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MRCI Calculations of the Lowest Potential Energy Surface for CHsOH and Direct ab Initio
Dynamics Simulations of the O{D) + CH4 Reaction’

Hua-Gen Yu* and James T. Muckerman*
Department of Chemistry, Brookben National Laboratory, Upton, New York 11973-5000

Receied: January 26, 2004; In Final Form: June 7, 2004

The stationary point geometries and frequencies on the lowest singlet potential energy surface for the
CHs0OH system are calculated using the complete-active-space self-consistent-field method. The energetics
are refined using a restricted internally contracted multireference configuration interaction (MRCI) method
at the complete basis set (CBS) limit. The CBS energy is extrapolated using the scheme of Halkier et al. with
two large basis sets: aug-cc-pVDZ and aug-cc-pVTZ. The implications of our calculated results concerning
the O¢D) + CH, and OH+ CHjs reactions are discussed. In addition, théB)({ CH, reaction at a collision
energy of 6.8 kcal/mol is investigated using a variant of the “scaling all correlation” (SAC) method of Truhlar
et al. and the coupled-cluster double-excitation (CCD) method in a direct dynamics study with a D95(d,p)
basis set. The results show that thé)(+ CH, — OH + CHjz reaction occurs both via direct and long-lived
intermediate pathways. The differential cross section for the direct reaction to form OH is forward peaked
with a nearly isotropic background. Finally, the branching fractions for OH, Hlakld HO are predicted to

be 0.725:0.186:0.025:0.064.

I. Introduction have applied the variational RRKM (Rie®kamsperger
Kassel-Marcus) theory to study these reactions. However, the
The reaction of methyl radicals with hydroxyl radicals is an - statistical simulation strongly depends on the parameters used.
important reaction in the combustion of hydrocarbérsThe In particular, the results are very sensitive to the endothermicity
reaction has eight possible product channels: of the CHy(a!A;) + H,O products
In addition, the OYD) + CH, reaction is a central reaction
OH + CH,— O('D) + CH,, AHJ, = 39.53kcal/mol (1) in the upper atmosphere. Although there are at least six possible
product channels, the products are dominated by -©iH;
—2H + H2C01AH8K = 33.51kcal/mol 2) (69%)210The experimental results show that thé@)(+ CHy
— OH + CHjs reaction may proceed via multiple dynamical

— H + CH,0, AH}, = 13.53kcal/mol 3) pathway<»11In contrast, only an insertion pathway forming an
o intermediate complex can lead to the H, lInd HO products
—H+ CH,OH, AHg = 4.2kcal/mol 4) because they cannot be formed via the direct abstraction of a

1 hydrogen atom. The interaction potential energy surface between
— CHy(@"Ay + H.0, O(*D) and methane in the entrance channel has been studied in
AHSK = 0.77kcal/mol (5) detail by Arat? using a MRDCI method. A small barrier (2.1
. kcal/mol) at a collinear ©H—C geometry was found. Recently,
— H, + cistrans HCOH, this small barrier was confirmed by Gonzalez and co-
AHgK = —16.19kcal/mol (6) workerg%13-15 ysing a PUMP4 theory, and they have also
performed a quasi-classical trajectory dynamics study of the
—H,+ H2CO,AH8K = —70.7kcal/mol ©) O(*D) + CH; — OH + CHj reaction using a pseudotriatomic
PUMP4//UMP2 potential energy surface. Recently, thayso
— CH,OH, AHJ, = —98.54kcal/mol (8) carried out a CASPT?2 study of the two lowest singlet potential
energy surfaces of the @) + CH, reaction system. Further-
more, the variational RRKM rate constants of Chang and’Lin

where reaction 5 is the dominant channel above room temper- . )
aturel45 Since these reactions occur via an intermediate SU99€St @ nonstatistical behavior for the @HCH; products

CHsOH without any barrier in the entrance channel of the M this reaction because it is so fast. Currently, there is no
ground-state potential energy surface, the measured rate condynamics calculation available based on a realistic full-
imensionality potential energy surface for &iH.

stants are highly pressure-dependent, e.g., see ref 6 andj L o8
references therein. Theoretically, by taking advantage of the deep, Although there are several accurate ab initio calculatibifs

well on the ground potential energy surface, several gfoips  [0f the CHOH system, those studies addressed only tHOD(
+ CH, reactiont>'” the OH + CHs reactiont® or the

decomposition of CkDH 818 This is partly due to the difficulty
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completely using a multireference ab initio method. For the relative SAC reaction energies with respect to the relative MRCI
O(*D) + CHj, reaction, a full-dimensionality direct ab initio  reaction energies. The resultifigwas found to be 0.78 for the
dynamics study is carried out to understand the detailed reactionD95(d,p) basis set. The optimal valueRfof course, depends
mechanism. As a result, the branching ratios of a variety of on both the ab initio method used and the basis set, and we
products can be computed. In contrast, the previous QCT selected the D95(d,p) basis after comparing it to several
dynamics studié&1315 using a pseudotriatomic model allow alternative basis sets.

