and P; to take secondary dissociation to the final prodagtH + CO + NO. The
pathways leading to other dissociation products such astHNED,, OH + NCO and HNCO+ O, however,

are even much less competitive either due to thermodynamical or kinetic factors. A notable finding is that
productP; HON + CO, which was completely ignored in previous experiments, should be considered in
evaluation of the final product yields. The present calculations can excellently explain the experimental result
of a very recent diode laser study of the title reaction.

1. Introduction the measured product branching ratios were influenced by
several secondary reactions, which make the actual mechanism
of the title reaction somewhat unclear. To explain their

burmi it des. N th . experimental result, Rim and Hershberger proposed a possible
reburning processiitrogen oxides, Q@ are among th€ Major - \achanism, i.e., CH could bind to N®@ia either the nitrogen
atmospheric pollutants released by combustion process. One wa

to minimize their harmful effects is to chemically reduce them ‘atom or an oxygen atom, forming an HCAOr HCONO
: . ) lex, tively. The HCNG I ight
before their release in the atmosphere by the reburning of complex, Tespectively. 'nhe omplex MIgnt rearrange

busti ducts i t hvd Datineti to the HCONO complex via CH migration from the nitrogen
g?ugieussr:g\r/]e%rge#;:rflc?m?g d?nC(;:?/e?al gH r&f; mamt]iirll(; to a terminal oxygen atom. The HCONO complex then could
; ac ' i i H N N(H
ie. CH+ NOZ2 CH + N,O4 and CH+ NO,56 The former dissociate to product HCG- NO or rearrange to CON(H)O

i i h Iso b th biect of th tical | i that could dissociate to product HN® CO. Either of these
tioﬂsteac 1ons have aiso been the subject of theoretical INves Iga’product channels contains enough energy to further dissociate

to product H+ CO + NO. However, without the knowledge
In 1982, Wagal et & measured the_total rate constant ?(‘; the  f the detailed potential energy surface, it is surely difficult to
reaction CH+ NO, and obtained that=1.67+ 0.11x 10 discuss the mechanism of this reaction. In fact, Rim and

cm® molecules™ at 298 K. In 1998, Rim and Hershber§er  jorshherger stated that “clearly, detailed ab initio calculations
reported the direct measurements of the product branching ratios;re needed to better understand characterize these reaction
at 296 K using multiphoton photolysis of CHBat 248 nm pathways”. Unfortunately, we are not aware of any ab initio
followed by time-resolved infrared diode laser products detec- g culations on this important reaction.

tion. They detected CO, NO, and gid significant yields, while
DCN (from CDB#), N,O, HCNO, and HNCO in undetectably
low yields. On the basis of consideration of product yields and
secondary chemistry, they found that the major product channel
is H+ CO+ NO or HNO + CO, which together account for

The methylidyne radical, CH, is believed to play an important
role in the prompt-NO formation mechanism and in the NO-

Therefore, due to the importance of the title reaction and the
rather limited knowledge about its reaction mechanism, we
decide to carry out a systematic theoretical study. A detailed
singlet potential energy surface (PES) is explored by means of
. density functional theory (DFT-B3LYP) and coupled cluster
92+ 4%_of the total rate constant, wherea(? the minor product [CCSD(T)] (single-point) methods. Possible reaction pathways
channel IS HCO+_NO’ accounting for 8= 4%. . leading to various energetically accessible products are obtained.

There still remain some unresolved problems of the important ginaly. the mechanism of the title reaction is established to
radical reaction CH- NO, based on Rim and Hershberger's iierpret the diode laser study of Rim and Hershberger.
experimen€ First, it seems surprising that the very low-lying
products NH+ CO, (—644.2 kd/mol), HCN+- O, (—492.1 kJ/
mol), HNCO+ O (—479.7 kJ/mol), and OH- NCO (—456.9
kJ/mol) were not detected. Second, the observed NO yield is All computations are carried out using the GAUSSIAN98
higher than can be accounted for by the title reaction. Third, program packagé.The optimized geometries and harmonic

2. Computational Methods
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TABLE 1: Total (au) and Relative Energies in Parentheses (kcal/mol) as Well as Those Including Zero-Point Vibration
Energies (kcal/mol) of the Reactant and Products for the CH+ NO, Reaction

species

B3LYP/6-311G(d,p)

CCSD(T)/6-311G(d,p)

CCSD(T)/6-311GHADVE  experimental reaction heats

R CH+ NO,
P1HCO+ NO

P, HNO + CO

P; HON + CO

P, INH + CO;

Ps *NH + CO;

Ps HNCO + 10
Ps' HNCO+ %0
Ps HCNO + 10
Ps HCNO+ %0
P; HCN + 10,

P; HCN + 20,

Pg NCO + OH

Py CNO+ OH
P1CN + HO,

Py HNC + 10,
P1’ HNC + %0,
PiH + CO+ NO

aReference 8.

—243.624 693 1 (0.0)
—243.813 297 3£118.4)
—243.855 146 3£144.6)
—243.790 003 4£103.7)
—243.795 556 2{107.2)
—243.878 197 1£159.1)
—243.716 214 2457.4)
—243.818 351 74121.5)
—243.605 851 4 (11.8)
—243.707 988 9452.3)
—243.754 625 4{81.5)
—243.816 808 8120.6)
—243.804 530 74112.8)
—243.703 790 2449.6)
—243.687 275 4439.3)
—243.731 063 9466.7)
—243.793 179 84105.7)
—243.775 093 5494.4)

—243.062 567 6 (0.0)
—243.255 641 54121.2)
—243.309 380 6£154.9)
—243.239 941 94111.3)
—243.248 302 6{116.6)
—243.323 209 74163.6)
—243.176 748 1471.6)
—243.260 727 3£124.3)
—243.063 857 30.8)
—243.147 836 5453.5)
—243.208 753 3£91.7)
—243.257 881 84122.3)
—243.240 833 6£111.9)
—243.140 234 3£48.7)
—243.130 662 2£42.7)
—243.184 161 2476.3)
—243.232 989 74106.9)
—243.233 692 54107.4)

0.0
—119.7 —118.0
—152.5 —152.7
—109.3
—114.1
—161.1 —154.1
—67.7
—120.4 —114.8
2.2
—50.5 —48.7
—88.5
—119.1 —117.7
—109.8 —109.3
—47.4 —42.8
—40.3 —45.5
—73.6
—104.2 —100.2
—110.9 —102.8

Q 0.975 @ @% == == and relative energies including ZPVE of all the 12 products as
well as the corresponding experimental values of reaction heats
166 |14 1207 1208~ 1218 are listed. Note that the energy of react&is set zero for
= G 0 =00 reference. The energetic order of the singlet products at the
CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p)ZPVE level isP,
Q=D Q) PR (-152.5)> P; (—119.7)> P4 (—114.1)> P1, (—110.9)> Pg
(—109.8) > P3 (—109.3)> P7 (—88.5) > P11 (—73.6) > Ps
0.999 oy 1168 @W@% (—67.7)> Pg (—47.4)> P10 (—40.3)> P (2.2). We can easily
¢ ¢/ find that all these products lie well below the reactant except
that Ps HCNO+10 is 2.2 kcal/mol higher thaR. Among the
former six low-lying products, the formation & HNO + CO,
124011 58 o 1 200 "5 P, HCO + NO, andP;2 H + CO + NO was indicated in the
o experiment by Rim and HershberdeNote that the energies
27 1063 of triplet productsPs 3NH + CO,, Ps HNCO+30, P¢
HCNO+-30, andP; HCN+30; are also listed for comparison.
Clearly, all the singlet productB,, Ps, Ps, P7, and Py; are
1342 1055 a8 energetically much higher than the corresponding triplet products
(~ 1.194 P4, Ps', P, P/, andPy;' since the ground state of NH, O, and
1 0.975 O, is triplet. It is also worthy of mentioning that produl

Figure 1. B3LYP/6-311G(d,p) optimized geometries for reactant and
products. Bond lengths are in angstroms and angles in degrees.

level.

