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Potential energy surfaces for the reactions of,Ciith H,, HD, and O have been calculated using high-

level ab initio methods, including coupled cluster theory, complete active space self-consistent field, and
multireference configuration interaction. The energies are extrapolated to the complete basis set limit using
the basis sets aug-cc-pVXZ X D, T, Q, 5, 6). The CH" + H, reaction produces GH and H exclusively.

Three types of reaction mechanisms have been found, namely, complex-forming abstraction, scrambling, and
S\2 displacement. The abstraction occurs via a very minor barrier and it is dominant. The other two mechanisms
are negligible because of the significant barriers involved. Quantum phase space theory and variational transition
state theory are used to calculate the rate coefficients as a function of temperatures in the rant@06f 5

K. The theoretical rate coefficients are compared with the available experimental data and the discrepancy is
discussed. The significance of isotope effect, tunneling effect, and nuclear spin effect is investigated. The
title reaction is predicted to be slightly exothermic wilid, = —12.7 + 5.2 kJ/mol at 0 K.

I. Introduction The CH," + H, — CHs™ + H reaction is an important
chemical process in low-density interstellar clouds. Several
decades ago Munson et al. observed the interaction between
CH4" and H using a mass spectrometérThe absolute rate
coefficient was first measured by Kim et al. in a 300 K ion-
cyclotron resonance apparatug & 4.1 x 10711 cm¥/s)18
Adams and Smith performed a room-temperature measurement
using a selected ion flow tube (SIFK; = 3.3 x 10711 cm?/
s)19 The first dedicated energy-dependent measuremeki of
was reported by Federer et al. using a selected ion flow drift
tube (SIFDT)?° They found that the rate coefficients decrease
with increasing energy between 40 and 120 meV.
The most comprehensive experimental studies of'CH
H, were carried out very recently by Asvany, Savic, Schlemmer,
and Gerlich (ASSG) using a variable temperature 22-pole ion
trap from room temperature down to 152KThe reaction is
slow at 300 K withk; = 3.3 x 10711 cmd/s, but it becomes
Deuterated variants of Gi (x = 4—6) are very interesting  faster by more than 1 order of magnitude when the temperature
as well. The replacement of the proton, a fermion, by a deuteron, is lowered to 15 K withk; = 4.0 x 1071° cm®/s. In addition,
a boson, reduces the exchange symmetry. Moreover, it changeshe isotope effect was also studied by ASSG. A negative
the zero-point energy and thus changes the reaction paths, viz.temperature dependence of the rate coefficients was observed
for the collisions of CH" with HD and Dp. The reaction of

The methane cation (Cf) and protonated methane (gH
are the so-called fluxional species; in other words, they are
extremely floppy molecules in which many isoenergetic struc-
tures exist due to the nearly free scrambling motion of hydrogen
atoms. Previous experimental and theoretical stidiésug-
gested that the global minimum of GHhasC,, symmetry with
a three-membered ring GHwhereas that of Ckt has Cg
symmetry with a CH tripod and a 3-center, 2-electron ¢H
structure. In addition, the GHi ion is the simplest hyperco-
ordinated carbocation. The reactions involving such fluxional
ions are very interesting. In this paper we present the first
theoretical study on the reaction:

CH," +H,—CH;" +H 1)

CH4+ + HD — CH5+ +D (2a) CH4t with HD is as fast as with bl However, the Chi™ + D,
reaction was found to be much slower. More interestingly, the
—»CH4DJr +H (2b) CHs™ product ion in channel (2a) prevails over ¢ in
channel (2b), although the latter is energetically more favorable.
— CH,D" +H, (2c) Although the kinetic behavior of the GH + H, reaction
has been studied extensively, the reaction mechanism is
and unknown. Less is known for the possible reaction complex
CHg", which is also a hypercoordinated cation. In this work
CH4+ +D,— CH4D+ +D (3a) four. questions. will be addressed: . N
First, what is the reaction mechanism? Although it is an
— CH,'D + HD (3b) isoelectronic reaction with the well-known NH+ H, — NH,*
+ H reaction, the Ch" + H; reaction occurs via a very different
— CH2D2+ +H, (3¢) mechanism due to the fluxional nature of reactants and products.

Moreover, the reaction involves the hypercoordinatedsCH

* Corresponding author. E-mail: wangb@chem.whu.edu.cn. Fax: intermediates. It is interesting to know how €His bonded
862768754067. and if CHs" is as fluxional as Clt” and CH*.
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Second, how does the reaction behave at extremely low to be less than % 10~* au as well as the maximum component
temperatures? Experimentally, it has been found that the title of the optimization step to be less than k8.0~ au and the
reaction shows negative temperature dependence in the rang®&MS of the optimization step to be less than %21072 au.
15—-1000 K. Variational transition state theory (VTST) with Harmonic vibrational frequencies were calculated at the same
tunneling corrections has been employed to simulate the reactionlevel to characterize the nature of stationary points and to
kinetics. Note that the reactantpHheeds special treatment. The calculate the zero-point energy (ZPE). The minima have real
normal-H used in the experiments consists of 75% ortho-H frequencies and TS has only one imaginary frequency. Another
(with only oddJ) and 25% para-bi(with only evenJ). cheaper method, namely, MP2/6-31-+G(2d,2p), was used to