only the OH+ CHjz product channel to be considered. The initial conditions of quasi-classical trajectories (QCT)
were sampled in the usual mantfe for a fixed collision
II. Computational Method energy of 6.8 kcal/mol. The impact parameter and the orienta-

tion, rotational energy, and vibrational phases of methane were
explored by two electronic structure methods: the complete selected randomly from.th'e appropriate distribution funct.io'n.s.
active space (CAS) SCF method, and the restricted internally CHa was assume_d to be in its vibrational ground state. The initial
contracted multireference ClI (MRCI) method. The optimized C_arteS|an coordinates and momenta of the atoms of &l
geometries and harmonic frequencies of the reactants, transitior'Ve" by
states, intermediates, and products on the lowest singlet potential

energy surface are calculated at the CAS(10,10)/cc-pVDZ level.

That is, there are 10 active electrons and 10 active orbitals in 1z
the CASSCF study. The four inactive orbitals correlate to the p=M "LQ (12)

core (1s) and the lowest valence (2s) orbitals of the carbon andyhere M is a diagonal matrix of atomic masses, is the
oxygen atoms. All other valence orbitals are included in the eqyiliprium geometry, and. is an eigenvector matrix that
active space. The energy of each stationary point is refined atgjagonalizes the mass-weighted Cartesian force constant matrix

the CAS(10,10)/cc-pVDZ optimized geometry by the restricted of CH,. Theith normal coordinate and its velocity for a given
MRCI method with a large aug-cc-pVTZ basis set. The gyantum numben; att = 0 are written as

Davidson correlation energy correction is also included. These

The potential energy surface for the €bH system is

x=M"1LQ +x, (11)

results are denoted as MRBD/aug-cc-pVTZ//CAS(10,10)/cc- Q =A cos(ZrSQi) (13)

pVDZ. Similarly, the MRCH-Q/aug-cc-pVDZ// CAS(10,10)/

cc-pVDZ energy for each point is also calculated. By using the Q — —Ai/1~l’2 sin(2r&,) (14)
1 I ;

extrapolation method of Halkier et &P,the final energy
(denoted as MRCGHQ/CBS) at the complete basis set (CBS) whereA = [(2n; + 1)A/4Y2Y2 and A2 are the amplitude and

limit is given by frequency of theéth normal mode, andq, is a random number
uniformly distributed in the interval (0,1). Once the coordinates
of CH, have been specified, its rotational energies are then added
by using a thermal distribution method &t= 298.0 K, i.e.,

EMRCI+Q/CBS= EMRCI+Q/auchcfpVTZ +

8
l_g(EMRCI+Q/augrccfpVTZ - EMRCI+Q/augrccfpVDZ) )

Eo=3kgTI2= L2, (15)

In the restricted MRCI calculations, we have included in the o

reference function only those CAS configurations having no
more than a total of two electrons in active space orbitals that in a principal axis system in whidly are the inertial moments.
are unoccupied in the principal ground-state configuration. The The L, are the components of the total rotational angular
restricted reference functions nevertheless include all single andmomentum, L, and are randomly sampled according to a
double excitations from the principal configuration in the active classical rotor, namely,

space orbitals. The MRCI energy convergence has been checked

by removing the reference state restriction for several species. L= L siry cosy (16)
It was shown that the error was less than 0.5 kcal/mol due to o
the restriction employed. Further, the symmetry of the electronic Ly = L siny siny 17

orbitals was not exploited. The MOLPRO 2002 program
packagé® was used in these electronic structure calculations.
Since it is impossible to carry out direct ab initio dynamics
calculations using the MRCI theory because of the prohibitively
massive nature of such computations, a variant of the “scaling
all correlation” (SAC) method of Truhlar et &i-24is employed. added, the components of the spurious angular momeEfm

Thatis, the forces used in classical trajectory propagations are, o o\ing to the vibrational motions are first subtracted from
determined by a dual-level ab initio potential energy surface |
.

