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Jing-Yu Sun - Yi-Zhen Tang - Hao Sun -
Xiu-Juan Jia - Xiu-Mei Pan - Ya-Ru Pan -
Rong-Shun Wang

Received: 8 December 2007 / Accepted: 24 March 2008 / Published online: 17 April 2008

© Springer-Verlag 2008

Abstract A detailed computational study has been
performed on the mechanism and kinetics of the CoH +
CH3CN reaction. The geometries were optimized at the
BHandHLYP/6-311G(d, p) level. The single-point energies
were calculated using the BMC-CCSD, MC-QCISD and
QCISD(T)/6-311+G(2df, 2 pd) methods. Five mechanisms
were investigated, namely, direct hydrogen abstraction,
C-addition/elimination, N-addition/elimination, CoH-to—CN
substitution and H-migration. The kinetics of the title reac-
tion were studied using TST and multichannel RRKM metho-
dologies over a wide range of temperatures (150-3,000 K)
and pressures (10410 torr). The total rate constants show
positive temperature dependence and pressure independence.
At lower temperatures, the C-addition step is the most fea-
sible channel to produce CHz and HCCCN. At higher tempe-
ratures, the direct hydrogen abstraction path is the dominant
channel leading to CoH, and CH>CN. The calculated overall
rate constants are in good agreement with the experimental
data.

Keywords CH3CN - CoH - Mechanism - Rate constants

1 Introduction

The ethynyl radical (C,H) is known to play an important role
in combustion chemistry [1,2]. It has also been detected in
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interstellar space [3—6] and planetary atmosphere [7,8]. Its
low temperature reactivity and kinetics (such as in Titan’s
atmosphere) have motivated recent studies [9-12]. Acetoni-
trile, CH3CN, is an important intermediate in combustion
processes and a trace gas in the atmosphere [13]. It has
also been identified as a component of Titan’s atmosphere
[14—16]. The reactions of CH3CN with F, Cl, O(3P), OH and
H have been well investigated experimentally and theoreti-
cally [17-21]. However, the reaction of CH3CN with C,H,
an important reaction in Titan’s atmosphere, has rarely been
studied. Examination of the literature reveals only two ear-
lier studies of this reaction. In 1997, Hoobler and leone [22]
measured the rate coefficients of the CoH + CH3CN — pro-
ducts and rate constants were (1.0-2.1) x10~'2cm?
molecule ™! s~! over the temperature range of 262-360K.
Nizamov and Leone also measured the rate constants for
the title reaction, which were fit to an Arrhenius expression,
k=(1.84£0.35) x 10~ exp(—766 & 38/T). The rate constant
was (1.35+0.3) x 10712 cm? molecule ' s—! at 296 + 2K
[23]. The following thermodynamic possible channels were
proposed via both direct hydrogen abstraction and addition/
elimination mechanisms:

CyH + CH3CN — CH, + CH,CN  AH;=—180kJ/mol
CoH + CH3CN — HCCCN + CH3z A H;=—-150kJ/mol

The motivation of the current study is to characterize
the CoH 4+ CH3CN reaction on a sound theoretical basis.
We carried out detailed ab initio calculations to expatiate
the mechanisms for the title reaction as well as the rate
constants over a wide range of temperatures (150-3,000 K)
and pressures (10~4~10* torr) using the TST and multichan-
nel RRKM theories.
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2 Computational methods

All electronic structure calculations were performed using
the GAUSSIAN 98 program [24]. For the present open-shell
doublet system, the UMP2 method reveals that the wave-
functions are severely contaminated because the expecta-
tion values of S? after annihilation are always around 0.9.
It implies that UMP2 calculations could not be reliable. Pre-
vious studies showed that the density functional theory (DFT)
is capable of annihilating spin contamination effectively [25,
26]. Thus, the geometries of all reactants (R), products (P),
intermediates (IM), and transition states (TS) were optimi-
zed using the BHandHLYP [27,28] method with the 6-311
G(d, p) basisset. Itisencouraging that the expectation values
of S? range from 0.80 to 0.75 before annihilation. After anni-
hilation the values of S? are always 0.75 (the exact value
for a pure doublet is 0.75). Thus, the spin contamination
is not severe. Harmonic vibrational frequencies, moments
of inertia and zero-point energies (ZPE) were calculated at
the same level of theory. The intrinsic reaction coordinate
(IRC) calculations at the BHandHLYP/6-311 G (d, p) level
have been done to verify the transition states connecting
to the desired reactants and products. The geometries opti-
mized at the BHandHLYP/6-311G(d, p) level were used
to perform single-point energy calculations for all species
using the BMC—CCSD method [29]. In this work, we have
also carried out the calculations using MC—QCISD [30] and
QCISD(T)/6-311+G (2df,2pd) (single-point) levels in
order to test the accuracy of BMC—CCSD energies. Our cal-
culations indicated that the barriers of the main reaction chan-
nels were in good agreement with one another.