3. Results and Discussions

3.1. Products.Starting from the reactai® CH + NO,, 11

HON + CO was ignored in previous papérdyet as will be
discussed in section 3.4, this product channel at least plays a

_ o ~ comparable role to produé?; = HNO + CO in determining
frequencies of the reactant, products, local minima, and transi-the final yields.

tion states structures are obtained at B3LYP/6-311G(d,p) theory
level. Moreover, single-point calculations are performed at \ih the experimentally determined reaction heats of the
CCSD(T)/6-311G(d,p) theory level using the B3LYP/6-311G- products® As shown in Table 1, for most products, the
(d,p) optimized geometries. The zero-point vibration energy theoretical and experimental values agree well, excepPfor
(ZPVE) at the B3LYP/6-311G(d,p) level is also included. To 3y + CO, andPy, H + CO + NO with large discrepancies
confirm whether the obtained transition states connect with the o 7 9 and 8.1 kcal/mol, respectively. However, as will be shown

right reactants and products, the intrinsic reaction coordinate jn section 3.4, such discrepancies will not affect our discussions
(IRC) calculations are performed at the B3LYP/6-311G(d,p) on the reaction mechanism.

It is worthwhile to compare our calculated relative energies

3.2. IsomersTwenty-five singlet CHNQ@isomers are located

as minima with their structures depicted in Figure 2. Table 2
shows the total and relative energies with inclusion of zero-

point vibration energies of all the isomers. The vibration

energetically accessible primary product channels of the title frequencies and infrared intensities for the CHN§bmers are
reaction are considered in this paper. These products includealso listed in Table 4. These isomers can be classified into five

P; HCO + NO, P, HNO + CO, P3 HON + CO, P4 INH +
C0,, Ps HNCO+10, Ps HCNOH10, P; HCN+10,, Pg NCO
+ OH, Pg CNO + OH, P1o CN + HO,, and P;; HNCH+10,.
The secondary product H CO + NO that was identified

groups, i.e., branched chainlike (isoméss2, 2, 3, 4, 4, 5,

and 6), chainlike (isomers7, 8, 8, 9, 10, and 11), three-
membered ring (isomers2, 13, and 14) and four-membered
ring (isomers15, 16, 17, 18, and 19) and weakly bound

experimentally by Rim and Hershberger is also included, complexes (isomer80, 21, and22). Note that the isomerg
namely,Pi,. Figure 1 shows the optimized geometries of the and2, 4 and4’, and8 and8' are three sets afis—transspecies.
reactant and product molecules and radicals. In Table 1, totalAs listed in Table 2, all these isomers are lower in energy than
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Figure 2. B3LYP/6-311G(d,p) optimized geometries for CHhN{Somers. Bond lengths are in angstroms and angles in degrees.

TABLE 2: 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 CH+ NO, Reaction

species B3LYP/6-311G(d,p) CCSD(T)/6-311G(d,p) CCSD(T)/6-311G(HADVE
1 —243.732 590 6(67.7) —243.162 301 662.6) —57.3
2 —243.852 675 8{143.1) —243.294 792 5€145.7) —140.2
2 —243.857 582 14146.1) —243.299 889 7(148.9) —143.2
3 —243.833 058 4{130.8) —243.256 761 4{121.9) —115.9
4 —243.847 980 2(140.1) —243.287 406 2{141.1) —134.5
4 —243.846 971 8{139.5) —243.287 062 7{140.9) ~136.9
5 —243.722 714 9(61.5) —243.160 070 2€61.2) —55.5
6 —243.713 002 7455.4) —243.147 888 1453.5) —-48.5
7 —243.894 274 9{169.2) —243.324 978 0164.7) —-157.7
8 —243.837 231 4{133.3) —243.264 037 0{126.4) —120.5
8 —243.841 298 2{135.9) —243.269 772 9{130.0) —123.4
9 —243.825 221 0{125.8) —243.262 363 3{125.4) —119.3
10 —243.740 412 1{72.6) —243.177 531 2€72.1) —66.9
11 —243.679 297 7(34.3) —243.103 242 0(25.2) -21.2
12 —243.876 172 9{157.8) —243.313 982 8(157.8) —150.7
13 —243.825 778 5(126.2) —243.263 352 6(126.0) —119.5
14 —243.672 079 1{29.7) —243.108 634 728.9) —24.2
15 —243.777 986 7{96.2) —243.215 605 5¢96.0) —89.1
16 —243.727 748 1{64.7) —243.163 939 9{63.0) -57.1
17 —243.780 980 6(98.1) —243.217 821 3(97.4) —-91.0
18 —243.764 681 3{87.8) —243.206 013 890.0) —83.0
19 —243.685 268 8(38.0) —243.122 300 3¢37.5) —32.8
20 —243.802 295 5{100.2) —243.246 670 3{115.5) —109.6
21 —243.801 979 5(111.2) —243.246 335 5(115.3) —111.3

22 —243.717 253 4458.1) —243.163 464 2463.3) ~59.5
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TABLE 3: Total (a.u.) and Relative Energies in Parentheses (kcal/mol) as Well as Those Including Zero-Point Vibration

Energies (kcal/mol) of the Transition States for the CH+ NO, Reaction

species B3LYP/6-311G(d,p) CCSD(T)/6-311G(d,p)