L,=L coy (18)

where the phases are determined byycesl — 2§, andy =
27§, using two additional random numbers uniformly distrib-
uted in the interval (0,1). Before the rotational energies are

E. —E Since the above procedure does not consider the anharmo-
Egpc= EHF+LHF (10) nicity of the vibrational motion and the Coriolis coupling, a
F scaling method was used to adjust the initial momenta and

whereEyr andEccp are the HartreeFock and coupled-cluster positions ofotlle aotoms ig CHo obtain r_:m accurate total internal
with double-excitations energies. The global constaris a energy af£” = E, + E,. The coordinates and momenta are
scaling factor for the CCD correlation energy. For a given basis Sc@led according to the relations

set, this factor should be chosen to balance the correlation 0/ 1/2

energies in all breaking bonds of the system. In the original = (X = XJ(ETE) "+ X, (19)
works of Truhlar et al2l=24 the scaling factor was adjusted by Or1/2

fitting the SAC reaction enthalpies to the experimental values. ps= P(E7/E) (20)
Here this factor was adjusted by minimizing the errors of the whereE is the actual internal energy calculated using the exact
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Figure 1. Optimized geometries of stationary points on the potential energy surface of the lowest singlet electronic sta@+bbCtie CAS-
(10,10)/cc-pVDZ level, where lengths and angles are in bohr and degrees, respectively.

Hamiltonian form. The scaling procedure is successively applied DualOrthGT dynamics program, which is a quasi-classical

until the relative errors are smaller than 0.1%.

The choice of these initial conditions for trajectories is
motivated by those of the crossed molecular beam experithent.
In the calculations, the maximum impact paramekgf and

trajectory routine for studying unimolecular and bimolecular
reactions developed by one of the authors. On aBiGux
workstation (single 1.72.0 GHz P4 Xeon CPU), it took
typically nearly 22 h of CPU time to carry out a 1.0 ps trajectory

the initial distance do) between oxygen and methane are taken propagation. Therefore, the calculation of the 470 trajectories

to bebmax = 6.0 8 andpg = 10.0a,, respectively. Hamilton's
equations were integrated by the predietoorrector symplectic
reversible integrator of Martyne and Tuckerrdawith a time

reported here required in total about 305 days of CPU time.
Actually, they were run several at a time (i.e., with trivial
parallelization), each on a different processor of a PC cluster.

step of 0.32 fs. The trajectories were terminated if the distance
between two fragments became larger than &@b5or the
propagation time reached 1.0 ps. The total energy in all Ill. Results and Discussion
trajectories was conserved to better than one percent. All forces
used in the dynamics calculations are evaluated using the
Gaussian 98 prograthas

III.1. Multireference CI Calculations. The optimized
geometries of the stationary points on the 4O potential
energy surface are displayed in Figure 1, together with their
point group symmetry. Their relative energies and harmonic
frequencies are given in Table 1. For thé@)+ CH, reaction,
an early transition state (TS1) with a collinear—8-C
The HF and CCD gradient calculations are called by the geometry is predicted. The classical barrier height obtained is

e/ 3% — IEE/0X
3 (21)

IEsac/0X; = 0E/0X; +
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TABLE 1: Relative MRCI +Q/CBS Energy, Zero-Point Energy (ZPE), and Harmonic Frequencies for the OH+ CH3 System,
Where the ZPE and Frequencies Were Calculated at the CAS(10,10)/cc-pVDZ Level

species enerdy ZPE frequencies /cn
O('D) + CH,4 0.0 (0.0) 28.00 1354(t), 1571(e), 2970, 3136(t)
OH + CHs —39.22 (-39.79) 23.93 3613; 580, 1424(e), 3071, 3314(e)
CHy(a'A;) + H:0 —38.75 (-38.96) 23.96 1468, 2868, 3129; 1709, 3734, 3851
H + CHz;O —22.76 (-23.37) 23.10 495, 1030, 1184, 1380, 1501, 1544, 2884, 2940, 3202
H + CH,OH —31.60 (-31.77) 23.83 460, 811, 1085, 1173, 1409, 1516, 3101, 3319, 3797
H, + transHCOH —54.44 (-54.06) 22.72 4208; 1105, 1240, 1336, 1532, 2785, 3684
H,+ cisHCOH —49.85 (-49.47) 22.31 4208; 1029, 1277, 1333, 1450, 2670, 3636
H, + H.CO —106.40 (-105.56) 22.93 4208; 1209, 1288, 1567, 1795, 2856, 3118
TS1 1.47 (0.90) 27.08 282117, 468, 1253, 1332, 1396, 1526, 1535, 2526, 2730, 2777, 3284
TS2 —39.47 (-38.56) 25.87 2374924, 927, 1142, 1177, 1204, 1303, 1523, 1652, 2185, 2893, 3169
cisTS3 —41.06 (—40.66) 25.17 1338522, 636, 888, 1112, 1228, 1296, 1454, 1480, 2415, 2866, 3711
transTS3 —42.98 (-42.84) 25.48 1419516, 602, 951, 1118, 1201, 1318, 1499, 1536, 2138, 3199, 3746
TS4 —47.51 (-47.38) 27.58 1297440, 503, 788, 1007, 1132, 1460, 1589, 2337, 3034, 3268, 3731
TS5 —134.26 (-133.33) 31.95 3371056, 1098, 1206, 1401, 1483, 1531, 1566, 2949, 3004, 3230, 3832
TS6 —26.79 (-26.06) 27.30 2134479, 668, 787, 916, 1224, 1332, 1420, 2030, 3132, 3364, 3746
CHae++H,0 (vdw) —48.85 (-49.15) 28.80 124,241, 546, 582, 941, 1107, 1432, 1690, 2868, 3161, 3733, 3850
CH;OH —135.24 (-134.31) 32.37 300, 1065, 1098, 1179, 1425, 1497, 1536, 1551, 2936, 2982, 3280, 3797