The multichannel RRKM calculations were carried out the
total and individual rate constants for the important product
channels.

3 Results and discussion
3.1 Reaction mechanism

The BHandHLYP/6-311G(d, p) optimized geometries of
reactants, products, intermediates and transition states along
with the available experimental values are depicted in Fig. 1,
From Fig. 1, we can see that the largest deviations of bond
length and angle between theoretical geometrical parame-
ters and experimental values are 0.01 A and 0.3°, respec-
tively, and the agreements are satisfactory. The schematic
potential energy profiles of the title reaction are plotted in
Figs. 2 and 3. Table 1 summarizes the ZPE corrections
and electronic energies calculated using the BHandHLYP/
6-311G(d, p), BMC-CCSD, MC-QCISD and QCISD(T)/
6-311+G (2df, 2 pd) methods. The moments of inertia and

@ Springer

harmonic vibrational frequencies of the key species are listed
in Table 2.

For the CoH + CH3CN reaction, five mechanisms were
studied: direct hydrogen abstraction, C-addition/elimination,
N-addition/elimination, CpH-to—-CN substitution and
H-migration. The detailed reaction mechanisms will be dis-
cussed below. The energies discussed in the present work are
at the BMC—-CCSD + ZPE level, unless otherwise stated.

3.1.1 Direct hydrogen abstraction

The ethynyl radical exhibits a > Z+ electronic ground state
in which the unpaired electron is mainly located in the 2 po
orbital of the terminal carbon atom. The terminal carbon
atom can abstract one of hydrogen atoms of the methyl group
of the CH3CN molecule, forming P1 (CoH, + CH,>CN) via
TS1. The energy of P1 is 35.33 kcal/mol lower than the reac-
tants. In TS1, the forming C-H bond is 1.682 A, which is
0.626 A longer than the equilibrium distance of the C-H
bond in CoHj, while the breaking C—H bond is elongated by
0.050 A. The reacting C—-H-C structure is nearly collinear
with an angle of 174°. In view of these structural charac-
teristics, TS1 is more reactant-like, which implies that this
channel undergoes an early barrier. The relative energy of
TS1 is 0.67 kcal/mol.

3.1.2 C-addition/elimination

The terminal carbon atom in C,H can add to the C atom of
the CN group in CH3CN via TS2 with the formation of IM1.
The forming C—C bond in TS2 is 2.292 A, which is 0.855 A
longer than that in the IM1. Evidently, TS2 is more reactant-
like and an early barrier, in accordance with the reaction
exothermicity of 43.14 kcal/mol. Compared with the geome-
trical parameters of CH3CN, the C-N bond in IM1 turns
out to be of double-bond character which is 1.249 A. The
C-C bond is also slightly stretched. The barrier height of
TS2 is 0.18 kcal/mol, which is 0.49 kcal/mol lower than the
entrance barrier of the direct hydrogen abstraction path. With
the internal energy of 43.14 kcal/mol, IM1 dissociates into P2
(CH3 +HCCCN) via TS3. The breaking C—C bond in TS3 is
stretched by 0.680 A compared with that in the IM1. Meanw-
hile, the C-N bond is shortened, tending to form HCCCN.
This bond cleavage path is endothermic by 15.03 kcal/mol
despite the overall exothermicity of 28.12 kcal/mol. The cal-
culated barrier height is 24.91 kcal/mol with respect to IM1.
This mechanism will compete with direct hydrogen abstrac-
tion effectively because of similar and lower entrance barrier.