CCSD(T)/6-311G(HARVE

TS11 —243.727 193 6{64.3) —243.155 543 0{58.3) 535
TS1/2 —243.731 852 3{67.2) —243.161 350 1£62.0) —57.1
TS2/2 —243.852 474 24142.9) —243.294 743 84145.7) —140.3
TS2/2 —243.851 986 94 142.6) —243.293 820 14145.1) ~139.9
TS2/15 —243.749 967 6£78.6) —243.192 358 4481.4) ~76.0
TS2/P, —243.779 950 5497.4) —243.219 666 998.6) 945
TS2/3 —243.792 092 8+105.0) —243.220 057 9498.8) ~96.5
TS2/8’ —243.753 566 580.9) —243.178 931 0473.0) —-70.4
TS2/21 —243.799 750 74109.9) —243.238 894 74110.6) —108.6
TS2/P, —243.762 744 0486.6) —243.249 859 14117.5) ~115.2
TS2'/P, —243.793 221 54105.8) —243.235 464 74108.5) -107.3
TS3/7 —243.792 513 54105.3) —243.216 533 9496.6) -93.0
TS3/12 —243.828 203 74127.7) —243.252 989 24119.5) ~114.0
TS3/16 —243.725 815 6463.5) —243.160 813 2461.7) —56.5
TS3/P, —243.828 247 6£127.7) —243.263 828 5£126.3) —121.2
TS4/4 —243.775 702 6494.8) —243.209 609 6{92.3) —89.4
TS4/4° —243.837 879 84133.8) —243.279 382 94136.1) —120.4
TS4/7 —243.829 113 5¢128.3) —243.260 939 94124.5) -119.1
TS4/8 —243.773 769 6493.5) —243.211 888 1{93.7) -88.5
TS5/9 —243.709 415 8453.2) —243.146 010 3£52.4) —47.1
TS5/10 —243.655 080 4419.1) —243.091 293 918.0) -13.0
TS6/6 —243.712 942 3455.4) —243.147 827 6453.5) —486
TS6/6* —243.707 904 0452.2) —243.143 248 6{50.6) —458
TS6/P, —243.703 316 5¢49.3) —243.140 282 6£48.8) —44.0
TS717 —243.884 560 3£163.1) —243.315 304 2£158.6) ~125.2
TS7/12 —243.801 012 74110.6) —243.238 842 64110.6) -107.3
TS7/P, —243.791 869 44104.9) —243.236 730 24109.3) ~105.8
TS8/8’ —243.765 898 488.6) —243.210 789 2493.0) —-87.7
TS9/9 —243.824 637 44125.5) —243.261 300 5¢124.7) -118.9
TS9/9* —243.817 986 94121.3) —243.254 351 94120.3) ~1145
TS9/10 —243.698 221 2446.1) —243.135 170 3445.6) —415
TS10/10 —243.732 399 7467.6) —243.168 787 5¢66.7) —61.9
TS10/15 —243.646 062 3413.4) —243.082 643 2412.6) -10.0
TS11/11 —243.647 259 0414.2) —243.076 742 448.9) —4.9
TS11/15 —243.668 086 5427.2) —243.107 841 5¢28.4) —24.2
TS11/P; —243.677 113 6£32.9) —243.110 509 430.1) —27.1
TS12/12 —243.841 878 34136.3) —243.274 042 5¢132.7) -127.1
TS13/13 —243.801 902 0€111.2) —243.234 977 94108.2) —103.3
TS13/16 —243.699 407 9446.9) —243.134 235 3445.0) —40.2
TS13/P; —243.711 173 3454.3) —243.140 499 7448.9) —46.2
TS14/P; —243.671 823 2429.6) —243.107 569 9428.2) 239
TS15/16 —243.673 902 5¢30.9) —243.111 876 5430.9) —27.4
TS17/19 —243.657 904 5420.8) —243.098 761 3£22.7) —20.1
TS17/R, —243.710 001 0453.5) —243.148 765 3{54.1) ~50.0
TS18/P, —243.739 084 0471.8) —243.185 629 5477.2) —72.4
TSP/ P, —243.780 144 8497.6) —243.231 792 3£106.2) ~103.0
TSPY/P; —243.790 456 14104.0) —234.231 193 1£105.8) -102.3
TSP/P, —243.774 002 9493.7) —243.227 097 6£103.2) —106.3
TSP./P, —243.787 567 54102.2) —243.228 696 94104.2) —-99.6
TSPy/P; —243.745 015 5475.5) —243.188 756 2479.2) —74.6

reactantR. At the CCSD(T)/6-311G(d,p)/B3LYP/6-311G-

leads to producP; HCO + NO. Also, attempts to search for

(d,pH+-ZPVE level, the energetic order of these isomers can be the respectiveis- [dihedral angle JHNCO, = 0°] andtrans-

written as7 (—157.7) > 12 (—150.7) > 2' (—143.2)> 2
(—140.2) > 4' (—136.9) > 4 (—134.5)> 8 (—123.4)> 8
(—120.5)> 13 (—119.5)> 9 (—119.3)> 3 (—115.9)> 21
(—111.3)> 20 (—109.6) > 17 (—91.0) > 15(—89.1) > 18
(—83.0)> 10(—66.9)> 22(—59.5)> 1(—57.3)> 16(—57.1)
> 5 (—55.5)> 6 (—48.5) > 19 (—32.8) >14 (—24.2) > 11
(—21.2). The lowest-lying isomer is the chainlike structire

bearing HG-N=C=O0 skeleton. The second lowest lying isomer
12 is a three-membered species formed by the side attack of
INH at CQ. In isomer12, both N and C are triple-coordinated

while O is double-coordinated. This—transisomers2 and?2'
have the branched chainlike structureO(H)-N=0. Thecis—

transisomers4 and4’, 8 and8' can be viewed as the respective

[dihedral angleDHONC = 0°] forms of the branched
chainlike isomers3 O)N(H)CO) and 6 HON(C)Oy fail.
Moreover, for the chainlike isomerg 8 (8'), 9, 10, and 11,
searching for several other kinds of isomeric forms is unsuc-
cessful. We take the skeleton RHNCOy) for example. We
can formally write four isomers, isomer withtHONC = 0°
and0OzNCOy) = 0°, isomer with(JHOzNC = 0° anddO)-
NCQy) = 180, isomer withDHONC = 180° and [IO)-
NCOg = 0° and isomer withOHONC = 180 and
OO0@)NCO(y) = 18C°. However, only isome¥ with THO)NC
= 180° and0ONCQ(y) = 18C is located.

3.3. Transition States and Isomerization.To make clear

adducts of OH on NCO and CNO radicals both at the C atom the interrelation between various HCNBomers, 50 transition
site. For simplicity, the structural details of the other isomers states are obtained. The symi@m/n is used to denote the

are omitted.
In Rim and Hershberger’'s experiméng, chainlike isomer

transition state connecting the isomarsaandn. The optimized
structures of the transition states are given in Figure 3, while

HCONO was suggested as a very important intermediate to formthe energetics is listed in Table 3. Their vibration frequencies

the observed products HC® NO, H + CO + NO. However,

and infrared intensities are presented in Table 5. By means of

despite numerous attempts, optimization of such a structure oftenthe transition states and their connected isomers or products, a
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TABLE 4: Harmonic Vibration Frequencies (cm 1) with Infrared Intensities in Parentheses (km/mol) for CHNO; Isomers at
the B3LYP/6-311G(d,p) Level

isomers harmonic frequencies (infrared intensities)

1 254(3) 522(19) 567(21) 854(208) 972(51) 1095(26) 1209(83) 1774(364) 3093(0)
2 88(12) 330(9) 609(3) 702(23) 1000(34) 1333(1) 1673(56) 1836(145) 2965(81)
2 111(12) 395(22) 514(1) 910(3) 949(9) 1307(6) 1659(47) 1875(167) 2908(75)
3 213(27) 252(14) 569(63) 597(3) 955(50) 1179(86) 1438(18) 2284(478) 3376(26)
4 412(135) 420(13) 499(24) 641(32) 1021(51) 1170(90) 1470(147) 1823(261) 2769(117)
4 433115) 433(22) 508(8) 644(40) 1014(39) 1172(137) 1484(35) 1798(321) 3782(107)
5 193(12) 400(24) 451(6) 542(76) 685(41) 1027(31) 1220(85) 2392(46) 3696(226)
6 247(18) 299(108) 383(0) 517(22) 944(18) 1249(412) 1468(182) 2345(158) 3810(173)
7 240(8) 253(147) 527(12) 697(21) 886(54) 1297(80) 1501(41) 1305(664) 3825(99)
8 40(47) 107(63) 388(15) 470(12) 900(13) 1257(102) 1424(370) 2475(89) 3715(76)
8’ 247(18) 299(108) 383(0) 517(22) 944(18) 1249(412) 1468(182) 2345(158) 3810(173)
9 185(122) 250(14) 509(13) 607(5) 818(5) 1071(8) 1380(14) 2323(42) 3742(81)

10 159(0) 248(73) 344(56) 543(8) 819(15) 943(4) 1381(50) 2140(79) 3725(57)