aEnergies in kcal/mol are relative to the'Of + CH, limit (—115.387393 au) The values in the parentheses are the MRQlaug-cc-pVTZ//
CAS(10,10)/cc-pVDZ energies with respect to theé)(+ CH, limit (—115.345158 au).
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Figure 2. Schematic energy diagram of the!DJ + CH, reaction at the MRCFQ/CBS level with the zero-point energy correction obtained from

the CAS(10,10)/cc-pVDZ results.

1.47 kcal/mol with respect to the &) + CH, limit. However,

if the zero-point energy is included, the vibrationally adiabatic
ground-state barrier height is only 0.56 kcal/mol. This is
consistent with the experimental observatfoaf a near zero

this calculation. In addition, a transition state (TS5) is obtained
for the internal rotation of the CHmoiety around the ©H
bond in CHOH. The barrier height is only 0.55 kcal/mol with
a small imaginary frequency, i.e., 37Therefore, the ©H

activation energy for this reaction. It is also in good agreement torsion mode of CHOH can be treated as a hindered rotational

with the recent CASPT2 restfitof no barrier in the GD) +

CH, entrance channel. Compared to the previous classical barrier

height of 2.1 kcal/mol from MRDGPF calculations and 3.6 kcal/
mol from PUMP43 calculations, the present value of 1.47 kcal/
mol is in better accord with experiment.

motion.

The reaction exothermicity is predicted to be 43.29 kcal/mol
for the OH + CHs; products and 42.79 kcal/mol for the
CHa(a'A;) + HO products from the GD) + CHj, reactants.
These results are in good agreement with the experimental

A schematic energy diagram (including the zero-point energy) values® of 43.6 and 42.8 kcal/mol, respectively. The exother-

for the O{D) + CHj, reaction is depicted in Figure 2. The

CH30OH molecule is located at 130.86 kcal/mol below théQm(

+ CH4 asymptotic limit. This value is comparable to the PUMP4
value of 129.2 kcal/md Both are larger than the MRDCI result

of 122.2 kcal/mok? Nevertheless, our value is still smaller by

2.8 kcal/mol than the experimental value of 133.7 kcal/mol
(AHSYK)?O This difference may reflect the maximum errors in

micity for OH + CHs; is also in good agreement with the
CASPT2 calculatiotf of 42.7 kcal/mol. In addition, the endo-
thermicity of the OH+ CHz — CH(a%A;) + H,0 reaction is
calculated to be 0.50 kcal/mol. Therefore, this MRCI/CASSCF
result represents an apparent improvement over the DFT-based
results, 4.95 kcal/mol (CCSD(T)//B3LYP)and—1.6 kcal/mol
(G2M//B3LYP) 8 This may be because the excited singlet,CH
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TABLE 2: Comparison of Energetics for the OH + CH3; System with Experimental (0 K) and Previous Theoretical Results

species thiswork RMP2 CCICAS* MRDCIZ  G2MS  B3LYPY  PUMP43  CASPTZ25  exptf®
OH + CH; 0.0 0.0 0.0 0.0 0.0 0.0 0.0
O(D) + CH, 43.29 425 42.6 42.7 436
CHy(atAs) + Hz0 0.50 0.8 0.8 -16 4.95 0.8
H + CHO 15.63 17.9 13.0 12.31 14.6 12.7
H + CH,OH 7.52 11.7 5.0 4.55 41
H,+transHCOH  —16.43  —23.1 -17.0 —211  -17.63 ~17.4
H, + cis-HCOH ~-1225  -18.2 ~17.4
H, + H,CO -68.18  —77.8 —70.0 -738  -70.01 -71.7
TS1 43.85 435 425
TS2 1.69 2.3 3.8 -1.3 2.53
CisTS3 —0.60 —6.4
transTS3 —2.21 -3.2 -31 -3.8 —2.84
TS4 —4.64 -3.0 -7.8
TS5 -87.02
TS6 15.80 16.56
CHy+++H,0 (vdw) —4.75 -9.6 -9.2
CH:OH -87.57  —94.2 -88.1 -79.7 -91.9  -88.32 —86.6 -84.8 —90.1