3.1.3 N-addition/elimination

The terminal carbon atom in C,H radical can also add to
the nitrogen side of acetonitrile forming the adduct IM2 via
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TS4. The forming N-C bond in TS4 is 1.877 A, which is
0.645 A longer than that in the IM2. The barrier height is
0.65 kcal/mol, similar to the entrance barrier of the direct
hydrogen abstraction path and 0.47 kcal/mol higher than of
C-addition step. The energy of IM2 is 29.32 kcal/mol lower
than reactants, however, 13.82kcal/mol higher than that of
IM1.IM2 can further decompose to form P3 (CHz+HCCNC)
via TSS. This is a C—C bond scission process in which the

breaking C—C bond is elongated by up to 0.788 A. The bar-
rier height is 33.45 kcal/mol with respect to IM2. This bond
cleavage path is endothermic by 28.20 kcal/mol. Compared
with C-addition/elimination, IM2 and P3 are less stable than
IM1 and P2. Moreover, the barrier height of TS4 is higher
than of TS3. Therefore, the C-addition/elimination mecha-
nism occurs more preferentially than N-addition/elimination
mechanism.
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Fig. 2 The potential energy surface for direct hydrogen abstraction,
C-addition/elimination, N-addition/elimination and C,H-to-CN sub-
stitution mechanisms at the BMC-CCSD//BHandHLYP/6-311G (d, p)
level
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Fig. 3 The potential energy surface for H-migration mechanism at the
level of BMC-CCSD//BHandHLYP/6-311G(d, p)

3.1.4 CrH-to-CN substitution

The terminal C atom in C>H radical attacks to the methyl
carbon of CH3CN, kicking off the CN group and forming
the CH3C,H. The transition state for this substitution reac-
tion is TS6 as described in Fig. 1. The forming and brea-
king C-C bond have the nearly same distance, 1.792 and
1.786 A, respectively. The barrier height of TS6 is rather
high, 35.48 kcal/mol. Moreover, the formation process of
P4 (CN + CH3CCH) is faintly exothermic by only 3.68
kcal/mol. Due to the high barrier height, it is anticipated that
this elementary substitution channel should play a subordi-
nate role for the title reaction compared with the former three
mechanisms.

3.1.5 H-migration

Two possible hydrogen migration pathways were found from
IM1 or IM2. The first one is starting from IM 1. This hydrogen
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migration pathway is as follows:

M1 - TS7 - IM3 — TS8 — IM4 — TS9 — IM5 —
TS10 — IM6 — TS11 — P5(C,H; + HCCNH)

Hydrogen atom of the methyl group is shifted to the N
atom, forming planar structural IM3 via a four-center struc-
tural TS7. The breaking C-H and forming H-N bond are
1.450 and 1.293 A. The NCC bond angle in TS7 decreases
by up to 20.08° with respect to the IM1. The correspon-
ding barrier height is 41.63 kcal/mol. IM3 can transform to
its isomer IM4 via TS8. Thermodynamically, IM4 is about
6.66 kcal/mol more stable than IM3. However, this isome-
rization is rather difficult to occur because a high barrier
(TS8) of 11.66 kcal/mol has to be surmounted. Subsequently,
the hydrogen atom of methylene group in IM4 is shifted to
the N atom once again leading to IMS5 via TS9. The barrier
height of TS9 is 62.26 kcal/mol. The breaking C—H and for-
ming H-N bonds are 1.528 and 1.238 A, respectively. Then
the hydrogen atom of the NHj group in IM5 shifts onto C
atom via a four-center transition state TS10, forming IM6.
The breaking H-N and forming C-H bonds are 1.510 and
1.285 A, respectively. The energy barrier is as high as 65.20
kcal/mol. Subsequently, the C—C bond in IM6 will rupture
to produce P5 (CoHy + HCCNH) via TS11 with the barrier
height of 4.04 kcal/mol. The breaking C—C bond is stretched
to 1.936 A. For this channel, the barrier heights of TS9 and
TS10 are comparatively higher, 62.26 and 65.20kcal/mol,
and IM5 and IM6 lie well above the reactants. Thus, this
path is less competitive.

