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The reaction mechanisms for NCX (% O, S) with GH, was studied theoretically. The possible reaction
mechanisms of NCG- C,H; investigated in this study were categorized into five different pathways leading

to the five possible final products: HCC® HCN, HCCO+ HNC, HNCO + C,H, HONC + C;H, and
HC,NCO + H, labeled in order from P1 to P5, respectively. Similar calculations were also carried out for the
NCS counterpart, and the energy barriers as well as the products were compared. Direct hydrogen abstraction
is favored in the formation of HNCO instead of HOCN. In contrast, it is much easier to form HSCN rather
than HNCS. There are two different paths for the oxazole/thiazole formation as an intermediate, and the
order of energy barriers of these two paths is opposite in NCO and NCS. The product channel of HNCO/
HSCN + C,H may be kinetically favored at higher temperature. Other product channels are consistent with
the experimental prediction of the formation of initial short-lifetime NCO/NGSH, adducts which then
undergo rapid transformation into the products.

Introduction their observation, with g¢Hio, the relative HNCO formed was
1.0, and with the unsaturated acetylengH§ 0.19, whereas

ith CoHg, very little HNCO (only 0.04). They suggested the
ormation of a complex when NCO reacted with these unsatur-
ated hydrocarbons (especiallgHl), which could be stabilized
by collision with a third body. This idea was also supported by
Perny” in which he proposed that NCO first added across the
double bond, and the resulting complex was then either
stabilized by a third-body collision, or underwent H atom
elimination, the so-called additierelimination mechanism.
Meanwhile, Wiesen et &P proposed another possible mecha-
nism which led to the formation of HCC® HCN via a 1,3-H
shift of a five-membered cyclic complex, oxazole. The proposed
intermediate oxazole complex possesses aromatic character
resulting from six delocalized electrons.

The kinetics of nitrogen-containing radicals (NCX,=XO,
S) in the gas phase are of great interest because of the role thes;
species play in the formation and removal of N#llutants in
combustion processéstor example, the isocyanate radical,
NCO, plays a key intermediate in combustion. Several experi-
mental studies have demonstrated that NCO reacts quickly with
NO 210 forming N,O + CO and N + CO; products, and with
NO,,”81112forming N;O + CO,. Theoretical studies of NCO
+ NO and NCO+ OH have been reportéd* In contrast,
very little is known about the mechanism and kinetics of NCO
reactions with hydrocarbong;2° especially, about the reactions
of NCO with unsaturated hydrocarbons, which are probably
important in fuel-rich combustion. Reactions of NCO radicals
with saturated hydrocarbons have been investigated in the
temperature range 294113 K by Schuck et df And the

C. 0.
reaction with GH, was studied over wide pressure and NCO+ CyHy N o ( H .
temperature ranges using a pulsed UV excimer laser photolysis \C . }\1 / = HCNG=C=0
H | h H

1, 3 H-shift

(LP)/laser-induced fluorescence (LIF) technique by Wiesen et
al.’® The proposed reaction channels were the following: l l

NCO+ C,H, —HCCO+ HCN (A) H +HCCNCO oxazole HCN +HCCO

HCCO+ HNC (B) In this paper, we report the possible reaction pathways of
NCO radicals with @H, by a theoretical method. A similar

HNCO + C,H © reaction by using the NCS counterpart was also studied. A
guantum mechanical calculation using the density functional

NCOH+ CH (D) theory (DFT) and the coupled cluster method (CCSD(T)) was
performed.

HCCNCO+ H (E)

Calculation Method
Park and Hershbergéobserved that the hydrogen abstraction

to form HNCO + alkyl radicals (the (C) path) was a major
product channel for NCO reacting with most of the saturated
hydrocarbons and £i,, but not for GH,. For example, from

We carried out the ab initio molecular orbital calculations
by using the Gaussian-98 program pack&@g&he stationary
points on the potential energy surfaces were optimized mainly
by density functional theory with the Becke three-parameter