2 Energies in kcal/mol include the zero-point energ¥he OH+ CH; energy is assumed to be 0.8 kcal/mol lower than that of the(&A)
+ H2O limit in order to make a comparison.

atom in HCOH. If the zero-point energy is included, however,
this complex is not stable and consequently is not shown in
Figure 2. 3.0

For the OH+ CHjs reaction, the relative energies of products
and transition states are collected in Table 2, together with a
comparison with the experimental vald&and previous theo- 2.0
retical calculationg:512171%Reactions 2, 3, and 4 are barrierless

3.5

species involved in this reaction is not represented well by a 5.5 —
single-determinant wave function. 50 |
Furthermore, a van der Waals complex was found for the '
interaction between Hand bothcis- and transHCOH mol- 45 ]
ecules. The well depth is predicted to be 0.12 kcal/mol with a
distance of 6.709, from the center of mass of Ho the carbon 4.0 ]
08

ROH/aO

0.1 —

2.5

0.06

0.08 S
0.04 _ 0.02 ’_00—__ b

processes whereas there are transition states in reactions 5, 6, 15 ) ]
and 7. For reactions 3, 4, and 7 as well as that to form the 15 20 25 30 35 40 45 50 55
CH3OH intermediate, our MRCI/CASSCF results systematically Ren/ag

underestimate the reaction enthalpy by about 2.5 to 3.5 kcall rigyre 3. Contour plot for the OHH CHs — CHx@Ay) + H0
mol compared with the experimental values. The barrier heights reaction calculated at the CAS(10,10)/cc-pVDZ level, where the-HO
of the transition states are generally comparable to the previousH'—CHs bond is collinear with a HGH' bond angle of 108.04and

ab initio calculations. Notable exceptions are those for the an HC-H' bond angle of 86.72 The geometries of the two fragments
formation of cisHCOH via reaction 6, and TS2 for the OH and CHWQre fixed at the tr_ansition state (TS6) values. The relative
formation of FCO via reaction 7. The former is higher than ~SONtour energies are labeled in hartree.

the previous theoretical value, while the latter is lower than most mol above the OH+ CHj reactant limit, which is in close
of the other theoretical estimates. agreement with the CCSD(T)//B3LYP result of 16.56 kcal/#fol.

It is interesting to examine the O CHz — CHx(a'A;) + This transition state indicates that the reaction can occur via a
H.O reaction in more detail. Along the minimum energy reaction hydrogen abstraction mechanism at high temperatures. A contour
path, as CHOH dissociates to products, there are a late transition plot of the potential energy surface for this process is shown in
state (TS4) and a weakly bound van der Waals complex. Both Figure 3.

TS4 and the vdw complex were first studied by Harding éal. [11.2. Direct ab Initio Dynamics for the O(1D) + CH4
using a Magller-Plesset perturbation theory and were subse- Reaction. The dynamics study of the @3) + CH, reaction
quently studied by Walchusing a CCI/CASSCF method. Our was performed using the SAC/D95(d,p) method described
results show that the TS4 transition state lies below the reactantabove. A comparison of the theoretical relative CCD, SAC and
OH + CHjs and the product ChalA;)+ H,O channels. The = MRCI4+Q energies at the computed stationary points on the
calculated energy relative to OHt CHs is —4.64 kcal/mol, ground-state potential energy surface is given in Table 3.
which is close to the MP value f3.0 kcal/mot® but smaller Overall, there is reasonable agreement between the SAC/
than the G2M//B3LYP one of 7.8 kcal/mol® Furthermore, the D95(d,p), MRCHQ, and the available experimental results. The
binding energy of the vdw complex is predicted to be 5.25 kcal/ RMS deviation of the SAC/D95(d,p) relative energies from the
mol with respect to the CHfalA;) + H,0 limit. This complex MRCI+Q/CBS results at the 16 stationary points listed in the
results from electrostatic interactions. Compared with the MP table is only 0.98 kcal/mol. This agreement validates the use
and G2M//B3LYP result&;8the present binding energy is only  of the SAC/D95(d,p) method in the present direct ab initio
about half of the previous values. The discrepancy could arise dynamics calculations, especially because the total energy
from deficiencies in both the MP and DFT methods that cause available to the products of the ) + CH, reaction is so

the overestimation of the binding energy. large.