The second reaction starts from IM2. This reaction is
1,3-H shift from C atom of methyl group to the N atom,
leading to IM7 via TS12. The breaking H-C and forming
N-H bond are 1.579 and 1.272 A, respectively. The barrier
height is exceedingly high, 70.77 kcal/mol. Subsequently,
the hydrogen of methylene group in IM7 is shifted to the
neighbor C atom leading to IM8 via a three-center transi-
tion state TS13. The breaking and forming H-C bond are
1.339 and 1.252 A, respectively. The barrier height of TS13 is
50.09 kcal/mol. Subsequently, the N-C bond in IM8 breaking
occurs, as indicated by the elongated distance of 1.930 A, lea-
ding to P5 (CoH, +HCCNH) via TS 14 with the barrier height
of 20.11kcal/mol. All barriers for this pathway are greatly
higher than the reactants. Thus, this channel is not important
to the overall reaction rate.

3.2 Rate constants
For the rate constant calculations, we choose three important

reaction channels: direct hydrogen abstraction, C-addition/
elimination and N-addition/elimination. The following
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Table 1 Relative Energies and ZPE Correction (in kcal/mol) for various species through the CoH + CH3CN reaction together with the experimental

values

Species ZPE Er (BHandHLYP)? Er(BMC-CCSD)® Er(MC-QCISD)¢ Er(QCISD(T))¢ Expt®
CH3CN + C2H(R) 39.33 0.00 0.00 0.00 0.00 -
M1 42.22 —49.53 —43.14 —43.92 —44.19 -
M2 41.88 —34.87 —29.32 -31.02 —29.81 -
M3 41.83 —47.02 —36.81 —42.86 - -
M4 41.99 —49.00 —43.47 —44.54 - -
IM5 43.68 —2.29 2.03 —0.75 - -
IM6 39.93 17.78 32.92 32.84 - -
M7 41.80 —18.65 —13.76 —15.33 - -
M8 41.54 —14.13 —8.41 —10.14 - -
TS1 38.18 1.14 0.67 1.49 1.05 -
TS2 39.82 1.03 0.18 1.05 0.57 -
TS3 38.89 —19.44 —18.23 —16.60 —18.26 -
TS4 39.62 2.45 0.65 2.13 2.50 -
TS5 38.25 —2.58 4.13 2.38 1.90 -
TS6 38.95 42.31 35.48 36.87 - -
TS7 38.73 —-0.56 —1.51 —1.23 - -
TS8 41.17 —32.39 —25.15 —28.59 - -
TS9 38.28 16.32 18.79 16.04 - -
TS10 36.02 62.33 67.23 71.71 - -
TS11 37.38 32.20 36.96 40.90 - -
TS12 37.32 40.24 41.45 39.56 - -
TS13 37.98 33.19 36.33 33.28 - -
TS14 38.75 11.28 11.70 12.45 - -
P1(C,H, + CH,CN) 37.71 —41.02 (—40.97) —35.33 (—35.28) —38.09 (—39.67) —37.15(=37.10) —43.02
P2 (CH3; + HCCCN) 36.92 —32.83 (—32.36) —28.12 (—27.65) —31.03 (—32.97) —30.75 (—30.28) —35.85
P3 (CH3 + HCCNC) 36.44 —8.83 —1.12 —4.45 —4.28 -

P4 (CN + CH3CCH) 39.36 0.89 —3.68 —4.30 - -

P5 (C,H, + HCCNH) 36.89 —9.08 —4.08 —6.78 - -

2 At the BHandHLYP/6-311G(d, p)+ZPE level

b At the BMC-CCSD+ZPE level

¢ At the MC-QCISD+ZPE level

4 At the QCISD(T)/6-311+G(2df, 2pd)+ZPE level

¢ Experimental enthalpies of formation at 298 K are taken from [22,23]. The values in the parentheses are the calculated reaction enthalpies

reaction paths are included in the calculations:

MechanismI: CyH + CH3;CN-=5CyH, 4+ CH,CN (P1)
1(rs2y CH3C(CCH)N*(IM1%)

Mechanism 11 :  C,H 4 CH3;CN —— o B CH; + HCCON (P2)
CH3;C(CCH)N(IM1)
4(1s4) CH3CN(CCH)*(IM2%) 6 (T55)
Mechanism I :  CoH + CH3CN J — CH3 + HCCNC (P3)
CH3;CN(CCH)(IM2)
where ““ % ” represents the vibrational excitation of the inter-  to estimate the rate constants for mechanism I. For mecha-
mediates. nisms II and III, the multichannel RRKM theory is used