* Corresponding author. Phone: (886)-2-29309085. Fax: (886)-2- Nybrid method and the Leevang—Parr correlation functional
29324249, E-mail: jjh@sce.ntnu.edu.tw. approximation (B3LYP$2-23 Basis sets with increasing ac-
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Figure 1. The possible reaction pathways of NCIOC,H, are characterized into five different parts: A, B, C, D, and E.

curacy of polarized split-valence and diffuse functions for heavy energies and the relative energies of all the possible intermedi-

and hydrogen atoms 6-3H1-G** were used in the calculations.

ates and the transition structures with respect to the reactants

Vibrational analysis was carried out at the same level of theory (NCO + C;H,) are listed in Tables 1 and 2. The various
to characterize the optimized structures as local minima or intermediates of the [1,NCO] complex are labeled from 1
transition states. A zero-point energy (ZPE) correction was to 13, and the possible final products, HCGOHCN, HCCO

considered. An intrinsic reaction coordinate (IRGalculation

+ HNC, HNCO + CyH, HOCN + C;H, and HGNCO + H,

was also performed to confirm the connection between the are also labeled in order from P1 to P5. The symbol, jl&ands
transition state and the intermediates. To obtain more reliable for a transition species in connection with the two intermediates
energies, coupled cluster calculations with single and double located at the local minimaandj.

excitations and an evaluation by perturbation theory of triple
contributions CCSD(P?f were carried out for those geometries
optimized at the B3LYP/6-3t+G** level, denoted as CCSD-
(T)/6-31++G**//B3LYP/6-31++G**,. The energy is corrected
with ZPE at B3LYP/6-3%+G** level. The reason that we

Reaction NCO + C,H, — HCCO + HCN (HNC). There
are two possible pathways to form the oxazole intermedgte,
shown in Figure 1. One is the approach of the nitrogen atom of
NCO to the carbon atom of acetylene to form comglégnergy
barrier 3.49 kcal/mol (CCSD(T)), and the other is using the

adopted this level and basis set was that we applied it to calculateoxygen atom of NCO as an approach instead, and form complex

the activation energy of a similar reaction of NGOCHg —
HNCO + C;Hs, and it yielded a satisfactory result (3.68 kcal/

2 (17.97 kcal/mol (CCSD(T)). They may both further form the
oxazole radical, a very stable intermediate complex about 19.23

mol, or 15.38 kJ/mol) in good agreement with the experimental cal/mol less in energy than the starting species. However, the

data (15.24 0.4 kJ/mol)?® Therefore, we are confident with
the data calculated at this level for this type of reaction.

Results and Discussion

intermediate complek locates at a much lower relative energy
(—23.50 kcal/mol) than the compleX(+2.02 kcal/mol). The
C—0 bond and the €C bonds are more stretched in therIS

and consequently, the barrier is much higher to form complex

The reaction pathways investigated in this study are catego-2. Furthermore, it takes 15.31 kcal/mol as the energy barrier

rized into five different pathways, i.e., A, B, C, D, and E, shown
in Figure 1. Each of the stationary points is labeled with a
number in order to facilitate the discussion. The fully optimized

for complex2 to reach the transition state, I3, and leads to
the oxazole formation, while it needs 35.06 kcal/mol for
complexl to overcome the barrier, 1S, leading to the same

geometries for those stationary points calculated at the B3LYP/ complex formation. As shown in the potential energy surfaces

6-31++G** level are given in Figures 2 and 3. The potential
energy surfaces (PES) for the NGIOC,H; reaction is presented
in Figures 4 and 5 calculated at the CCSD(T)/6F31G**//
B3LYP/6-31++G** level. The calculated ground electronic

in Figure 4, it takes about 16.50 kcal/mol to break the@
bond of oxazole and form the compou#dcis form) which is
more stable than the starting species by 29.96 kcal/mol. It may
go further by passing the barrier (3, 9.75 kcal/mol) to form
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TABLE 1: Ground-State Electronic Energies (au) and the Relative Energies (kcal/mol) of the Reactant, Intermediates,
Transition States, and the Products for GH, + NCO/NCS — HCCO/HCCS + HCN(HNC) Reactions