Third, how does the isotope affect the reaction mechanism calculate the minimum energy reaction path (MREP) using the
and kinetics? Isotope substitution not only changes the stability intrinsic reaction coordinate (IRC) metH8dbased on the
of species involved in the reaction but also changes the reactionoptimized geometries at the same level of theory. Another
paths and of course the kinetics. As mentioned above, the strangealculation at the MP2/6-3H+G(3df,3pd) level was used to
isotope effect due to HD and,Dn the title reaction has been  check the effect of the size of the basis sets.
found by 'ngSG and is waiting for explanation from theoretical  Ag for the reactants and products, more extensive calculations
viewpoint: . , , have been performed. The geometries were re-optimized at the

Fourth, is the Cl" + H, — CHs" + H reaction exothermic, RCCSD(T)/AVTZ level and the harmonic ZPEs were obtained
_endothermlc, or thermal-neutral? The heat of reaction is critically at the same level. Furthermore, the RCCSD(T)/AVQZ optimized
Important to under_stand the TEVErse process. The H atom Wasgeometries were used to calculate the single-point energies at
thought to b+e an ideal chemical sensor for laser probing of the RCCSD(T) level with aug-cc-pv5z (AV52) and aug-cc-pvéz
ultracold CH,_ . Federer et al. re_rported that, at room temperature, (AV62) basis sets, respectively. The RCCSD(T)/CBS energy
the destruction of Ck by H is almost 10 times faster than . ) .

was obtained using the similar formula as abo# (was

formation via the CH" + H,.29 However, the CH" + H — . )
CHs + H, reaction is er21dothermic by about 19 kJ/mol calculated using ROHF energies at AVQZ, AV5Z, and AV6Z
basis setSAEzccspm Was calculated using thAEéCCSDm

according to the heats of formation of reactants and products at I )
values at AVQZ and AV5Z levels). In addition, some minor

0 K,22 which implies that it is slower than the title reaction. ) ! -
corrections to the total energies were calculated on the basis of

Obviously, an accurate heat of reaction has to be known to I X . ;
rationalize the experimental findings. the RCCSD(T)/AVQZ optimized geometries, including the

The paper is arranged as follows: An overview of the Scalar relativistic effects, diagonal Ber@ppenheimer correc-
computational methods is given in section Il The reaction tion (DBOC), and spirrorbit (SO) correctiorf? ! The details
mechanisms and the isotopic effect are discussed in section 111.1.Will be given in section I11.4. It should be noted that the couple
The comparisons between ab initio mechanisms are made incluster calculations includell electrons in the electron cor-
section 11.2. The kinetic simulations are presented in section 'elation evaluations.

I11.3. The heat of reaction is evaluated in section Ill.4. A few The second ab initio method is the multireference configu-

concluding remarks are drawn in section V. ration interaction with single and double excitations (MR-
CISD) 32 The geometries of the critical stationary points were
Il. Computational Details optimized using the complete active space self-consistent-field

(CASSCF) metho# with the AVTZ and AVQZ basis sets.
Supermolecule approximation was used to deal with reactants

coupled cluster theo® with single, double, and noniterative and products. The active space includes all valence electrons

triple excitations [CCSD(T)] with the extrapolation to complete 2nd all valence orbitals [e.g., 9 electrons in 10 orbitals]. The
basis set (CBS) limit. The restricted scheme using the restricted harmonic vibrational frequencies were calculated at the CASSCF/

open-shell HartreeFock (ROHF) references, denoted as RCCSD- A\{TZ level. Subsequently, .the energies of yarious stationary
(T),2* was used to calculate the correlation energies. The basisP0iNts were calculated using MRCISD with the CASSCF
sets used in the extrapolation include Dunning’s correlation- 9enerated reference configurations. Three CASSCF energies
consistent aug-cc-pvdz (AVDZ), aug-cc-pvtz (AVTZ), and aug- (AVTZ, AVQZ, and AVS5Z) and two MRCISD correlation
cc-pvqz (AVQZ)? Three ROHF energies were then extrapo- €Nergies (AVQZ and AVS5Z) were used for the CBS limit
lated with the formula advocated by Felf€rES: = Ejiz + extrapc;latlon according to the formutaE,; = Ej + ae™™
ae X, whereE}; is the ROHF energy obtained with the aug- aNdAEyre = AEygc, + ¢/X°. The Davidson correction (e.g.,
cc-pVXZ basis set. The parameterandb and the extrapolated ~ MRCISD+Q or simply, Full Cl) was used to estimate the
ROHF energyE:, are determined uniquely from the three correlatlons from higher ex0|tat|.ons. The same fashlop of CBS
energies. For the correlation energy, a formula motivated by extrapolation was used to obtain the MRCISQ energies.
the atomic partial wave expansion was Used,zzfiﬁEéccsom It is worth mentiqning the sizes of the basis sets and the.
= AEpccspmt C/(X — Ya)?, WhereAEéCCSD(T)iS the RCCSD- refergnce configurations spaces. The numbers of contracted basis
(T) correlation energy (not the total RCCSD(T) energy, which functions are 184, 356, and 607 for AVTZ, AVQZ, and AV5Z,
includes the ROHF contribution) obtained with the aug-cc- respectively. The largest basis set used in this work, AV6Z,
pVXZ basis set. Here, there are two parameterand the consists of 824 contractions. With the AV5Z basis set, each
estimated complete basis set limit RCCSD(T) correlation energy CASSCF job consists of 27 720 configuration state functions
AEgccspry These are uniquely determined by two correlation (CSFs) and each MRCISD job includes 19 332 092 contracted
energies; AVTZ and AVQZ were used in this work. configurations obtained from 3 291 779 512 uncontracted con-
The geometries of reactants, products, intermediates (Im), figurations.
and transition states (TS) have been optimized at the CCSD/ The rate coefficients of the title reactions were calculated
6-311++G(2d,2p) level of theory. The convergence criteria using the multichannel RRKM theory and transition state theory.
requires the maximum component of the gradient to be less thanQuantum phase space theory (QP3&hd rigid rotor harmonic
4.5 x 1074 au and the root-mean-square (RMS) of the gradient oscillator (RRHO) were employed to deal with the barrierless