Conventional transition state theory (CTST), including the [32]. During the rate-constant calculations, single-point ener-
unsymmetrical Eckart tunneling correction [31] is employed  gies of all species for three mechanisms are found at the
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Table 2 Moments of inertia (I, Iy, I, in amu) and harmonic vibrational frequencies (in cm™!) of the key species for the important channels
through the CoH with CH3CN reaction at the BHandHLYP/6-311G (d, p) level

Species Iy, Iy, I, Frequencies

CH3CN 11.2,192.5, 192.5 408 (362)%, 960(920), 1104 (1041), 1466 (1381), 1528 (1448), 2489 (2266), 3139 (2954), 3216 (3009)

CH 0.0, 39.8,39.8 614, 618, 2164, 3549

CH,CN 6.2,173, 179 409 (367), 459 (437), 682 (680), 1073 (1041), 1079 (1124), 1494, 2209 (2156), 3252, 3364 (3301)

CoHy 0.0, 49.8,49.8 726, 817, 2147, 3504, 3613

CH3 6.2,6.2,12.4 497 (6006), 1452(1402), 3189(3004), 3373 (3171)

HCCCN 0.0, 389.2, 389.2 253,585,776, 925, 2272, 2508, 3558

HCCNC 0.0, 357.1, 357.1 236, 510, 734, 996, 2216, 2414, 3569

M1 165.6, 438.7,593.2 173, 188, 273, 406, 574, 592, 756, 760, 787, 1051, 1080, 1208, 1446, 1525,1528, 1768, 2300, 3128,
3198, 3228, 3561

M2 24.3,761.8,775.1 138, 152, 165, 430, 511, 566, 662, 731, 876,1047, 1129, 1138, 1438, 1510, 1516,1912, 2313, 3106,
3188, 3190, 3575

TS1 112.9, 1084.5,1185.9 242i°, 44, 63,107, 251, 409, 420, 669, 671, 972, 1078, 1096, 1372,1417, 1496, 2007, 2197, 2477,
3174, 3238, 3547

TS2 194.9, 563.6, 747.4 321i, 58, 70, 137, 219, 318, 412, 687, 693,937, 1082, 1111, 1462, 1519, 1524,2134, 2340, 3144,
3226, 3232, 3548

TS3 228.2,449.9, 666.0 592i, 85, 160, 257, 307, 475, 505, 602, 626, 739, 774, 889, 979, 1462, 1474, 2111,2338, 3172,
3336, 3349, 3560

TS4 65.3, 833.5, 887.6 3871, 45, 67,70, 215, 422, 424, 693, 719, 937, 1080, 1104, 1459, 1517, 1519,2095, 2262, 3123,
3197, 3216, 3549

TS5 98.2,777.8, 863.8 352i, 26, 75, 240, 270, 479, 480, 520, 522, 687, 733, 841, 1004, 1460, 1470, 2139, 2362, 3178,

3343, 3359, 3571

2 The experimental vibrational frequencies are listed by Ifalics in brackets [40—-42]

bj represents

BMC-CCSD level. It is in view of two aspects in the accu-
racy of the calculations at the BMC-CCSD level: (i) The mean

imaginary frequency

o7 of

ot e—Ea/(RT)
h Qc,n QcHyen

ki (E) =

unsigned error for barrier height is only 0.71 kcal/mol [29];
and (ii) The rate constant is determined mainly by the barrier
height, and the calculated entrance barrier of 0.18 kcal/mol
(C-addition/elimination mechanism) is in good agreement
with experimental value of 0.29 kcal/mol [23]. Therefore, the
calculations of BMC—CCSD are the most appropriate to the
title reaction. Steady-state assumption for excited interme-
diates leads to the following expressions for the second-order
rate coefficients of mechanism IT as an example:

o7 of

o
kpa(E) = — ——L =" e Ea/(RT)

h Qc,n QcHyen

X/ 3N2(E ) e,E#/RTqué

ky +k3 +w
0
£ 0F

kimi(E) = ®__ 90 e~ Ea/(RT)

h Qc,n QcHsen

o

#

y / _ONAUET)  E*/RT g p#
ky + k3 +w
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T (ks + ) N2 (E#
(k3 + w)Na( )efE#/RTdE#

/ ky + k3 + o

where o (o = 2) is the statistical factor (degeneracy) for the
reaction step 1; E, is the energy barrier of TS2 for the reaction
step 1; Qc,n and Qcu,cn are the total partition function of
C>H and CH3CN, respectively; Qfé and Qﬁé are the transla-
tional and rotational partition functions of the transition state
TS2 for the association; N»(E#) is the number of state for
the association transition state (TS2) with excess energy E7
above the association barrier.