CCSD(T)/6-31-+G**// B3LYP/6-31++G**

species E + ZPE? A(E + ZPEY species E + ZPE? A(E + ZPEY

(RINCO+ C;H, —244.667664 0 (BNCS+ CzH, —567.293121 0

1 —244.705117 —23.50 1s —567.301036 —-4.97
2 —244.664440 2.02 2s —567.299232 —-3.84
3 —244.698304 —19.23 3s —567.328179 —22.00
4 —244.715409 —29.96 4s —567.327905 —21.83
5 —244.717970 —31.57 5s —567.330348 —23.36
6 —244.675888 —5.16 6s —567.273080 12.58
7 —244.644767 14.37 7s —567.245671 29.77
TSk-1 —244.662108 3.49 TS 1s —567.264930 17.69
TSR-2 —244.639021 17.97 TS2s —567.283502 6.04
TSi-3 —244.649235 11.56 TiSss —567.266390 16.77
TS5 —244.639729 17.53 TSss —567.274879 11.45
TSs-4 —244.672070 —2.77 TS 4s —567.301462 —5.23
TSy s —244.699871 —20.21 TS ss —567.299745 —4.16
TS 6 —244.627668 25.08 TsSes —567.235515 36.15
TS—7 —244.591964 47.50 TeSzs —567.191243 63.93
TSs-p1 —244.660795 4.31 TSpi1s —567.265228 17.50
TSr—p2 —244.632157 22.28 T:Spas —567.233795 37.23
P1(HCN-+ HCCO) —244.687739 —12.58 P1s (HCNi- HCCS) —567.301404 —5.20
P2(HNC-+ HCCO) —244.664553 1.95 P2s (HNE€ HCCS) —567.278217 9.35

aThe calculated ground electronic state energies of CCSD(T)#6+33**//B3LYP/6-31++G** with zero-point energy correction at B3LYP/
6-31++G** level (au). ® The relative energies of the species with respect to the reactant calculated at CCSD{)/6:34B3LYP/6-31++G**

level (kcal/mol).

TABLE 2: Ground State Electronic Energies (au) and the Relative Energies (kcal/mol) of the Reactant, Intermediates,
Transition States, and the Products for GH, + NCO/NCS — C,H + HNCO(HOCN)/HNCS(HOCN) or H + HC,NCO/HC,NCS

Reactions
CCSD(T)/6-3%-+G**// B3LYP/6-31++G**
species E + ZPE? A(E + ZPEY species E + ZPE? A(E + ZPEY
HCCH + NCO— C,H + HNCO(NCOH)/HNCS(HOCN)
(R)NCO+ CzH2 —244.667664 0 (BNCS+ CoH> —567.293121 0
TSk-1 —244.662108 3.49 2s —567.299232 —3.84
1 —244.705117 —23.50 8s —567.299378 —3.93
8 —244.705521 —23.76 9s —567.216128 48.31
10 —244.716625 —30.72 10s —567.305097 —7.52
13 —244.647861 12.42 11s —567.269196 15.01
12 —244.687393 —12.38 12s —567.230181 39.50
11 —244.619255 30.38 TS2s —567.283502 6.04
9 —244.581228 54.24 TSss —567.297738 —2.90
TSi-s —244.703297 —22.36 TS os —567.201936 57.22
TSs-10 —244.630743 23.17 TsS10s —567.228445 40.58
TSs 13 —244.597896 43.78 TsS11s —567.215807 48.51
TSs-11 —244.57987 55.09 TSpas —567.207629 53.65
TS —244.581448 54.10 T p3s —567.266583 38.53
TSi0-13 —244.627573 25.16 TS pas —567.200618 58.05
TSi0-12 —244.584387 52.26 TéPss —567.235715 36.02
TSiz-pa —244.588769 49.50 P3sf8 + HNCS) —567.224121 43.30
TSi2-p3 —244.626305 25.95 P4sfg + HSCN) —567.215644 48.62
TSi1-p3 —244.606137 38.61
TSo-p4 —244.57002 61.27
TSrp3 —244.62301 28.02
P3(GH + HNCO) —244.632944 21.79
P4(GH + HOCN) —244.596486 44.67
HCCH + NCO/NCS— H + HC,NCO/HGNCS
TSs-ps —244.636288 21.03 TeSpss —567.226024 39.19
TSio-ps —244.634154 19.69 TS pss —567.230672 42.10
P5(H-+ HC,NCO) —244.641822 16.21 P5s(H HC,NCS) —567.237054 35.18