Two types of ab initio methods have been used to calculate
the potential energy surface of the title reaction. The first is
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Figure 1. Optimized geometrical parameters for various species involved in thé €HH, reaction (a) for the abstraction mechanism and (b) for

the scrambling and\@ mechanisms. Bond distances are in A. From top to bottom, three entries correspond to MP2/6532d,2p), MP2/6-
311++G(3df,3pd), and CCSD/6-31#1+G(2d,2p) data, respectively. n/a: not available. For,Ceind CH", the two entries in italics are the
optimized parameters at the RCCSD(T) level with AVTZ (upper) and AVQZ (lower) basis sets, respectively. (c) The CASSCF/AVTZ (upper) and
CASSCF/AVQZ (lower) optimized parameters.

channels and the tight transition state, respectively. The details The coupled cluster based relative energies of various species
will be given in section 111.3. are listed in Table 1, including ZPEs. Table 2 gives the
The CCSD and MP2 optimizations were carried out using MRCISD/CBS energetic data. The vibrational frequencies
the Gaussian03 prograff All the other ab initio calculations  calculated at the CCSD/6-3+#G(2d,2p) level and the CASSCF/
were performed using the Molpro progr&hPSI prograr’® was AVTZ level are listed in Tables 3 and 4, respectively. Table 5
employed to calculate the DBOC. The kinetic calculations were summarizes the calculated heats of reaction at various levels of

performed using a modified Variflex codg. theory. In the following discussion, the coupled cluster data will
be used. The MRCISD data will be discussed for purposes of
Ill. Results and Discussion comparison.

The CCSD and CASSCF optimized structures of the species 1. Reaction MechanismThe structures of Ci and CH*
involved in the CH* + H, — CHs™ + H reaction are shown  are discussed first. As shown in Figure 1, the lowest energy
in Figure la-c, respectively. The schematic profiles of the structure of CH' is in C,, symmetry with a three-center GH
potential energy surfaces are shown in Figures 2 and 3 (for bonding geometry, in which CH and HH bonds are 1.18 and
isotope HD and B reactions 2 and 3). Correspondingly, the 1.09 A, respectively. The global minimum of GHis of Cs
calculated rate coefficients as a function of temperature are symmetry. It involves a tripod formed by three CH bonds, where
shown in Figures 4 and 5. The yield of @Hfor the CH,™ + two of them are symmetrical and the third is in the plane, and
HD reaction is shown in Figure 6. a 3-center, 2-electron GHgroup, where CH and HH bond
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Figure 2. Schematic profile for the potential energy surface of the

CH4" + Ha reaction. The energies (kJ/mol) are at the RCCSD(T)/CBS
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TABLE 1: Relative Energies of Various Species Involved in
the CH4t + H, Reaction on the Basis of the CCSD/
6-311++G(2d,2p) Optimized Geometries and ZPE%

species ZPE CCSD G3MP2 RCCSD(T)/CBS

CHs* + H; 127.5 0 0 0
IM1A 1345 —10.7 —-11.2 —14.4
IM1B 1320 -0.8 —0.9 -15
TS1 (IM1A—IM2) 132.1 —-129 -134 —-17.6
IM2 1375 -159 -15.0 —20.7
TS2 (IM2— IM3A) 131.9 107 8.0 1.6
IM3A 1412 -7.3 -135 —18.0
TS3 (IM3A— IM3B) 1394 -6.4 -—-12.8 —-17.6
IM3B 1415 -74 -137 —18.2
TS4 (IM3B— IM3C) 1389 —-49 -114 —-15.7
IM3C 139.7 —-46 -111 —15.0
IM3D 1389 —4.2 -10.6 —14.4
TS6 (scrambling) 139.1 53.9 53.2 47.9
TS7 (42 displacement) 135.8 59.6 57.3 51.0
CHs" +H 1373 -39 41 —-13.4

a All energies are in kJ/moP The ZPE corrected energies calculated

level. The numbers in brackets correspond to the energies without ZPE sing the RCCSD(T) theory with the extrapolation to complete basis

corrections.

set. See text for details.

distances are 1.18 and 0.93 A, respectively. The presentparrier. The energy of IM1A is lower than that of the reactants

structural parameters of GHand CH™ are in good agreement
with previous calculations and experimeht&® The other

by 14.4 kJ/mol. However, IM1A is not stable because it can
readily isomerize to another complex (IM2) via TS1. As shown

isoenergetic fluxional structures have been well studied in the jn Taple 1, the energy of TS1 is lower than that of IM1A. It

literaturé—16 and will not be discussed further.

implies that the isomerization from IM1A to IM2 is barrierless.

Mechanistically, there are three different pathways for the The isomerization occurs by moving Klightly closer toward

CH4* + Ha reaction, namely, abstraction, scrambling, an@-S

CH4*. The 3-center CH structure of CH' is broken, and

type displacement, as shown in Figure 2. For all the mechanisms simultaneously, a new 3-centeg Honding structure is formed

CHs™ and H are the only products of the gH+ H, reaction
at normal conditions. Neither charge-transfer channel,(€H
Ho™, AH° = 272 kJ/mol) nor the Ckl+ Hs" channel AH,° =
109 kJ/mol) is important in view of their endothermicities
(estimated using the G3MP2 theory).

in IM2. In fact, at the MP2 level with the 6-3#1+G(3df,3pd)
basis set, both IM1A and TS1 disappear. Therefore, it is
concluded that IM2 is the direct product of the association of
CH4+ with Hz.