Finally, a transition state (TS6) for the direct CHCHz; — In all, 470 trajectories were run at the collision energy of 6.8
CHy(alA;) + H,0 reaction was found. The TS6 lies 15.80 kcal/  kcal/mol. Trajectories that did not dissociate to products within
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TABLE 3: Comparison of Theoretical CCD/D95(d,p),
SAC/D95(d,p), and MRCIH+Q/CBS Energies with the
Estimated Experimental Values, Which Are Obtained by
Subtracting the Zero-Point Energy (ZPE) Given in Table 1
from the Enthalpies (0 K)?

species Eccr? Esad® MRCI+Q  exptf’
O(D) + CHs4 0.0 0.0 0.0 0.0
OH + CH;s —45.11  —40.90 —39.22 —39.53
CH,(a*A1) + H0O —36.41  —38.63 —38.75 —38.76
H + CH;0 —27.11 —23.48 —22.76 —26.0
H + CH,OH —32.86 —31.87 —31.60 —35.33
H, + transHCOH —53.65 —57.56 —54.44 —55.72
H, + cisHCOH —48.21 —52.19 —49.85
H, + H.CO —105.42 -110.60 —106.40 —110.23
TS1 0.02 —-0.12 1.47
TS2 —30.66 —37.32 —39.47
cisTS3 —35.34 —41.33 —41.06
transTS3 —38.56 —44.62 —42.98
TS4 —42.77 —48.62 —47.51
TS5 —133.12 —137.86 —134.26
TS6 —17.83 —24.91 —26.79
CHp+-H,O (vdw)  —48.03 —51.97 —48.85
CH3;OH —134.40 -—139.15 —135.24 —138.07

aEnergies in kcal/mol are relative to the 'Of + CH, limit.
b Energies at the GD) + CH, limit are —115.213388 au for CCD/
D95(d,p), and—115.305 683 au for SAC/D95(d,p), respectively.

TABLE 4: Product Distributions of 470 Trajectories at 1.0
ps for the O(*D) + CH, Collision with a Translational
Energy of 6.8 kcal/mo#

product

species trajectory no.  direct complexfraction
O(D) + CH, 70
OH + CHs 56 0.1400 0.5899  0.7299
CHz(a*A;) + HO 25 0.0625 0.0023  0.0648
H + CH30 47 0.1175 0.0003 0.1178
H + CH,OH 6 0.0150 0.0398  0.0548
H, + transHCOH 2 0.0050 0.0082  0.0132
H, + cisHCOH 0 0.0 0.0031  0.0031
H, + H.CO 3 0.0075 0.0014  0.0089
H+ H + H,CO 3 0.0075 0.0 0.0075
CH3;OH* (complex) 258

aThe final product fraction was calculated by adding the contribu-
tions from the unimolecular dissociation of the complex;OH*. The
contributions from the direct and complex reactions are given in the
last two columns.
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reaction probabilitijr is calculated by the sum of these two
contributions as
r d

PJ-=PJ-+F’*('§fj (22)
whereP! = NY/Nia is the direct reaction probability for the
product channgjl at a time less than 1.0 ps; af = Ni/Na
is the probability of forming the intermediate complex
CH30OH* at the time of 1.0 ps. Herdlota), de andN; are the
numbers of total trajectories, of direct reactions resulting in
channej, and of complex-forming trajectories, respectively, and
fj is the branching fraction from the unimolecular dissociation
of CH3OH*. It is calculated using RRKM theory #s32

__9NE-E)

_ 23

: 2 o N(E — Eki) @9
whereo; andN;(E) are the reaction degeneracy and the sum of
the states for the channgelin this work, the sums of the states
are evaluated using the saddle-point method with the harmonic-
oscillator and rigid-rotor approximations. For the barrierless
product channels, they are determined using a variational RRKM
method?®34 by minimizing the quantity

INE—-ER) 0
oR, B

whereR is the reaction coordinate corresponding to the breaking
bond. The interaction potential(R) along the reaction path
were calculated using the B3LYP/6-31G(d,p) theory with the
intrinsic reaction coordinate (IRC) method in Gaussian 98. The
vibrational frequencies perpendicular to the reaction coordinate
were projected using a “Freg projected” option. Finally, the
sums of states are calculated using the convolution integral