The microcannonical rate constant is calculated using
RRKM theory as follows:

#

Z,  Ni(E—E7)

ki(E) = «; I; M—t =
(B =7 [

where k; (E) is the energy-specific rate constant for the ith
channel; «; is the statistical factor for reaction path degene-

racy; k is the tunneling factor; Ii#, IJIM is the moments of

i=1,2 j=1
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inertia ({1, I 1) of the transition state i and the intermediate
Ji h is Planck’s constant; p;(E) is the density of states at
energy E of the intermediate j; N;(E — Et# ) is the number
of states at the energy above the barrier height for transi-
tion state i; The density of states and the number of states
are calculated using the extended Beyer—Swinehart algorithm
[33,34]. The collision deactivation rate is w = B.Zr;[M],
where f. is the collision efficiency calculated using Troe’s
weak collision approximation with the energy transfer para-
meter —(AE). The temperature-dependent energy-transfer
parameter —(AE) is estimated by Lim and Gilbert’s biased
random walk (BRW) model (T = 200-1,000K) [35]:
—(AE)/ ecm™ = 0.52T + 6 for nitrogen. In consideration
of the experimental rate constants measured at different pres-
sures, it is found that the values around 160cm ™! for —(AE)
should be reasonable to calculate the rate constants. It is
worth noting that the overall rate constant is not sensitive
to the —(AE) parameter. Zy ; is the Lennard—Jones colli-
sion frequence. The collision efficiency is estimated using the
Lennard—Jones potential (V (r) = 4e(o/r)'2 = (o/r)0)) by
fitting the interaction energies calculated at the BHandHLYP/
6-311G(d, p) level for IM1...Nj and IM2. .. Nj. It is esti-
mated that (¢ = 70.24K, 0 = 3.41A) for IM1...N; and
(e = 22.81K,0 = 3.96A) for IM2...N,, and [M] is the
concentration of the bath gas M (N). The weak collision
approximation is used for each intermediate.

The rate constants for the direct hydrogen abstraction can
be readily obtained using the conventional transition-state
theory [36]:

£
kgT 0
kaps (T) = 6 —— L1

e—E1/(RT)
h Qc,nQcHCcN

where 1 is the tunneling factor, kg and % are Boltzmann and
Planck constants, respectively. Q?Sl, Qc,H, and QcHsen
are the TS1, CoH and CH3CN partition functions. Ej is the
energy barrier of TS1.

The calculated rate constants for the formation channels of
P1, P2, P3, IM1 and IM2 are denoted as kpi, kp2,
kp3, kim1 and kv, respectively. The total second-order rate
constant for the CoH + CH3CN reaction is noted as k, k =
kp1 + kpa + kp3z + kmvii + kmviz- The branching ratios are
kpl/k, kpz/k, kp3/k, kIMl/k and kIMz/k, respectively.

3.2.1 Temperature dependence

Figure 4 shows the total and individual rate constants over
the temperature range of 150-3,000K and at a pressure of
1torr in order to compare with the previous experimental
results. As seen in Fig. 4, the total rate constants of the title
reaction show strong positive temperature dependence. The
predicted total rate constants are in good agreement with the
available experimental data. For example, at 296 K, the calcu-
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Fig. 4 The total and individual rate constants along with the experi-
mental values for the Co;H + CH3CN reaction at the pressure of 1 torr
and the temperatures from 150 to 3,000 K
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Fig. 5 The calculated branching ratios of the important channels for
the title reaction versus 1,000(K)/T between 150 and 3,000K at the
pressure of 1 torr