11 157(74) 222(8) 431(12) 522(3) 617(10) 647(40) 1057(44) 2279(182) 3478(344)

12 554(9) 576(35) 664(15) 939(96) 1075(42) 1127(54) 1240(27) 2046(545) 3403(12)

13 510(24) 600(10) 690(14) 764(92) 883(57) 1083(83) 1154(53) 1978(417) 3556(39)

14 282(33) 408(28) 549(20) 784(4) 959(44) 1122(24) 1230(3) 1424(29) 3153(13)

15 619(15) 796(19) 821(21) 848(7) 1065(11) 1114(44) 1287(31) 1650(15) 3268(1)

16 226(145) 527(84) 589(18) 884(11) 1059(13) 1144(27) 1217(5) 1465(25) 3629(81)

17 533(52) 664(5) 703(4) 779(67) 1117(6) 1156(14) 1376(0) 1493(48) 3284(13)

18 525(10) 779(1) 888(19) 1062(0) 1097(78) 1238(64) 1250(23) 1313(9) 3367(6)

19 325(83) 491(22) 624(89) 711(24) 769(32) 913(8) 966(75) 1407(21) 3713(155)

20 190(19) 279(3) 249(17) 605(21) 633(2) 1086(252) 1793(756) 1961(43) 2806(146)

21 125(13) 136(0) 198(6) 446(80) 791(77) 1372(121) 1519(26) 2182(252) 2674(95)

22 53(5) 197(3) 215(26) 554(92) 615(21) 1154(130) 1394(258) 1722(463) 3409(22)

TABLE 5: Harmonic Vibration Frequencies (cm ~1) with Infrared Intensities in Parentheses (km/mol) for CHNO; Transition
States at the B3LYP/6-311G(d,p) Level

species harmonic frequencies (infrared intensities)
TS1/1 —258(2) 595(45) 622(19) 655(28) 990(26) 1105(14) 1442(54) 1548(258) 3024(1)
TS1/2 —325(115) 504(19) 561(4) 738(220) 973(71) 1023(46) 1193(29) 1882(417) 3178(10)
TS2/2 —71(15) 314(6) 593(3) 833(3) 865(57) 1324(2) 1688(66) 1864(117) 2973(57)
TS2/2 —127(6) 296(5) 471(24) 707(33) 1045(5) 1338(5) 1659(50) 1837(183) 2927(74)
TS2/15 —1165(110) 591(25) 860(11) 939(25) 1038(80) 1111(8) 1286(11) 1410(17) 3213(0)
TS2/P, —1241(410) 226(872) 270(0) 475(30) 592(5) 852(24) 1744(872) 1952(118) 3534(104)
TS2'/3 —1293(307) 297(19) 414(50) 546(22) 718(1) 1088(28) 1498(349) 1714(70) 1952(311)
TS2'/8 —1631(1061) 233(9) 305(12) 309(7) 534(1) 939(16) 1404(506) 2122(71) 2628(237)
TS2'/21 —773(51) 130(1) 134(3) 630(55) 744(36) 1060(30) 1400(250) 1789(37) 2139(420)
TS2'/P, —225(5) 52(3) 170(1) 312(0) 381(36) 1082(591) 1742(600) 1980(984) 2564(356)
TS2'/P, —903(160) 92(1) 170(2) 418(43) 496(14) 1027(115) 1482(179) 1867(975) 1994(150)
TS3/7 —1297(746) 139(11) 405(82) 539(58) 607(15) 797(15) 1251(1) 2288(711) 2969(347)
TS3/12 —399(70) 351(176) 418(29) 541(10) 902(26) 1161(74) 1317(1) 2328(637) 3503(70)
TS3/16 —302(238) 138(113) 528(29) 852(21) 992(9) 1240(40) 1364(75) 1573(35) 3652(91)
TS3/P; —437(53) 140(7) 464(50) 613(6) 993(125) 1388(229) 1504(23) 2009(301) 3010(31)
TS4/4 —1995(286) 257(2) 579(1) 707(8) 970(108) 1111(27) 1422(187) 1539(63) 2102(161)
TS4/4° —451(137) 386(17) 519(2) 591(39) 991(69) 1179(130) 1400(73) 1787(216) 3811(145)
TS4/7 —384(23) 340(91) 516(11) 669(28) 918(87) 1158(91) 1375(30) 1688(94) 3757(139)
TS4/8 —538(37) 322(25) 429(81) 618(110) 943(240) 1180(21) 1289(207) 1698(41) 3788(168)
TS5/9 —457(127) 404(13) 422(7) 725(16) 857(58) 975(44) 1125(113) 2246(137) 3630(159)
TS5/10 —386(144) 395(29) 641(5) 758(2) 829(106) 957(5) 1164(67) 1738(45) 3648(166)
TS6/6 —107(142) 288(19) 479(16) 542(3) 832(121) 1162(61) 1340(144) 1724(1) 3694(113)
TS6/6* —46(122) 263(31) 493(6) 537(6) 799(90) 1184(146) 1373(16) 1660(30) 3705(65)
TS6/P; —442(1) 334(73) 390(50) 439(34) 899(49) 1020(52) 1391(101) 1797(36) 3720(99)
TS7/7 —216(94) 223(38) 515(35) 696(23) 861(43) 1388(10) 1391(18) 2301(603) 3743(24)
TS7/12 —1670(75) 436(40) 598(59) 624(11) 776(81) 908(107) 1125(6) 2049(594) 2439(71)
TS7/Ps —102(1) 54(11) 146(14) 256(6) 527(159) 1249(86) 1461(9) 2193(171) 3216(67)
TS8'/8 —283(0) 366(3) 481(5) 724(46) 779(43) 1245(115) 1393(97) 1670(65) 3728(132)
TS9/9 —144(146) 241(0) 499(7) 601(6) 814(6) 1074(11) 1242(70) 2324(41) 3758(99)
TS9/9* —341(115) 235(19) 499(21) 626(1) 802(9) 1096(30) 1423(46) 2304(50) 3693(39)
TS9/10 —448(11) 257(2) 376(14) 425(105) 567(58) 933(64) 1428(51) 1833(13) 3704(16)
TS10/10 —410(124) 172(4) 298(4) 522(16) 814(26) 960(19) 1420(45) 2119(59) 3719(40)
TS10/15 —1488(131) 409(106) 559(5) 725(53) 880(6) 981(88) 1142(15) 1509(26) 2233(94)
TS11/11 —479(294) 396(0) 462(33) 719(132) 765(30) 815(10) 1009(18) 1995(269) 3254(39)
TS11/15 —417(10) 479(70) 672(321) 743(37) 815(33) 926(17) 1099(16) 1627(32) 3187(12)
TS11/~ —545(73) 171(9) 383(188) 575(326) 699(78) 755(32) 1066(40) 1834(55) 3249(42)
TS12/12 —948(251) 476(58) 600(10) 650(11) 772(104) 1050(28) 1191(10) 2080(699) 3729(282)
TS13/13 —853(271) 243(170) 546(2) 615(1) 710(25) 819(43) 1103(45) 2129(621) 3940(471)
TS13/16 —456(159) 424(27) 601(105) 621(13) 878(7) 943(89) 1360(40) 1633(100) 3543(104)
TS13/P; —562(64) 99(31) 256(156) 260(140) 338(66) 511(6) 1208(145) 2063(228) 3813(506)
TS14/~ —314(56) 352(10) 537(19) 822(16) 976(25) 1094(30) 1210(4) 1476(27) 3180(7)
TS15/16 —1459(59) 633(2) 721(47) 828(5) 1063(7) 1133(64) 1163(11) 1335(47) 2188(48)
TS17/19 —1495(116) 386(58) 677(5) 869(42) 934(19) 1050(4) 1221(10) 1314(42) 2018(21)
TS17/R —694(53) 431(56) 631(30) 854(29) 895(19) 999(55) 1310(44) 1464(71) 2946(40)
TS18/R, —391(124) 268(61) 531(8) 680(22) 905(27) 1219(49) 1345(60) 1713(237) 2228(7)
TSP/P, —303(4) 164(4) 270(7) 411(10) 656(13) 1148(395) 1705(531) 1939(608) 2599(165)
TSP/P, —250(10) 135 (9) 310(57) 349(4) 768(12) 1124(207) 1687(637) 1936(240) 2763(183)
TSP./P, —523(147) 114(8) 455(73) 580(13) 770(78) 1081(66) 1536(34) 1963(364) 3351(6)