(24)

E
NE) = i Nyp(E — &R)po(eiR) de (25)
with Nyip, = EXK!IIThy; for the sum of vibrational states &
harmonic oscillators, angot = 2,/E/B,BgB for the density
of rotational states. HerBs are the rotational constants of the

1.0 ps of simulated time were terminated and counted as formingsSystem. In eq 25 theR-dependence applies only for the

the intermediate complex GBH*. We arbitrarily chose this

barrierless processes. Especially, for the ®&H; channel, if

1.0 ps criterion because it is longer than the rotational period the two lowest vibrational frequencies are smaller than 100
of the excited intermediate complex, and we assume that cm™1, they are treated as a two-dimensional free-rotor with a

collision complexes living longer than 1.0 ps will dissociate
statistically. We found that direct reactions normally occurred
within 450 fs so that it was not difficult to distinguish them
form the long-lived trajectories, and no effort was made to
distinguish the lifetime of the collision complexes from the
simulated time of the trajectory. The results obtained are
presented in Table 4, and the opacity function for the total
reaction probability is shown in Figure 5a. The total reaction
cross section was calculated to be 82.8.2 a,?. Although the
reaction probability at the maximum impact paramdigs =
6.0 ay does not clearly show zero probability in Figure 5a, no
reactive trajectory was found in an ensemble of 15 test
trajectories withbmax = 6.0 &y. Therefore, the truncation errors

density of states g(E) = 2/h,/v,v,. With these classical limit
treatments, the integral in eq 25 can be easily evaluated. Since
the total energy is large (for instance, more than 50 kcal/mol
for OH + CHsy) in this case, such an approximation should be
sufficiently accurate.

The branching fractions are predicted to be
0.725:0.186:0.025:0.064 into the product channels OH, 4, H
and HO, respectively. They are in excellent agreement with
the experimental valuési>36 Lin et al3® recommended the
branching fractions as 0.69:0.23:0.05:0.015 according to their
crossed-beam experiments. Satyapal and co-wdfkangained
branching fractions of 0.75:0.25 for the OH and H channels.
Obviously, the main products are OH CHs. Although the

for the cross sections by using this maximum impact parameter major portion (about 81%) of the OH yield is produced via a

should be within the statistical error bars.
The dissociation of the intermediate complex {CHH*

long-lived complex, a substantial portion of the OH product is
produced via a direct reaction mechanism. Trajectories show

remaining after 1.0 ps is treated using a statistical theory. In that these direct reactions proceed by a process éD)O(

such a way, we can roughly distinguish a direct reaction
mechanism from reactions via a long-lived complex. The final

inserting into a GH bond of CH, rather than directly
abstracting or stripping off a hydrogen atom from methane. One
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Figure 4. A trajectory for the formation of OH+ CHjs via a direct reaction pathway. The time in femtoseconds is indicated in each panel.

tical as observed by several experimental grop® Unfor-

_ tunately, the number of such reactive trajectories is too small
to permit a quantitative analysis of the product distributions.
More importantly, most of the reactive trajectories were
terminated before the products had reached their asymptotic
values of relative velocity and internal energy.

os | | The calculated differential cross sectitf® for the direct

; l component of the GD) + CH; — OH + CHj reaction is

a 1
0.9

0.8

07 1

06 1

04

Reaction Probability

displayed in Figure 5b. It is clearly seen despite a rather large
statistical uncertainty that the differential cross section for the
direct reaction exhibits a pronounced forward peak superimposed
on a relatively isotropic background. This conclusion is
coincident with most recent crossed-beam observatiogain,
it is not necessary to use a stripping mechanism to explain the
forward scattering for this reaction. Recently, Gonzalez and co-
workers® reported a reduced-dimensional QCT study using a
pseudotriatomic model. At a similar collision energy (6.5 kcal/
mol), the probability of abstraction reactions is negligible, i.e.,
near 0.0009. In particular, they also concluded that the total
differential cross sections show forward and backward peaks.
Therefore, our outcomes are in excellent agreement regardless
of the number of the dynamical degrees-of-freedom treated.
It was found that the products GB and HO are produced
mainly via a direct mechanism, whereas the product@His
largely formed via the intermediate complex. Interestingly, in
addition to the unimolecular dissociation of gbH*, there are
three direct reaction mechanisms for the formation eC6.
They are the elimination of flthe elimination of two hydrogen
atoms, and the elimination of two hydrogen atoms via the
secondary reaction H CHsO — H + H + H,CO. These
trajectories are shown in Figure 6. They provide concrete
evidence that the product G8 can further dissociate to smaller
fragments as shown in Figure 6c¢. In other words, for thEbd(
+ CHy reaction, secondary reactions are also important,

03

02 .