aThe calculated ground electronic state energies of CCSD(T)#6+33**//B3LYP/6-31++G** with zero-point energy correction at B3LYP/
6-31++G** level (au). ® The relative energies of the species with respect to the reactant calculated at CCSD{)/6:34B3LYP/6-31++G**

level (kcal/mol).

compound5 (trans form) which is even lower in energy than TSs—7 may be followed by the breaking of the-NC bond (the

the cis form by 1.61 kcal/mol. To form the product P2 (HCN N—C bond length in T$.pis 1.840 A) to produce P2 (HNC

+ HCCO) or P1 (HNC+ HCCO), it is possible to initiate an ~ + HCCO), while in the latter process the-\C bond length in
intramolecular hydrogen transfer by crossing over a high energy TSs—p1 is 1.854 A, very similar to that in TSp, Comparing
barrier (56.65 kcal/mol, TSg), and leads to an intermediate the energies of P1 and P2 in the potential energy surface, we
complex6. Then it may be either, by passing another high- found that HCN is more stable than HNC by 14.53 kcal/mol.
energy barrier (52.66 kcal/mol, §S) to form 7, or by passing The P1 formation channel is exothermic by 12.58 kcal/mol, and
a lower one (9.47 kcal/mol, &Sp;) to produce P1 (HCNt- the net energy barrier is only 25.08 kcal/mol, much smaller than
HCCO). The former process which passes the transition statethe P2 formation channel (47.50 kcal/mol, and slightly endot-
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Figure 2. The optimized geometries of the possible intermediatelfCO) calculated at the B3LYP/6-3HG** level. Bond lengths are given
in A and angles in degrees.

hermic). Therefore, the P2 formation channel could be pre- (via TS-p4, energy barrier 7.03 kcal/mol). It was endothermic
cluded. It agrees well with Wiesen et#lwho predicted that of 44.67 kcal/mol. There were several other schemes via
one of the lower product channels could be via the oxazole hydrogen transfer to produce products P3 (HNEQ,H) and

intermediate leading to P1 (HCH HCCO) formation. P4 (HOCN+ C;H) from 8, shown below. The energy barriers
Reaction NCO + C;H;— HNCO (NCOH) + C,H. The
calculated reaction barrier of direct hydrogen-abstraction is only 8 1.3-H 11 P3

28.02 kcal/mol, T&ps (in Figure 3), which has the NH bond
length 1.071 A, much longer than that in HNCO (1.008 A).
Also, it is endothermic of 21.79 kcal/mol (in Figure 5). There
are two resonance structures of NCO, shown as below:

. " . 1’2_H / 12..--——-» P3
o o 8 —» 10
*N=C=0 <—> N=C=0-. \
- a * b 13 — » P4
. . . . 2,5-H
The DFT calculation showed that the atomic spin densities 8 —» 13— P4

are N= 0.72 and O= 0.36. Therefore it is practical to adopt

structure §) as a standard bonding structure of NCO, and the for these hydrogen transfer processes were quite high. As shown
direct hydrogen abstraction to form HNCO is thus more in Figure 5, it took 78.85 kcal/mol to pass thegI'§ (via 1,3-H
preferable. We also calculated the direct hydrogen abstractionshift) to form 11, followed by the breaking of NC bond to
from the other side of NCO to form NCOH C;H, yet the produce P3 (HNCO+ C,H). The calculated bond-breaking
transition state for this pathway was not found. An alternative barrier was 8.23 kcal/mol (T;$-p3). However, the 1,2 H-shift
method to form NCOH+ C,H may be via the process of from 8 may form a very stable conformet(, 30.72 kcal/mol
addition—elimination. The primary step was to form the lower than the reactants, and the barrier for this transfer was
intermediate compleg (refer to Figures 1 and 5), followed by  46.93 kcal/mol, T§-10. From our calculation it seemed unlikely

a hydrogen transfer (transition structure;T§ energy barrier to proceed further fromi0to produce P3 or P4, since it needed
77.60 kcal/mol) and formed the intermedi&eThen, through to form 12 or 13 first. The barriers of 82.98 and 55.88 kcal/
the breaking of the NC bond it led to the formation of P4  mol for TSp-12, and TSo-13, respectively, were extremely high;
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Figure 3. The optimized geometries of the transition structures;TSlculated at the B3LYP/6-33+G** level. Bond lengths are given in A and
angles in degrees.