It is noted that the other complex IM1B is formed whep H

The abstraction reaction takes place with the formation of a approaches the other end of @HThe separation between the

complex IM1A (see Figure 1). Happroaches one of the H
atoms of the 3-center GHgroup of CH*, where one of the

two fragments is significantly long (ca. 2.2 A), indicating a very
weak interaction. In fact, IM1B belongs to tRA" electronic

CH bonds is stretched slightly and the other CH bond becomesstate and it is negligible.

shorter and the HH bond is elongated by about 0.1 A. The

bonding distance between GHand H; is as short as 1.6 A.

The intermediate IM2 is a stable GHion. Its energy is 20.7
kJ/mol below that of the initial reactants. It looks like aCG+

This complex-forming process occurs without passing any H-H, complex. The CHgroup is nearly planar. The longig

TS2
2.38

CH,"+HD

IM3A
-17.5

IM2
-22.5

Figure 3.

Energy profile for the Chl" + HD (upper panel) and CH + D, (lower panel) reactions. The energies are at the RCCSD(T)/CBS level.
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bond is nearly perpendicular to the ggroup. The HH distance
in the Hy group is 0.8 A, slightly longer than the equilibrium
distance of H molecule. The other two #i bonds are equal
(1.15 A). The most interesting structural characteristic of IM2
is that the CH bond connecting Ckland H is relatively long
(1.38 A). As aresult, both CiHand H groups in IM2 can rotate
freely around this @ bond, as indicated by its small torsion
vibrational frequency (see Tables 3 and 4).
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TABLE 2: ZPE (kJ/mol), Relative Energies AE (kJ/mol),
and Total EnergiesE (Hartrees) for the Key Species in the
CH4* + H, Reaction at the MRCISD/CBS Level of Theory

species ZPE Ewrcist®  AEwrcistt Eruic® AEgyici®
CHs' + Hp, 1257 —41.155481 0 —41.162618 0

IM2 134.6 —41.155262 —19.4 —41.173404 —19.4
TS2 128.0 —41.154593 4.6 —41.161547 51
IM3B 137.8 —41.166534 —17.0 —41.172284 —13.3
TS6 136.1 —41.140712 49.1 —41.169161 49.0
CHs"+H 134.7 —41.163561 —12.3 —41.147875 —8.2

aHarmonic ZPEs are calculated at the CASSCF/AVTZ level of
theory.® The total energy at the MRCISD level with the complete basis
set limit. ¢ The relative energy with respect to ¢H+ H, at the
MRCISD /CBS level of theory with ZPE correctiorfsThe estimated
Full Cl total energies using the MRCISED energies® The estimated
relative energy with respect to the ¢H+ H; at the Full Cl /CBS
level of theory with ZPE corrections. See text for the definition of CBS.

and HH bonds are forming. Simultaneously, the other H atom
is moving away from C atom and tending to break the HH bond.
As a result, the long CH bond in IM2 is shortened to 1.21 A;
the forming CH and HH bonds are 1.77 and 1.1 A; the breaking
HH bond is stretched to 0.86 A. Through IRC calculation, it is
confirmed that TS2 connects IM2 and IM3A, where the latter
corresponds to a complex between the final products'Gidd

H atom. Without ZPE, the energy of TS2 is lower than that of
the reactants by 2.8 kJ/mol. After ZPE correction, TS2 lies
slightly above the reactants by 1.6 kJ/mol.

The energy of IM3A is very close to that of IM2. However,
IM3A is less stable than IM2 because it can decompose easily
to form the final products Ckf + H. The decomposition is
endothermic by only 5.4 kJ/mol without additional barrier. As
can be seen in Figure 1, the bonding betweeny'C&hd H in
IM3A is fairly weak. The nearest HH bond distance is as long
as 1.92 A.

It is interesting to note that IM3A has a few isoenergetic

conformations via the following transformation: IM3A TS3
— IM3B — TS4— IM3C — TS5— IM3D — IM3A. Among
them, IM3B is the global minimum of the GH+-H complexes.
As can be seen from Figure 1, all these conformations are in
Cs symmetry. Four H atoms are in the plane and the other two
H atoms are symmetrical about the plane. Interestingly, the
interconversion between IM3AD undergoes via H atom

The abstraction continues via TS2. As can be seen in Figurecircling in an orbital around the central C atom in the symmetry
1, the geometric changes from IM2 to TS2 are very interesting. plane of CH*. The barriers for interconversion are so low that

One of H atoms of the pgroup moves toward the central C

the H atom motion is nearly free. This indicates that IM3, which

atom by pushing back the central H atom, and two new CH is a CH" species, is a fluxional ion similar to GH.
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TABLE 3: Harmonic Vibrational Frequencies at the CCSD/6-311++G(2d,2p) Level

species frequencies (cr)
CHs* + H; 497,906, 1192, 1325, 1588, 2301, 2577, 3183, 3326, 4415
IM1A 89, 236, 267, 420, 604, 765, 868, 1044, 1343, 1518, 1970, 2677, 3187, 3318, 4186
IM1B 38, 80, 122, 194, 375, 486, 916, 1197, 1328, 1594, 2300, 2573, 3172, 3318, 4378

TS1 (IM1A—IM2)
IM2

TS2 (IM2— IM3A)
IM3A

TS3 (IM3A— IM3B)
IM3B

TS4 (IM3B— IM3C)
IM3C

IM3D

TS6 (scrambling)
TS7 (S42, displacement)
CHs" +H

aj stands for imaginary frequency.