TSPy/P; —392(140) 414(4) 483(4) 688(4) 751(73) 915(38) 1318(68) 1516(54) 3754(82)
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Figure 3. B3LYP/6-311G(d,p) optimized geometries for CHN@ansition states. Bond lengths are in angstroms and angles in degrees.



3394 J. Phys. Chem. A, Vol. 105, No. 13, 2001 Tao et al.
R
0.07 —
‘. R: CH +NO, (0.0)
: P;: HCO + NO (-121.2)
‘. P,: HNO + CO (-154.9)
40.0- : P,: HON + CO (-111.3)
Vo1 TS12
— A
- . TS28'
© ' —
£ : o
= -80.0- ! b
= l B TS4/8'
= : ; TS3/7 —
< : :
: - TSPy/Py TSP,/P
: TS2/P, TSP, /Py P12
: o — i = P12
-120.0- :
—
-160.0-
b R Pg
0.0— v— /.
: TS10/15 ;
: — TS5/10
'I ’, |‘ '—\
' Tsups LS
: — L TSPy
400 ' Ty Srswne T Py
! /TS15/1¢ S Y S TS13/Py,
. ' ' ' \ Am—
H : g --':",'—‘\
'y TS12 ; 1T TSS9
W W— ' . )
: ; Py /% "
£ : TS2/15 : I o N ~Fu
= : — : : Ps R L P
£ -80.0- ; Y | —— ' P R
2 . P I T )
= ‘: ' — ._‘\ N "' ". amman : \‘ j
< : H ! \ Vo
: I . ITS23 i : \d
Lo TSR S . I TSPyP Py
: B i NI ) e Y —
b 13 s kg
-120.0- ' i > — e Sa—
b ' TS2'/Py g ‘
b, TS .
_1,4—\\ 9 ‘\s:\ p ‘
‘— N 2 .
12,7
|
-160.0~

Figure 4. (a) Schematic pathways for the produBtsHCO + NO, P, HNO + CO, P; HON + CO andPi;; H + CO + NO for the CH+ NO,
reaction. Relative energies are calculated at the CCSD(T)/6-311G(d,p)//B3LYP/6-31H&E I level. (b) Schematic pathways for the products
P4 *NH + CO,, Ps HNCO+!0, Ps HCNO+'O, P; HCN+O,, Ps NCO + OH, Ps CNO + OH, P1g CN + HO,, andP;; HNCH+!O; for the CH+
NO; reaction. Relative energies are calculated at the CCSD(T)/6-311G(d,p)//B3LYP/6-31 1A\ level.

schematic potential energy surface (PES) of HGNOsinglet

P,, and TSPs/P3) are associated with the degenerate isomer-

is plotted in Figure 4a,b. Among these transition states, fifteen ization between isomers or products. Since they are unimportant

speciesS1/1, TS2/2, TS4/4 TS6/6, TS6/6*, TS7/7, TS8/8',
TS9/9 TS9/9* TS10/1Q TS11/11, TS12/12 TS13/13 TSP/

for discussing the mechanism of the title reaction, their details
are not given and are not presented in Figure 4a,b, either.
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On the basis of the PES, we can discuss the isomerization For productP; HON + NO, there are four energetically
and dissociation processes of various singlet HGNOmMers accessible pathways:
starting from reactarRR. The initial step is formation of isomer
HCNO, (1) when the C atom of CH attacks the Nfbonding ~ Path P;(1): R—1—2—2 —21—P;,
of NO,. Isomerl can easily isomerize to the low-lying isomer
cis-OC(H)NO 2 and then totrans-OC(H)NO 2' with the PathP;(2)R—1—2—2—=3—-7—P;
respective barrier of only 0.2 and 0.3 kcal/mol. The formation
of productP; HCO + NO may take place via two pathways: pgath P,3: R—1—2—2—3—12—7—P,
Path P, (1 R—1—2—P;andPath P, (2 R—1—
2 — 2" — P;. Since the interconversion beden 2 and 2' is D] D QAT
very easy (the barrier frord' to 2 is just 3.0 kcal/mol), both Path P (4) R—1=2=2 =8 —~4—7—P

pathways may be significant in determinﬁng the fo.rmat?on. of The relative energy of the rate determining transition SI&2/
P1, It. .ShOU|d be pointed out that we f|nd_ no dlss_o_c|at|on 21(—108.6 kcal/mol) ofPath P; (1) is much lower thaiT S3/7
transition states d and2' to P, at the C atom site. Surprisingly, (—93.0 keal/mol) ofPath P (2), TS2/3 (—96.5 kcal/mol) of

we happen to find a transition stal&2/P1, whose structure is Path P; (3) andTS2/8 (—70.4 kcal/mol) ofPath Ps (4). Then,
very loose and a little strange, i.e., the distance between N andPath P, (1) may be the most feasible pathway.

O atoms (2.195 A) is much longer than that between N and C There are three pathways to form prod@atNH + CO,
atoms (3.367 A). This may, on the other hand, mean that the and producPs HNCO+10 each. They include:

NO attack on HCO radical at the C atom site is barrierless while

attack at the O atom site needs to overcome the barrier of 4.5path P,1) R-1—2—2—-3—12—P,

kcal/mol. It should be noted that f3IS2/P,, the relative energy

calculated at the B3LYP leveH86.6 kcal/mol) differs con- PathP,(2;R—1—2—2 —8 —4—7—12—P,
siderably from the CCSD(T) value-(L15.2 kcal/mol) by about

_30 kcal/mo_l. This in(_ii(_:ates that electrpn correlation is rather PathP, (3 R—1—2—2 —8 —

important in determining the energetics of such a process.
Further calculations at higher-levels such as configuration
interaction method may surely be useful. However, we expect
that NO attack at the O atom of HCO to form isomer OC(H)- and
NO 2' is a barrier-consumed process due to the repulsion ] ,

between the lone-pair electrons at O atom of HCO and at N PathPs (1) R—1—2—2—3—Ps
atom of NO. Then it is safe for us to conclude that the direct pgip P,2:R—1—2—2—8—
dissociation of isomeR and2' to P, is more favorable than 4—7—-12—3—P
that viaTS2/P;, and the significant electron correlation effect 5
on TS2/Py will not influence the discussion of reaction pathp, (3 R—1—2—2 —8 —4—7—3—P;
mechanism. Thereford,S2/P; will not be considered further