then the following barriers 38.33 kcal/mol fa2 to form P3, by around 28.95 kcal/mol. However, from our calculated barriers
and 37.08 kcal/mol forl3 to form P4, still needed to be of this channel and the absorption of heat as low as 16.21 kcal/
overcome. Alternatively, comple&might form13via the 2,5-H mol, we may agree with his prediction only if the reaction takes
shift, 67.54 kcal/mol through TgS;3, then from13to P4 (37.08 place at low temperature.
kcal/mol for the barrier), a bit lower than the previous path. The isoelectronic species NCS may be an intermediate in the
Reaction of NCO+ C;H,; — C,HNCO + H. It is possible combustion of sulfur-containing fuels, yet not very many related
to break the €&H bond instead of the NC bond to form P5 reports for the reaction have previously appeared except the
(C;HNCO + H) from complexes8 and 10, and the energy  subject relating to NCS spectroscopic studied/e presented
barriers are 44.79 and 50.41 kcal/mol, respectively; whereasour study of the reaction of NCS with,8, as a comparison
the barriers calculated from the reference point are only 21.03 with that of the NCO radical. Our calculated stable structures
kcal/mol (TS-ps) and 19.69 kcal/mol (Ts-ps) by passing from in the reaction of NCS- C;H, are shown in Figure 6 and those
8 and 10, respectively. Comparatively, they are not too high, of the transition structures in Figure 7. The notation underneath
and these two channels leading to P5(HHCCNCO) formation each structure is presented in a way similar to those in the NCO
seem very likely. Incidentally, P5 formation was excluded by mechanistic processes, except by adding an “s” nearby each
Wiesen et af® because of their calculated high endothermic number to represent the NCS counterpart.
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Reaction of NCS+ C;H, — HCCS + HCN (HNC). The

Reaction Coordinate

O;H; reaction leading to the products P3, P4, and P5, calculated at the

the attack onto the 48, as compared to the N atom. It was

calculated ground electronic energies and the relative energiesquite opposite to that of the NCO counterpart, in which the N
of all the possible intermediate structures with respect to the attack had a smaller barrier than the O barrier. The relative

reactants (NCS- C;H,) are listed in Tables 1 and 2, and that

energy of the transition state §Ss(6.04 kcal/mol) was much

of the potential energy surfaces for the reaction are not shown;lower than that of TR 15 (17.69 kcal/mol) (refer to Figure 7
however, they resemble those in Figures 4 and 5. Analogous toand Tables 1 and 2), so did the activation energies of the
NCO, the reaction may initiate by applying the terminal atoms followed thiazole formation via TS3s (about 6.45 kcal/mol

of the NCS to attack on the-, and forms thelsor 2s Each
then forms the intermediate compl8s (thiazole), afterward.

smaller than via TS 3). A reasonable explanation may be raised
that the role of NCO (or NCS) in the reaction was more likely

We found that the S atom of NCS was much easier to perform to act more as an electrophile than a nucleophile. As a



7010 J. Phys. Chem. A, Vol. 107, No. 36, 2003 Chen and Ho

1302

©
L1 (O
yay

'
'
13286
'

1186 o 1.638 e

9s 10s

11s 12s

Figure 6. The optimized geometries of the possible intermediatellfCS) calculated at the B3LYP/6-3HG** level. Bond lengths are given
in A and angles in degrees.