3521, 82, 304, 444, 619, 750, 842, 1051, 1348, 1486, 1811, 2770, 3186, 3305, 4092
5, 399, 405, 575, 768, 814, 1163, 1189, 1428, 1429, 1502, 3061, 3230, 3233, 3789
416i, 120, 603, 674, 796, 1091, 1151, 1209, 1352, 1470, 1953, 2226, 2946, 3189, 3276
30, 195, 324, 326, 958, 1299, 1310, 1486, 1515, 1638, 2322, 2740, 3050, 3161, 3249
153, 86, 158, 250, 924, 1310, 1317, 1486, 1514, 1646, 2370, 2790, 3054, 3158, 3249
89, 231, 327, 345, 894, 1313, 1322, 1485, 1514, 1633, 2314, 2730, 3052, 3157, 3248
101, 58, 176, 227, 885, 1311, 1316, 1486, 1512, 1624, 2414, 2765, 3041, 3159, 3252
97, 100, 204, 231, 873, 1311, 1311, 1484, 1512, 1620, 2429, 2755, 3017, 3155, 3252
53,75, 142, 149, 909, 1308, 1308, 1485, 1511, 1633, 2408, 2777, 3053, 3159, 3251

103432, 319, 326, 404, 687, 948, 1429, 1435, 2048, 2668, 3081, 3246, 3269, 3373

100038, 521, 540, 744, 898, 1209, 1218, 1344, 1421, 1421, 3072, 3241, 3265, 3770
159, 905, 1308, 1311, 1486, 1511, 1632, 2408, 2772, 3049, 3158, 3250

TABLE 4: Harmonic Vibrational Frequencies at the CASSCF/AVTZ Level of Theory?

species

frequencies (c)

CH;" + H;

IM2

TS2 (IM2— IM3A)
IM3B

TS6 (scrambling)
CHs™ +H

783, 827, 1164, 1283, 1568, 2033, 2488, 3073, 3216, 4585

26, 408, 411, 605, 775, 832, 1104, 1149, 1419, 1419, 1522, 2944, 3113, 3115, 3693

584i, 137, 560, 560, 911, 1039, 1089, 1379, 1383, 1443, 1793, 1953, 2913, 3086, 3153

73, 135, 264, 303, 949, 1292, 1316, 1476, 1493, 1599, 2199, 2778, 2966, 3052, 3135
95341, 316, 328, 390, 677, 927, 1421, 1424, 2114, 2632, 2964, 3127, 3142, 3285

232,953, 1290, 1306, 1474, 1491, 1589, 2230, 2297, 2970, 3050, 3135

aj stands for imaginary frequency.

TABLE 5: Summary of the Calculated Reaction Enthalpy for the CH,+H, Reactior?

theory ccsD G3MP2 CCSD(T)-1 CCSD(T)-2 CF MRCISD Full Cl
AE. -13.7 -13.9 —23.2 —24.3 —21.4 —21.2 -17.2
AZPE 9.8 9.8 9.8 9.1 9.1 8.9 8.9
AEe 0.1

AEDBQC —0.4

AEso —0.1

AHO -4.3 —45 ~13.8 -15.6 ~-12.7 ~12.7 -8.6
AH?%8 -6.1 -6.3 ~15.6 ~17.4 ~145 ~14.5 -10.4

a All numbers are in kd/mol. The entries for theory: CCSD, CCSD/6+3t6G(2d,2p) optimized geometries and ZPEs; G3MP2, G3MP2 procedure
(ref 40) using the CCSD(full)/6-31+G(2d,2p) optimized geometries and ZPEs; CCSD(T)-1, RCCSD(T)/CBS(AVDZ, AVTZ, AVQZ extrapolation)
using the CCSD(full)/6-31t+G(2d,2p) optimized geometries and ZPEs; CCSD(T)-2, RCCSD(T)/CBS(AVQZ, AV5Z, AV6Z extrapolation using
the RCCSD(T)/AVQZ optimized geometries and RCCSD(T)/AVTZ calculated ZPEs; CF, continued fractions approximation (ref 41) for the full CI
energies using the RCCSD(T)/AV5Z energies with the RCCSD(T)/AVQZ optimized geometries and RCCSD(T)/AVTZ ZPEs; MRCISD, MRCISD/
CBS(AVTZ, AVQZ, AV5Z extrapolation using the CASSCF/AVQZ optimized geometries and CASSCF/AVTZ calculated ZPEs; Full Cl,
MRCISD+Q/CBS(AVTZ, AVQZ, AV5Z extrapolation using the CASSCF/AVQZ optimized geometries and CASSCF/AVTZ calculated ZPEs.
b AE,q was calculated at the CISD/AVQZ // RCCSD(T)/AVQZ level of theory. £H—38.8 kJ/mol. CH™: —38.7 kJ/mol.¢ AEpgoc Was calculated
at the CISD/VTZ /| RCCSD(T)/AVQZ level of theory. Gt 6.7 kJ/mol. H: 1.4 kJ/mol. CH*: 7.0 kd/mol. H: 0.7 kJ/mol¢ AEsowas calculated
at the CASSCF/AVTZ // RCCSD(T)/AVQZ level of theory. GH 0.14 kJ/mol. CH": 0.09 kJ/mol.