4—7—3—12—P,

in the present paper. Certainly,Path P, (1) andPath Ps (1) are the respective most
ProductP, HNO + CO may be formed via five reaction feasible pathways to for®, and Ps.
pathways: For formation of the productPe HCNO+O and P;
HCN+10,, the shared intermediate prior to dissociation is the
Path P,(1:R—1—2—P, chainlike isomer HCNOOL11. It can be reached via four

pathways to form bottPs and P7:

Path P,(2) R—1—2—~2—P2 Path Py (1)) R—1—2—15— 11— P,

Path P,8R—1—2—2 —=3—P, PathP,(2) R—1—2—2 —-3—16—15—11— P

PathP,(3) R—1—2—2 —8 —4—7—3—

Path P,(4:R—1—2—2 —8 —4—7—3—P, 16— 15— 11— P
—lo— 117

Path P,(5) R—1—2—2 —8 —

Path P, (4 R—1—2—2 —8 —4—7—12—3—
4—7—12—3—P,

16— 15— 11— P4

In principle, all the five pathways may contribute to the
formation ofP, since all the intermediates and transition states
are significantly lower in energy than reactd®t Yet, since PathP,(1:R—1—2—15—11—P,

the relative energy of the rate determining transition St&2/

P, (—107.3 kcal/mol) ofPath P (2) is much lower tharTS2/ PathP,(2)R—1—2—2 —3—16—15—11—P,
P, (—94.5 kcal/mol) ofPath P, (1), TS2/3 (—96.5 kcal/mol) D h oA

of Path P, (3) andTS2/8' (~70.4 kcalimol) of bottPath p, ~ Path P @yR—1—2—=2 =8 —4—7—3

(4) andPath P, (5), Path P, (2) may be the most feasible among 16— 15— 11—P,
the five pathways. In additiorRath P, (2) is relatively very R

simple. In the present and later discussions, the most feasiblePath PPAR—-1—2—-2—~8—4—7

pathways are underlined. 12—3—16—15—11—P,

and
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Of course, the simplPath Ps (1) andPath P; (1) are the most
feasible pathways foPs and P7, respectively.

Both the chainlike isomerslONCO 7 andHOOCN 9 are
the last-step intermediates prior to final dissociation to product
Ps NCO + OH. Then principally the following 11 pathways,
ie.,

Path Py(1) R—1—2—2 —3—7—P,

PathP,(2) R—1—2—2 —3—12—7—P8

PathP;(3) R—1—2—2 =8 —4—7—P,

Path P, (4:R—1—2—15—10—9— P,

PathP, (5 R—1—2—2 —3— 16—
15— 10— 9—P,

PathP,(6) R—1—2—2 —8 —4—7—3—
16— 15— 10— 9— P,

PathP; (7 ) R—1—-2—-2—-8 —-4—7—12—3—
16— 15— 10— 9— P4

PathP,(8) R—1—2—15—10—5—9—P,

PathPy(9) R—1—2—2 —3—16—
15—10—5—9—P,

PathP,(10fR—1—2—2 —8 —4—7—3—
16— 15—10—5—9— P,

PathP,(11)R—1—2—2 —8 —4—7—12—
3—16—15—10—5—9—P,

can lead toPg. Surely, the energy of the rate determining
transition stat&'S10/15(—10.0 kcal/mol) is rather high. Thus,
the eight pathway®ath Pg (4—11) involving isomers10 and
15 may contribute much less to the formationRy¥. The rate
determining transition states &fath Pg (1), Path Ps (2) and
Path Pg (3) areTS3/7, TS2/3, andTS2/8, respectively. Since
TS3/7 (—93.0 kcal/mol) andTS2/3 (—96.5 kcal/mol) lie
energetically much lower thahS2/8' (—70.4 kcal/mol), both
Path Pg (1) andPath Pg (2) may overwhelm ovePath Pg (3)
to form Pg. In more detalil, starting from isomé&; conversion
to isomer12 and then to isome¥ may be more competitive
than direct conversion to isom@&rsince TS3/7 (—93.0 kcal/
mol) lies higher thanTS3/12 (—114.0 kcal/mol) andrS7/12
(—2107.3 kcal/mol). As a resulBath Pg (2) is the most probable
pathway to formPsg.

Similarly, considering the structural features, the direct
dissociation of both the chainlike isomers HOCNBD and
HOONC 10 may produce produd®y CNO + OH Then we can

Tao et al.

write 10 energetically accessible pathways as

PathP,(1:R—1—2—2 —8 —P,
PathP,(2:R—1—2—2 —3—7—4—8 —P,

PathP,(3) R—1—2—2 —3—
12—=7—4—-8—P,

PathPy(4):R—1—2—15—16—3—2 —8 — P,

Path Py (5) R—1—2— 15— 16—
3—7—4—8—P,

Path P, (6): R —1—2— 15—~ 16— 3—
12—7—4—8 —P,

Path Py (7): R—1—2— 15— 10— P,
Path Py(8) R—1—2—2 —3—16— 15— 10— P,

PathPy (9 R—1—2—2 —8 —4—7—
3— 16— 15— 10— P,

Path Py (10) R—1—2—2 —8 —4—7—
12—3—16— 15— 10— P,

From the relative energies of the transition states involved in
these pathways, we can easily find that the rate determining
TS4/8 (—88.5 kcal/mol) ofPath Py (2,3) lies much lower than
TS2/8 (—70.4 kcal/mol) ofPath Pg (1), TS15/16(—27.4 kcal/
mol) of Path Py (4—6) andTS10/15(—12.6 kcal/mol) ofPath

Py (7—10). Moreover, the second rate determining transition
states ofPath Py (2) andPath Py (3) are TS3/7 (—93.0 kcal/
mol) andTS7/12(—107.3 kcal/mol), respectively. WhilES7/
12is 14.3 kcal/mol lower thaf S3/7, Path Py (3) is expected

to play a predominant role ovétath Py (2) for formation of

Po.

Finally, we can obtain eight pathways for prodégy CN +
HO, and four pathways for produ&y; HNC+1O; as follows:
Path P, (1) R—1—2—15—10—5—P,,

PathP,(2)R—1—2—2 —3—16—
15— 10— 5— Py,

PathP,(3;R—1—2—2 —8 —4—7—3—
16— 15— 10— 5—P,,

Path P, (4 R—1—2—2 —8 —4—7—
12—3—16— 15— 10— 5— Py,

Path P, (5): R—1—2—15—10—9—5—P,,
PathP,(6)R—1—2—2 —3— 16—
15—10—9—~5—P,,
PathP,(7:)R—1—2—2 —8 —4—7—3—
16— 15—10—9—5—P,,
PathP,(8)R—1—2—2 —8 —4—7—12—3—
16—15—10—9—5—P,,
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and
PathP,;(1): R—=1—2—15—16—13— P,

PathP, (2): R—1—2—2 —3—16—13—P,,

PathP,(3): R—1—2—2 —8 —4—
7—3—16—13—P,,

PathP,, (4): R—1—2—2 —8 —4—7—
12—3—16—13— P,

For Py, the indirect conversion from isomé&0 to 9 and then
9to 5is much easier than direct conversion fratto 5. Then
Path Py (5—8) are more competitive thaPath Py (1—4). Also,
TS3/16 (—56.5 kcal/mol) is considerably higher thdi$2/15
(—76.0 kcal/mol). TherPath Py (5) is more competitive than
Path Pyo (6—8). For P13, since the rate determiningS13/16
(—40.2 kcal/mol) ofPath Py1 (2—4) is much lower tharmT S15/
16 (—27.4 kcal/mol) ofPath Py (1), Path P13 (1) is surely the

most unimportant pathway. Moreover, the direct conversion of

isomer2' to isomer3 is much more competitive than indirect
pathways via isome8' sinceTS2/3 (—96.5 kcal/mol) lies much
lower thanTS2/8 (—70.4 kcal/mol). ThereforeRath Pyg (5)
andPath Py; (2) are respective most feasible pathwaysPeys
and P11