consequence, the electronegativity of the terminal atom of NCO the unpaired electron was more likely to locate on the S atom.
or NCS (N, O, and S) determined the ease for the site of the Therefore, the hydrogen abstraction reaction was expected to
attack of NCO or NCS onto the ;8,. The weaker the occur on the S atom to form the HSCN, with the barrier of
electronegativity of the end atom, the easier it is for the atom 36.02 kcal/mol. Although there was no direct hydrogen abstrac-
to proceed to attack. Therefore, our calculated result agrees welltion pathway to form HNCS, it was possible to have HNCS
with the above statement, since the sequential order of theformation via2sthen through hydrogen shift to fordils and
electronegativity is > N > S. The rest of the processes after finally broke the S-C bond and form the P3s product (HNCS
the thiazole formation, such as the breakage of th&s®ond, + C,H). The energy barrier for the hydrogen shift to overcome
and the migration of the H atom are similar to those of the the transition state TSi11swas about 52 kcal/mol, and that of
NCO analogue, so do the activation energies of the correspond-the dissociation of the -SC bond was about 23.5 kcal/mol.
ing processes. (For example, the breakage of th©©@r C-S Obviously, the HSCN formation is more favored kinetically.
bond is around 17 kcal/mol, and the migration of the hydrogen  Reaction of NCS+ C;H,; — C,HSCN + H. The formation
atom,5 (or 59 — TSs6 (or TSs-69 — 6 (Or 69 is around 58 of stable comple8smay further dissociate one hydrogen atom
kcal/mol. However, the breakage of the-® bond leading to to form theP5s product (H HCCSCN) which locates at relative
the P1ls formation (HCCS HCN) is smaller in activation lower energies as compared to the P3s and P4s. The calculated
energy (5 kcal/mol) in the NCS as compared to the NCO energies and relative energies of the related species on the
counterpart{9 kcal/mol, P1 formation, HCCQ- HCN). The potential energy surface are listed in the lower part of Table 2.
isomerization processes from 6s to 7s and finally leading to This direct stretch of the €H bond needs about 43 kcal/mol
the P2s formation (HCCS HNC) also have similar activation  to reach the barrier (TeSps9, and then falls apart to form the
energies as compared to the NCO analogue. From the calculatedP5s product. An alternative pathway leading to the same product
potential energy surfaces we know that the product formation was the dissociation of one hydrogen atom from complex
of P1s (HCN+ HCCS) is much more favored than the P2s However, this barrier was much higher (49.62 kcal/mol) as
(HNC + HCCS), similar to the NCO counterpart. compared to the former one. The mechanisms as well as the
Reaction of NCS+ C;H,; — CoH + HSCN (HNCS). Unlike energy barriers of these two pathways were similar to those of
the NCO counterpart, the hydrogen abstraction of the NCS  the NCO counterpart.
C,H; reaction yielded the product P4s (HSGNC,H) instead
of HNCS + C;H. It could be rationalized from the followings. ~ Conclusion

There are two possible resonant structures of NCS drawn as \ye have used the DFT (B3LYP/6-3%-G**) method and

follows: CCSD(T) single-point calculation based on the optimized
. . .. geometry of B3LYP/6-3++G** to calculate the possible
. N [ o fpmm— N———C S - reaction pathways of ££1, + NCO/NCS, as well as the energies
. e of the local points and transition structures on the potential
¢ d energy surfaces. Like NCO, the possible products for the NCS

+ C,H; reaction are HCCS- HCN(HNC) (P1s and P2s), 8
From the calculated spin densities=N0.41 and S= 0.79, we + HNCS(HSCN) (P3s and P4s), andtHHCCSCN (P5s). And
believed that structurel( could be a major conformer in which  the order of magnitude of the relative energies for these products
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Figure 7. The optimized geometries of the transition structures(Jj%alculated at the B3LYP/6-31+G** level. Bond lengths are given in A
and angles in degrees.

are similar, that is, P P2 < P5 < P3<P4; P1s< P2s< P5s mol, TSpz and 36.02 kcal/mol, Tgp49, which would not occur