TS6 represents the transition state for the scrambling mech-this process. The barrier height of 51.0 kJ/mol is even higher
anism. As shown in Figure 1, the-H, group in IM2 moves than that for the scrambling reaction.
away from CH from 1.38 to 2.08 A, forming a Kistructure In summary, the major reaction scheme can be shown as
with three nearly equal HH bonds. Simultaneously, the H follows:
structure rotates in the plane and flips over with one HH bond
facing the C atom. The IRC calculation confirms that TS6
corresponds to the self-conversion of IM2, i.e., the scrambling
transition state. Through the scrambling, one H atom can bet corresponds to a “complex-forming” abstraction pathway.
exchanged between GHand H. It is noted that the scrambling  Neither scrambling nor & displacement can compete with the
of IM2 does not produce anything new, but for the isotope above mechanism. This conclusion is in agreement with the
reactions 2 and 3, the+HD scrambling produces GB™ + H, experimental results of ASSG. It was reported that there is no
(reactions 2c) or CED™ + HD (reaction 3b). The barrier height  evidence for H-D scrambling in CH* + HD/D; collisions2!
for TS6 is 47.9 kJ/mol, significantly higher than that for The isotope reaction CHl + D, has the same mechanism as
abstraction (TS2). the CHt + H, reaction. The energy of TS2 increases to 3.2

The last mechanism we found is an2Stype displacement  kJ/mol above the reactants when B used as the reactant. It
via TS7. b approaches CH vertically, forming two new CH is interesting to note that the GH+ HD involves one more
bonds simultaneously. The opposite H atom is kicked out to mechanism, as shown in Figure 3. Starting from IM2 (strictly
generate the final products GHand an H atom (strictly speaking, there are two IM2 isotopes, i.esC-H-HD and HC-
speaking, the complex IM3D). A significant barrier exists for H-DH; however, these two structures are identical because the

CH," +H,—IM2 —TS2—IM3 — CH;" + H
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internal rotation around €l is free), there are two TS2 atures range from 5 to 1000 K. It should be noted that the
structures. One is the H atom connects to the C atom and the Dscrambling and displacement reactions can be competitive at
atom moves away with the formation of @H+ D. The other higher temperatures. Only the low-pressure limit was considered
is the D atom bonds to the C atom and the H atom moves awaycurrently; that is, the deactivation of IM2 and IM3 by collision
with the formation of CHD" + H. As can be seen in Figure 3, is omitted. The collisionless radiative rates for the reaction
the CH;" + D channel is less exothermic than the £LH + H intermediates were included, although their contribution to the
channel. However, the energies of the transition states (TS2)overall rates is fairly small.
are almost identical (ca. 2.4 kJ/mol). The isotope substitution  The bottlenecks of both entrance (&H+ Ho, — IM2) and
increases the net abstraction barriers slightly. exit channels (IM3B— CHs* + H) were evaluated explicitly

2. Comparisons between RCCSD(T) and CASSCF and  and variationally using flexible transition state theBrst the
MRCISD. Because the lowest potential energy surface (PES) E/J resolved levef? The number of states of the transitional
for the title reaction is an open-shell doublet, CASSCF and modes was calculated using the quantum phase-space theory
MRCISD calculations for both geometries and energies were on the basis of the ion-induced-dipole potentials with the
carried out to investigate the multiconfiguration characters of experimental polarizability of }4(0.8 A3 and H (0.67 &). TS2
the reaction. Only the important species were studied. The was treated using the rigid-rotor harmonic oscillator (RRHO)
structural parameters are shown in Figure 1c, and the energiesapproximation. The tunneling coefficient was calculated using
are listed in Table 2. It is evident that the CASSCF/AVTZ the one-dimensional Eckart potentfalThe rotational partition
optimized parameters are almost the same as the CASSCFfunctions were calculated by direct quantum counts. Moreover,
AVQZ data. In comparison with the CCSD/6-3%1+G(2d,2p) a free internal rotator was used for IM2 to take account of the
optimized geometries, the CASCF results do show some nearly free rotation of bC-H-H around CH bond.
differences in both bond distances and angles. For example, Special attention has been paid for the symmetry numbers
even for the closed-shell GH, the two CH bonds in the 3-center (o) of reactants and products. Because we used explicitly ortho-
CH, group are about 0.05 A longer and the HH bond becomes and para-Hand thuss(H,) = 1, CHyt has aCy, structure with
0.08 A shorter. Interestingly, it appears that most of bonds in ¢ = 2. However, CH' is a fluxional ion and its geometry
IM2, TS2, IM3, and TS6 tend to be longer at the CASSCEF level. deviates from the parefy symmetry due to the JahiTeller
This comparison clearly shows that both dynamic and non- effect. Thus we used = 12 instead of 2 for Chi". As for
dynamic electron correlations play important roles in the present CHs*, o = 5 because of its five nearly equivalent CH bonds.
system. Fortunately, the difference between CASSCF and CCSD  The rate coefficients are shown in Figure 4. The experimental
results is not significant. As can be seen from Tables 1 and 2, data of ASS@G! (solid circles) at 15300 K are included in the
the MRCISD/CBS energies are in general agreement with the figure for comparison. The energy-dependent rate coefficients