lated total rate constant is 1.74 x 1012 cm? molecule ™! s~ 1,
which is in excellent agreement with the experimental value
of 1.35 x 10712 cm? molecule™! s71[23]. At lower tempe-
ratures, 150-360K, kp> is much higher than kp1, kp3, kvt
and kmvp. The product P2 (CH3 + HCCCN) is more impor-
tant than the stabilized IM1 in kinetic studies. This result
is not hard to understand, which is in view of the ener-
gies of TS2, IM1, TS3 and P2. The energies of IM1, TS3
and P2 lie well below the reactants and IM1 has enough
energy to climb a barrier of 24.91 kcal/mol. Thus, IM1 can
dissociate to form P2 through molecule collision. The bran-
ching ratios shown in Fig. 5 show that the kp,/k is approxi-
mately from 80 to 50% and the kpvip/k is nearly from 20
to 30% between 150 and 360K. The kpi/k, kpmi/k, and
kp3/ k are much smaller than kp> / k. Thus, the title reaction is
dominated by mechanism II and the major products are CH3
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Fig. 6 Pressure dependence of the overall rate constants for the CoH+
CH3CN reaction using nitrogen as bath gas at 165 and 296 K with the
pressure varying from 107# to 10* torr

and HCCCN at lower temperatures. Moreover, the stabiliza-
tion of IM2 channel will compete with mechanism II. With
the increase in temperature, direct H-abstraction channel will
be a strong competitive channel, especially when the tempe-
rature is higher than 1,000 K. The branching ratios of kp;/k
and kp3/ k are approximately 50 and 30% at 3,000 K, respec-
tively. The branching ratios of kp>/k, kv /k, and kpvio/ k
are smaller than the values of kp;/k and kp3/ k. Apparently,
mechanism I, namely, direct H-abstraction, dominates the
overall reaction at the temperatures above 1,000K. And the
product P3 (CH3 + HCCNC) channel will compete with
mechanism I. Thus, it can be expected that the major products
for the title reaction might be CH3z + HCCCN at lower tem-
peratures (Titan’s atmosphere) and CoHy + CH,CN are the
major products at higher temperatures (combustion
condition).

3.2.2 Pressure dependence

We have performed a priori calculation for the total rate
constants and branching ratios over a wide pressure range
of 10~4~10* torr at the selected temperatures 165 and 296 K.
The results are shown in Figs. 6 and 7, respectively.

From Fig. 6 we can see that the total rate constants show
pressure independence. As seen in Fig. 7, the yields of P1, P3
and IM2 are not affected by pressure. The branching ratios
of P2 and IM1 vary with pressure. It is worth noting that
the yield of P2 decreases as the pressure increases, whe-
reas the yield of IM1 increases as the pressure increases. At
165K, the yield of P2 is approximately from 75 to 45% bet-
ween 10~% and 10% torr, and the yield of IM1 is from 0.1 to
30%. The calculated results imply that the stabilization of
the IM1 adduct becomes important for the title reaction at
higher pressures.
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Fig. 7 Branching ratios of P1, P2, P3, IM1, and IM2 from the CoH +
CH;CN reaction at 165 and 296K over the pressure range of 10~
10* torr

4 Conclusion

A detailed theoretical study has been carried out on the
mechanism and kinetics of the CoH+ CH3CN reaction at the
BMC-CCSD//BHandHLYP/6-311G (d, p) level .The main
results can be summarized as follows:

1. The title reaction proceeds via five mechanisms:
direct hydrogen abstraction, C-addition/elimination,
N-addition/elimination, CoH—to—CN substitution and
H-migration mechanisms. The C-addition/elimination,
N-addition/elimination and direct hydrogen abstraction
channels are important thermodynamically and kineti-
cally. Due to high barriers, the latter two mechanisms
play secondary roles for the whole reaction.

2. A trace species in the atmosphere of Titan, HCCCN,
would be formed via C-addition/elimination mechanism,
which should be helpful for future experimental identi-
fication.

3. The rate-constant calculations show that the overall rate
constants have a positive temperature dependence and
pressure independence. At lower temperatures, the
C-addition step is the most favorable and the major pro-
ducts are CH3z and HCCCN. However, at higher tempe-
ratures, the direct hydrogen abstraction channel, leading
to CoHy + CH,CN is dominant.
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