It is worthy of note that two inter atom-abstraction transition
states between products, namélsPi/P, (H-abstraction from
HNO to CO and from HCO to NO) antiSP,/P, (O-abstraction
from HNO to CO and from C@to NH), are also located. Once
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for discussions easier, they are listed again as follows:

PathP, (1) R—1—2—P; and
PathP, (2 R=1—2—2 —P,

PathP,(2:R—1—2—2 —P,
PathP,(1:R—1—2—2 —21—P,
PathP,(1:R—1—2—2 —3—12—P,
Path P, (1 R—1—2—2 —3—P,

Path Py (1: R—1—2— 15— 11— P,
PathP,(1:R—1—2—15—11—P,
PathPy(2:R—1—2—2 —3—12—7—P,

PathPy(3) R—1—2—2 —3—
12—7—4—8 —P,

PathP, (5 R—1—2—15—10—9—5—P,,

Path P, (2): R—>1—2—2'—3—16—13—P,,

By means of these most feasible pathways, let us discuss the
possible mechanism of the title reaction.

The product®s HNCO+10O (—67.7 kcal/mol)Ps HCNO+O
(2.2 kcal/mol),Pg CNO + OH (—47.4 kcal/mol),P;0 CN +

either of the two products is formed, the separate species needHO, (—40.3 kcal/mol), andP;; HNCH+1O, (—73.6 kcal/mol)
to make reorientation and be well kept together. However, in lie rather high. This thermodynamically prevents their possible
normal cases, the chance for such secondary intermolecularexperimental existence with detectable yields relative to the low-
processes to take place is very rare. Then both intermolecularlying productsP; HCO + NO (—119.7 kcal/mol),P, HNO +

processes may be unimportant despite thaP,/P, (—102.3
kcal/mol) andTSP./P4 (—99.6 kcal/mol) are close in energy to
TSPy/P12 (—106.3 kcal/mol) andP;, (—110.9 kcal/mol),
respectively. Note that SP,/P;, is associated with a intramo-
lecular dissociation within HCO. ThereforESPy/P, and TSP,/

P, are not included in the discussion of the most feasible
pathways of the productg;, P, andP,.

Moreover, no reaction pathways involving the branched
chainlike isomer HON(C)® (—48.5 kcal/mol), four-membered
ring isomers cOOC(N)HL4 (—24.2 kcal/mol), cONOCHL7
(—91.0 kcal/mol), cOCONH.8 (—83.0 kcal/mol) and cNOCOH
19 (—32.8 kcal/mol), and weakly bound complexes HGON
20 (—109.6 kcal/mol) and HOE-ON 22 (—59.5 kcal/mol)

CO (—152.5 kcal/mol)P3 HON + CO (—109.3 kcal/mol) Py,
H 4+ CO + NO (—110.9 kcal/mol),P;, NH + CO, (—114.1
kcal/mal), andPg NCO + OH (—109.8 kcal/mol). Additionally,
thoughP7; HCN-+10O, (—88.5 kcal/mol) is low-lying, the high-
energy TS11/15 (—24.2 kcal/mol) along its most feasible
pathway also makes it unlikely to be observable in experiments.
Let us compare the pathways of the remaining five primary
productsPy, Py, P3, P4, andPg as well as one secondary product
P12, each of which lies more than 100 kcal/mol below reactant
R. First, TS3/12(—114.0 kcal/mol) is higher thahS3/P,, and
TS7/12(—107.3 kcal/mol) is higher thalf, (—114.1 kcal/mol).
Then formation ofPg via Path Ps (1) may be less likely than
P, and that ofP, via Path P, (1) less likely than that ofP..

could be found though we obtain some transition states of theseSecond, we expect that formation Bf HCO + NO is much

possible pathways, i.eTS6/P; (—44.0 kcal/mol), TS14/F,
(—23.9 kcal/mol),TS17/19(—20.1 kcal/mol),TS17/P, (—50.0
kcal/mol), andTS18/P, (—72.4 kcal/mol). Conversion from
reactantR to the isomers, 14, 17, 18, and19 is expected to

more competitive than that &, HNO + CO andP3; HON +
CO since the relative energy d?; (—119.7 kcal/mol) is
significantly lower than that oT S2/P, (—107.3 kcal/mol) of
Path P, (2) andTS2/21 (—108.6 kcal/mol) ofPath P; (1). P,

take complex processes with high barriers. Then, the sevenand P; may have comparable abundance when produced.
isomers and the five transition states are not given in Figure Because of the rather large heat (more than 140 kcal/mol)

4.b, either.
It should be pointed out the barriers 8P, (—5.3 kcal/
mol) 11—15(—3.0 kcal/mol), and. 1—P7 (—5.9 kcal/mol) show

released from reactaf to the isomer® and?', further direct
dissociation of most of HCO iR, HNO in P, and HON inP3
to form the same secondary prodége H + CO + NO may

abnormally negative values at the CCSD(T)/6-311G(d,p)// be very facile. Then in the final observed products, the almost

B3LYP/6-311G(d,p}-ZPVE level, though they are positive at
the B3LYP/6-311G(d,p) level. This may at least indicate the
kinetic instability of the isomer8 and11

3.4. Mechanism.In section 3.3, we have obtained the most

feasible reaction pathways for the 11 primary products. Here,

exclusive product may b8, H + CO + NO, whereas the
remainingP; HCO + NO contains a very small amount and
the yields of the product®, HNO + CO andP; HON + CO
should be even much smaller. The remaining products, however,
may have undetectable yields.
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3.5. Comparison with Experiments.Now let us apply our

Tao et al.

It is of interest to turn to why the low-lying triplet products

calculated mechanism to discuss the deduced branching ratio®s 3NH + CO, (—154.1 kcal/mol)P7 HCN-+30, (—117.7 kcal/

of the title reaction in a very recent diode laser study by Rim
and Hershbergér.They found that CO, Cg and NO were
detected in significant yield (C&ccupies only a small amount),
while DCN (from CDBBg), N,O, HCNO and HNCO in unde-
tectably low yields. Our results th@, INH + CO, may be
negligible compared t®;, H + CO + NO agree well with
Rim and Hershbergéthat CQ was produced mainly via the
secondary reaction HC® NO, — H + NO + CO,. Also, our
calculations show that among the total product distributions,
P12 H + CO + NO may be the almost exclusive product and
P; HCO + NO may occupy a very small amount with HNO

4+ CO andP3; HON + NO even much less. This is in excellent
agreement with Rim and Hershberger's experimental fact that
considerable CO and NO were detected. On the basis o
consideration of product yields and secondary chemistry, Rim
and Hershberger found that the major product channel #s H
CO + NO or HNO + CO (together accounting for 92 4%),
whereas HCO+ NO is a minor product channel (& 4%).
They were not able to distinguish between prodeicHNO +

CO andPi; H + CO + NO because both produce one CO
molecule for every CH radical consumed. However, our
calculations show that another prodistHON + CO, which
was completely ignored by both Wagaind Rim and Hersh-
berger® may partly contribute to the final high abundance of
P12 H + CO+ NO in the same role a3, HNO + CO does. In
fact, Rim and Hershberger found that the experimental NO
yields were inconsistent with their predictions. They ascribed
the discrepancy to some possible secondary reactions a&s Br
NO;+M — BrNO;+M — BrO + NO+M and CHBr +
NO,—CHOBr+ NO. We feel that contribution of the reaction
CH 4+ NO,—~HON + CO—H + CO + NO should also be

considered. Therefore, Rim and Hershberger’s conclusion might

be better revised as that the major product channeldis €O
+ NO, HNO + CO or HON+ CO (together accounting for 92
+ 4%), whereas HCG- NO is a minor product channel @
4%).