RCCSD(T)/CBS data except for two points of significance. First, obtained by Federer et al. are presented as well (open cifces).
the barrier height for TS2 was calculated to be about 5 kJ/mol These nonthermal data were converted into an effective tem-

at the MRCISD/CBS level, about 3 kJ/mol higher than the peratureT by using the simple relatioEr = 1.5 RT.
RCCSD(T)/CBS value. Second, the MRCISD level predicts The theoretical rate coefficients for the GHt+ H, reaction
smaller reaction exothermicity than MRCISD and RCCSD(T) are in good agreement with the experimental values in the range
(e.g.,—8.2 kd/mol vs—12.3 and—13.4 kJ/mol). 20—100 K. Beyond this range, the calculated rate coefficients
The average absolute deviation of 19 pairs of the relative are generally higher than the experimental data. For example,
energies presented in TablesAlEgavp2 — AErccsp(myceg and at 300 K, the theoretical value is about twice the experimental
2 (AEwrcisp — AErui-ci) is about 4 kJ/mol. Thus an error bar  value. The rate coefficients decrease rapidly as the temperature
of £4 kJ/mol is estimated for the calculated relative energies. increases. However, above 300 K, the rate coefficients start to
The uncertainty in the RCCSD(T)/CBS calculation mainly increase, in contrast to the experimental data of Federer#t al.,
comes from the absence of higher excitations such as CCSDTQwhich still decrease with the evaluated temperature. It is very
and the nondynamic correlation whereas that in MRCISD/CBS interesting to note that the theoretical and experimental rate
mainly comes from the incomplete reference configurations coefficients in Figure 3 look just like two *) " and “ (" brackets
because only valence electrons and orbitals were consideredin the mirror.
Therefore, an error bar af4 kJ/mol seems to be reasonable.  Before we discuss the possible reasons for the discrepancy

At present, the barrier heights and heats of reaction arepetween theory and experiment, it is noted that the high-
comparable with the magnitude of uncertainty. Itis difficult to - temperature rate coefficients themselves are suspicious in Figure
lower the errors further by either method. 4 because of the well-known difficulties of comparing thermal

For comparison, the vibrational frequencies are listed in rate coefficients with results from SIFDT experiments. Trajec-
Tables 3 (CCSD) and 4 (CASSCF). Most of frequencies are tory calculation is required to calculate the energy-dependent
very close between the two levels of theory. Unfortunately, even rate coefficients.

for CHs" and CH", there is no experimental vibrational data  No matter how large the error bars for the experimental data
available for comparison. The very recent diffusion Monte Carlo (ca. 10%?), we point out three potential uncertainties in the

calculation on CH" gives ZPE= 10 975 cni!,'®which agrees  theoretical rate coefficients. First, the reaction system itself might

with our harmonic ZPE of 11 259 (CASSCF/AVTZ) and 11475 not be a statistical assembly but the statistical TST, RRKM,

cm [CCSD/6-311-+G(2d,2p)]. In addition, itis worth noting  and PST methods were used to treat it. The number of states

that the imaginary vibrational frequency of TS24684 cnt* and density of states have been calculated at the sp&cifit

at the CASSCF/AVTZ level, which is 168 crhlarger than  jusing the vibrational frequencies of thbal minimum. The

the CCSD value. The magnitude of the imaginary frequency worst scenario is that the present kinetic simulation can be wrong

affects the significance of tunneling effect at low temperatures. quantitatively. However, this does not happen because the
3. Kinetic Analysis. For simplicity, the simplified reaction  theoretical rate coefficients do show agreement with experi-

scheme, e.g., CH + Hy = IM2 < TS2< IM3B — CHs" + mental data over a specific range of temperatures. Thus it can

H, was used in the calculation of rate coefficient. The temper- be argued that the title reaction may be treated statistically at
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least in some regions. Second, the barrier height for TS2 isis. Therefore, the contributions of both rotational levels and
uncertain. As mentioned above, there are around 3 kJ/moltunneling effect lead the GHi + D channel a litle more
difference in the barrier between RCCSD(T) and MRCISD favorable than the CiD* + H channel even though the latter
methods. Such a small difference has significant influence on is more preferable thermodynamically.
the low-temperature rates. The high-temperature rates are seldom 4. Thermochemistry. The exothermicity of the title reaction
affected. As shown in Figure 4, if the MRCISD/CBS calculated is of importance to understand the destruction process @f CH
energies and the CASSCF/AVTZ geometrical parameters andby H atom. Experimentally, it was found that the title reaction
frequencies were used, the rate coefficients become muchis thermoneutral AH,° ~ 0)13 Two earlier estimations were
smaller, but the room-temperature rate becomes closer to thereported AH,° = —5 kJ/mol based on the SIFDT sti@yand
experimental result. Note that adjustment of the barrier height AH.° = —19 kJ/mol based on the enthalpies of forma#ién.
for TS2 cannot fit the whole set of experimental data. Third, The calculated\H,° in this work were summarized in Table 5.
the one-dimensional Eckart tunneling shows good performanceln view of the electronic energiesAEy), it is evident that
for many chemical reactions. However, it might not be RCCSD(T) predicts the consistent data with MRCISD, ranging
quantitatively good enough for the present system especially atfrom —21.2 to—24.3 kJ/mol. It is interesting to note that the
low temperatures. It has been shown that the tunneling correctionFull Cl estimation based on the MRCISI) energies gives
tends to be overestimated by the Eckart scheme at extremelyslightly smaller AEs than the MRCISD theory. CCSD and
low temperatures, in comparison with the more realistic G3MP2 give the smallest values.
multidimensional methods such as small-curvature tunneling A few corrections were made tEe. The most significant
(SCT)#4The tunneling effect plays a critical role for the low-  correction is, of course, ZPE. The ZPE correctiohZPE) were
temperature rate coefficients. For example, at 10 K, the calculated at three levels of theory, namely, CCSD/6-3tG-
magnitude of the tunneling correction is as large a¥.1A8s (2d,2p), RCCSD(T)/ AVTZ, and CASSCF/AVTZ. The har-
the temperature increases, the contribution of tunneling decreasegnonic ZPE of H molecule was calculated to be 2208, 2198,
dramatically. At 150 K, the tunneling correction is only a factor and 2292 cm?, respectively, which is in good agreement with
of 2. At 1000 K, the tunneling does not play a role. the experimental value 2179 cf There are no experimental
The most important (qualitatively) characteristic of the data for CH™ and CH™. It is noted that the calculated ZPE
theoretical rate coefficients is that there is a minimum around for CHs* (e.g., 11 475, 11 382, and 11 259, respectively) is in
300 K (or 100 K with the MRCISB-Q data). This is reasonable  agreement with the very recently DMC calculated 10957 cth
in the consideration of the fact that a barrier (TS2) exists along Therefore, the harmonic ZPE data were used to calciZRE
the reaction path. At higher temperatures, the tunneling effect without scaling. As shown in Table AZPE are+9.8,+9.1,
plays less and less a role, and thus the reaction is mainly and+8.9 kJ/mol, respectively. An average value-69.3 kJ/
determined by the activation barrier. In addition, as can be seenmol was obtained. An error bar af2 kJ/mol was estimated
in Figure 4, the ortho-kireaction is faster than the pargzH  for AZPE.
reaction below 100 K. At higher temperatures, they have nearly  Molecular scalar relativistic correctionsAEsg),2° which
equal rate coefficients. account for changes in the relativistic contributions to the total
The rate coefficients for the two isotope reactions 2 and 3 energies of the molecule and the constituent atoms, were
are shown in Figure 5. Evidently, a similar temperature included at the CISD level of theory using AVQZ basis set in
dependence was obtained. For the,CH HD reaction, the  the frozen core approximatioNEsr is taken as the sum of the
overall rate coefficients are smaller than those for the'CH mass-velocity and one-electron Darwin (MVD) terms in the
H. reaction below 400 K. At higher temperatures, the former Breit-Pauli Hamiltonian. It turns out that theEgris only +0.1
becomes a little larger. At 300 K, the rate coefficients are almost kJ/mol, although the absolute value B¢r of each species is
the same for the reactions of GHwith HD and H. Reaction quite large.
of CH4t with D, is much slower than with Hor HD, in Corrections that are due to the Ber@ppenheimer ap-
agreement with the experimental observation. Meanwhile, the proximation have also been included by calculating the diagonal
minima of rate coefficients move to around 100 and 60 K for correction (DBOCY)?° These calculations used the formulas as