< P3s< P4s. Unlike NCO, the formation &sis more favored at room temperature without an external energy booster.
kinetically than that ofls so does the formation &s(thiazole) Incidentally, several experimental wofk&2%for measuring the
directly from2s The spin contamination was not severe in all rate coefficient of NCO+ CyH, showed quite split results
calculations (8remains 0.75 in the B3LYP calculation, while  ranging from (7.47 0.8) x 10714, 16(1.104- 0.02) x 10713, 20

it increases to 0.9 in the CCSD(T) single-point calculation). to 1.90 x 10713 8 by measuring the concentration change of
Thermal corrections and entropy are taken into account for NCO different species in the reaction. The former performed a direct
at five different temperatures ranging from 298 to 1200 K, and observation for the formation of HNCO, while the latter two
the results are listed in Table 3. The transition structures becomemeasured the decay rate of NCO. Obviously, these diverse rate
destabilized to a different extent with the increased temperatures.coefficients may represent different reaction pathways. However,
However, the one with abstraction processgdsSis disturbed the temperature dependence of rate coefficients for the direct
less, indicating the process would be enhanced at higherobservation of HNCO formation (from that we may know the
temperatures. Also the product channels P1 (HERICCO), activation energy experimentally) was not seen in the recent
P3 (GH + HNCO), and P4 (gH + HOCN) are quite favored literature. Thus, whether the hydrogen abstraction process in
by the entropic component, since they are more stable at higherforming HNCO could be a major product channel is still an
temperatures; in contrast to the P5{HHCCNCO) channel, it open issue. Future experiments are clearly necessary to resolve
becomes less stable at higher temperatures. In all of thethis argument. The two pathways leading to P5 formation having
discussed pathways of,8, + NCO/NCS, the process leading lower overall barriers in the NCO case (21.03 kcal/mol via
to P3 (HNCO+ C,H)/P4s (HSCN+ C,H) were simple and TSs—ps, and 19.69 kcal/mol via Tg-ps) involved more com-
direct, yet the calculated barriers were still high (28.02 kcal/ plexes formation X, 8, and 10) though. The formation of P1
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TABLE 3: The Relative Free Energies (kcal/mol) for the
Reactant, Transition States, and Products at Five Different
Temperatures Calculated at the
CCSD(T)/6-31++G**//B3LYP/6-31++G**Level

AG

species 298.15K 500K 700K 1000K 1200K
R (NCO+ C:Hy) 0.00 0.00 0.00 0.00 0.00
TS 33.47 40.10 46.86 57.04 63.79
TSe-7 55.13 60.75 66.40 74.85 80.45
TSres3 33.85 37.89 4191 4789 51.85
TS13-4p 55.20 58.89 6254 68.02 71.67
TS sp 28.51 33.74 38.86 46.43 5141
P1(HCN+ HCCO) —13.79 -—14.76 —15.71 —17.06 —17.92
P2(HNC+ HCCO) 3.50 4.59 5.71 7.50 8.77
P3(GH + HNCO) 20.24 1894 1771 16.00 14.94
P4(GH + HOCN) 42.96 4152 40.14 38.22 37.03
P5(H+ HCCNCO) 21.96 2533 2850 33.00 35.90
R (NCS+ C;Hy) 0.00 0.00 0.00 0.00 0.00
TSs6s 44.66 5146 58.42 68.88 75.83
TSe7s 71.52 77.13 8278 91.24 96.84
TSrpas 41.23 4454 4780 52.62 55.81
TS, 11s 58.01 63.80 69.61 78.29 84.06
TSs-sps 46.71 51.68 56.50 6354 68.15
P1s(HCN+ HCCS) —-561 —-598 —-6.38 —6.98 -—7.38
P2s(HNC+ HCCS) 11.68 13.37 15.04 1758 19.31
P3s(GH + HNCS) 41.87 40.67 39.52 37.92 36.92
P4s(GH + HSCN) 46.67 45.06 43.50 41.27 39.85
P5s(H+ HCCSCN) 36.87 37.41 3768 37.79 37.73

(HCCO + HCN)/P1s (HCCS+ HCN) was supported by the
experimental predictioRP that the short-lifetime OCN/SCN
C,H, adducts were formed first and then undergo rapid
transformation into the products.
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