On the basis of the simple transition state theory, we also
calculate the relative abundance of the primary prodectsCO
4+ NO, P, HNO + CO andP; HON + NO from the intermediate
OC(H)NO 2' (for simplicity, the three processes are refereed

mol), andPs' HNCO+30 (—114.8 kcal/mol) were not observed.
In the preceding discussions, we focus on the singlet PES of
the CHNQ system. Although formation of these triplet species
is generally spin-forbidden, it is not impossible that they are
formed via intersystem-crossing from the singlet intermediates
12, 11, and3 involved in Path P4 (1), Path P; (1), andPath

Ps (1), respectively. However, even if such intersystem-crossing
processes are barrierless, formationRaf, P;/, and Ps' still
cannot compete with that &#; HCO + NO, P, HNO + CO,

P3; HON + CO, andP12 H + CO + NO, as can be seen from
Figure 4a,b. On the other hand, the reactants CH angdd®
obviously be brought together on either a singlet or a triplet
PES. Then a question arises: can the low-lying prodBgts

ny’, and Ps' be obtained via the triplet PES? A thorough

mechanistic searéfor the triplet PES is also performed. We
find that the initial triplet adduct HCN®can also be barrier-
lessly formed, yet its further rearrangement to the low-lying
triplet isomer OC(H)NO needs a very high barrier of about 43
kcal/mol at the CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p)
level though the conversion transition state still lies 7 kcal/mol
below the reactant. This indicates that the title reaction may
most possibly proceed via a singlet PES (as presented in this
paper) instead of a triplet PES. Furthermore, the overall
conversion barriers from triplet OC(H)NO to the triplet products
P4, P/, andPs' are still very large and their formation cannot
at all compete with that of the HC® NO, 3HNO + CO, and
SHON + CO, which can take secondary dissociation totH
CO + NO.

It should be pointed out Rim and Hershbefgaso proposed
a mechanism to qualitatively interpret their experimental result.
For simplicity, their mechanism for the formation Bf HCO
+ NO andP; HNO + CO may be written as

Path P,(1): HCONO— HCO + NO
Path P, (2): HCNO,— HCONO— HCO + NO
Path P, (1): HCONO— CON(H)O— HNO + CO

Path P, (2): HCNO,—~ HCONO— CON(H)O—
HNO + CO

to as reaction 1, 2 and 3, respectively). The rate constant formula

k = KT/h eASRe~28RTis ysed, wher&, AS, andAE denote the
rate constantsk(, ko, andkz), entropy differencesAS;, AS,
andAS;) and barrier heightsNE;, AE,, andAEs3), respectively.
On the basis of the calculated values, i£S = 36.464,AS,

= 3.003,AS; = 2.458,AE; = 23.5,AE; = 35.9, andAE; =
34.6 (the units ofSandE are cal mol! K1, kcal mol?), we
can obtain the ratios dfi/k, andki/ks as about 18 and 104,
respectively. TheAS; value is much larger thanS, andAS;
since we find no transition states for the direct dissociation of
OC(H)NO2' to P; HCO + NO along the G-N bond, and thus
AS; is the entropy difference betwe&hto P;. Even if we set
AS;, AS, andAS; as equal, the respectikgk, andki/ks ratios

are about 1®and 10. This indicates that in determining the
relative abundance of the three primary prodWRisP,, and

Ps, the “entropic effects” may be very significant, yet the barrier
height is still a predominant factor. Of course, for such a
complex chemical system, it is very difficult to predict accurate
branching ratios of various products, which needs detailed

However, the important isomer HCONO involved in their
mechanism cannot be optimized in our calculations despite
numerous attempts. It is clear that their proposed mechanism
is quite different from our calculated one. Note that, in order to
distinguish from ours, the pathways proposed by Rim and
Hershbergérare labeled in italics.

4. Conclusions

A detailed singlet potential energy surface of the €HNO,
reaction system is built up at the B3LYP and CCSD(T) (single-
point) levels The main calculated results can be summarized as
follows:

(1) The initial step is the side attack of CH radical on RO
bonding of NQ to form isomer HCNQ@ 1. The terminal
O-attack isomer HCONO, which was previously predicted,
cannot be found. Isomer then converts to the low-lyingis-
isomer OC(H)NQ2 almost with no barrier and thehisomerizes
to its trans- form 2'very easily.

dynamic calculations. The results presented here are at least (2) Both isomer2 and2' can directly dissociate to product

indicative of the predominance & over P, and Ps.

P; HCO + NO and is the most feasible dissociation channel.
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Much less competitively, isome2' can either dissociate to
productP, HNO + NO or isomerize to a weakly bound complex
HON:---CO 21 that dissociates very easily to prodirRt HON

+ CO. The two productd, and P3; are expected to have
comparable abundance. Noticeably, prod@civas completely
ignored by Wagal and Rim and Hershberger.

(3) The large reaction heat released from reacRa@H +
NO; may causemost of the produd®s, P,, andP3 to undergo
further dissociation to the secondary prod&gt H + CO +
NO. Thus, reflected in the final product distributiofs, may

J. Phys. Chem. A, Vol. 105, No. 13, 2003399
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1988 21, 1159.
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I. W. M.; Travers, D.J. Phys. Chem1996 100, 3063. (b) Jursic, B. Sl.
Phys. Chem. A998 102 9225. (c) Dean, A. M.; Hanson, R. K.; Bowman,
C. T.J. Phys. Cheml1991 95, 3180. (d) Lambrecht, R. K.; Hershberger,
J. F..J. Phys. Cheml994 98, 8406. () Mebel, A. M.; Luna, A. M.; Lin,
C.; Morokuma, K..J. Chem. Phys1996 105 6439. (f) Marchard, N.;
Jimeno, P.; Rayez, J. C.; Liotard, D. Phys. Chem1997 101, 6077. (g)
Marchard, N.; Rayez, J. C.; Smith, S.L Phys. Chem. A998 102, 3358.
(h) Bergeaut, A.; Calvo, T.; Daugey, N.; Loison, J. C.; DortheJ@hys.

be the almost exclusively observable product and the remainingChem. A1998 102, 8124. (i) Jursic, B. SJ. Phys. Chem. A999 103

productP;, which does not take secondary dissociation, may
have a very small amount of yield. The abundanc®ptnd

1880.
(4) (a) Anderson, S. M.; Freedman, A.; Kolb, C. E.Phys. Chem.
1987, 91, 6272. (b) Becker, K. H.; Engelhardt, B.; Wiesenhem. Phys.

P12 may be even much less. The other products seem to havelett. 1989 154, 342. (c) Zabarnick, S.; Fleming, J. W.; Lin, M. Gt. J.

undetectable yields.

The calculated results are in excellent agreement with a very

recent diode laser study of the CHNO, reaction by Rim and
Hershberge?.We hope our calculated mechanism may provide
some useful information for understanding the NO chemistry
in combustion processes.
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