CHg" + HD and CHt + D, reactions, respectively. implemented in PSI at the CISD level with the cc-pVTZ basis
One of the interesting characters of the ££H HD reaction set. A value ofAEpgoc = —0.4 kJ/mol was obtained.

is that there are two product channels, leading tosCHt D Finally, the spir-orbital correction has been estimated at the

and CHD™ + H, respectively. As can be seen from Figure 5, CASSCF/AVTZ level of theory using the implications in

the CH* + D channel always prevails over the ¢ + H Gaussian083! To compute the spinorbit coupling, the integrals

channel, as indicated by the larger rate coefficients for the formerwere computed in a one-electron approximation involving
in the whole temperature range considered. The yield of'CH  relativistic terms, and then effective charges were used that scale
was shown in Figure 6 to compare with the experimental data. the Z value for each atom to empirically account for 2-electron
It can be seen that G is always the major product of reaction  effects. It was found thaAEso = —0.1 kJ/mol.

2 with branching ratios greater than 50%, in good agreement With the above corrections, the predict&H,° data are listed
with the experimental observatidh.The calculated absolute in Table 5.AH,° is only —4.3 and—4.5 kJ/mol at the CCSD
yields of CH;* are a little smaller than the experimental data and G3MP2 levels. Although both values appear to be in best
by about 10%. Through the analysis of the structure of the rate- agreement with the experimentally preferable thermoneutral
determining TS2, it is known that the rotation constants of TS2 result, it is known that both levels of theory result in large error
for CHs™ + D channel are smaller than those for {LH + H bars (e.g.£ 8 kd/mol). The RCCSD(T) and MRCISD levels
channel (e.g., 4.42/1.03/1.00 chversus 4.42/1.27/1.24 cr. of theory predict very similanH,%, ranging from—12.7 to
Moreover, TS2 for Ck" + D channel has a slightly larger —15.6 kJ/mol. HoweverAH° with the estimated Full CI is
imaginary frequency (385 cmd). The smaller rotational con-  about 4 kJ/mol smaller. We took the average value of the
stants are, the larger the number of states is; the larger theRCCSD(T), MRCISD, and Full CI calculated data as our best
imaginary frequencies are, the more significant tunneling effect estimation: AH,° = —12.7 4+ 5.2 kJ/mol (2 standard error).
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At 298 K, AH,° = —13.5+ 5.2 kJ/mol. It is interesting to note
that our best estimation is by coincidence in the middle of
previous data (e.g., 0 te 19 kJ/mol).

The straightforward conclusion drawn from the presei{°
value is that the reverse reaction, £H+ H — CHs™ + Hy,
should be much slower than the title reaction, which is in conflict
with the experimentd?21 At room temperature the destruction
of CHs™ by H atom was observed to be 10 times faster than its
production via the Cki" + H, reaction. Neither ab initio nor

kinetic data support the experimental results of Federer et al. Ity -
is impossible to understand such a discrepancy so far. Two

possibilities are suggested. First, the reaction in the SIFDT
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The CH," + H, reaction shows a significant isotope effect.
For the CH™ + HD reaction, two product channels exist,
forming CHst + D and CHD™ + H,, respectively. The less
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