0.1 a

0 s L L L L

o

-

Solid-angle differential cross section (ay st}

0 20 40 60 B0 100 120 140 160 180
Scattering angle (degrees)
Figure 5. (a) Calculated opacity function for the total reaction
probability and (b) calculated differential cross section for th&D)(
+ CH, — OH + CHgsreaction via the insertion direct mechanism, where .
zero gegrees corressponds to forward scattering. The maximum observecfaSpeC'al,Iy for the H (j‘hannel. . .
impact parameter for a reactive collision was 5892The shaded boxes By using the reaction probability, we can estimate the rate
indicate the function values one standard deviation for each bin along  constant at this collision energy ks= gVyo; = 1.34 x 10710
the abscissa. cm® molecule s1, whereg = /s is the electronic degeneracy
) ) o o ) factor of O¢D). HereVr ando; are the collision velocity and

such typical trajectory is displayed in Figure 4 as a function of the reaction cross section, respectively. This value is comparable
occurs around 135 fs. Although there is an energizeg@Ht 10710 cm® molecule' 1. For the OfD) + CH, reaction, the
fs. As aresult, this is considered to be a direct reaction process.;gT1/6
Therefore, our dynamics results demonstrate multiple pathways
for the O{D) + CH,— OH + CHgz reaction, which is consistent
with the crossed molecular beam stiitys well as the previous
QCT calculationg4 The direct reaction mechanism also implies The potential energy surface for thelDf + CH,; and OH
that the OH rovibrational state distributions could be nonstatis- + CHj reactions has been characterized using the restricted

IV. Summary
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Figure 6. Three typical trajectories for the formation of€O: (a) OtD)+ CH; — H, + H,CO, (b) O{D)+ CH, — 2H + H,CO, and (c) OD)+
CH; — H + H3CO — 2H + H,CO, where the time in femtoseconds is indicated in each panel.

MRCI+Q/aug-cc-pVTZ//CAS(10,10)/cc-pVDZ method extra- reaction corresponding to the unimolecular dissociation of@H
polated to the complete basis set limit. A small early barrier is involved. Further, it was noticed that the direct reactions for
with a classical barrier height of 1.47 kcal/mol is determined the products OH and CHproceed through an insertion
for the OD) + CH, reaction. If the zero-point energy correction mechanism to form a very short-lived vibrationally excited
is included, the vibrationally adiabatic ground-state barrier height CH;OH* molecule. These reactions are preferentially forward
is 0.56 kcal/mol. The exothermicity (0 K) of the major reaction scattered, in good agreement with the crossed molecular beam
O(*D) + CHy4 — OH + CHjzis predicted to be 43.29 kcal/mol.  experimentst as well as the pseudotriatomic QCT calcula-
The endothermicity of another key reaction, OGHCH; — tions14151n this study, only the lowest singlet electronic state
CHy(a'A;) + H0, is obtained as 0.50 kcal/mol. Both results was considered. Quite recently, CASSCF and CASPT2 calcula-
are in good agreement with the experimental values. However, tionst® have indicated that the barrier height for the')( +
the calculated enthalpies for the @bH molecule and the H  CH; — OH + CHs reaction is around 1:212.0 kcal/mol on
and H product channels are systematically underestimated by the first excited singlet state. This result conflicts with the high
about 1.0 to 3.5 kcal/mol. barrier that was predicted previoudR/.Nevertheless, the
Along the minimum energy reaction path of the GHCH; reactivity on this excited state would be expected to be much
— CHy(a'A;) + HyO reaction, as CkDOH dissociates to smaller than that on the ground-state surface, as the latter is
products, there are a late transition state (TS4) and a van demearly barrierless and quite isotropic in the entrance chdfinel.
Waals complex. Their energies (including the zero-point energy
correction) are obtained as5.14 kcal/mol and—5.25 kcal/ Acknowledgment. This work was performed at Brookhaven
mol, respectively, with respect to the @#A;) + H,O National Laboratory under Contract No. DE-AC02-98CH10886
asymptote. Furthermore, it was also noticed that this reaction with the U.S. Department of Energy and supported by its
could occur via a direct abstraction mechanism through the TS6 Division of Chemical Sciences, Office of Basic Energy Sciences.
transition state at high temperatures. The vibrationally adiabatic H.G.Y. was partially supported by a Goldhaber Fellowship.
ground-state barrier height is predicted to be 15.8 kcal/mol.
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