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Abstract In the present work, we have developed a new
analytical potential energy surface fitted to ab initio data
for the seven atoms OH + CH, — H,O + CH; hydrogen
abstraction reaction and its isotopomer analogues, named
PES-2014. This surface provides analytically not only
energy, but gradients, which is a computational advantage
in dynamics calculations. It reproduces the topology of the
reaction from reactants to products, with a barrier height
of 6.4 kcal mol_', exothermicity of —13.3 kcal mol_', and
the presence of intermediate complexes in the entrance and
exit channels, in excellent agreement with recent accurate
estimates and ab initio calculations. Using the PES-2014
surface, we performed quasi-classical trajectory calcula-
tions, in the collision energy range 4.0-16.0 kcal mol !,
to analyze the dynamics of this reaction and its isotopomer
analogue, OH 4+ CD, — HOD + CD;, comparing the
results with experimental data. We analyze the excitation
function, the product energy distribution, and the product
angular distribution, obtaining reasonable agreement with
the experimental information. Although the agreement is
not yet quantitative, we conclude that the new PES-2014
surface and the QCT approach simulate reasonably well the
dynamics of this reaction. Finally, by analyzing the role of
the intermediate complexes in the dynamics, we find that
the influence of the reactant complex is negligible while the
product well permits randomization of the scattering angles
for a small percentage (5—10 %) of the reactive trajectories
that show a practically isotropic behavior, associated with
an indirect mechanism.
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1 Introduction

Full-dimensional quantum mechanical (QM) scat-
tering description of triatomic systems of the type
A 4+ BC — AB + C is a relatively mature field, with
results comparable to very precise experiments, and in
recent years, promising QM advances have been carried
out for tetra-atomic systems, AB + CD — ABC + D. The
F 4+ H, and the OH + H, reactions, and their isotopic vari-
ants, have served as benchmarks for such processes. How-
ever, the extension to full-dimensional polyatomic systems
(N > 4) is today a very difficult (or prohibitive) problem,
where the alternatives are reduced-dimensionality QM or
quasi-classical trajectory (QCT) calculations.

Related to the dynamics (QM or QCT) method is the
development of the full-dimensional potential energy sur-
face (PES) describing nuclear motion, where the quality
of the dynamics results strongly depends on the accuracy
of the PES. Although Nyman and Clary [1] had previously
developed a reduced-dimensional PES where the CHj
group was treated as a pseudoatom, the first full-dimen-
sional analytical PES for the OH 4+ CH, — H,0 + CH;
hydrogen abstraction reaction was developed by our group
in 2000 and was named PES-2000 [2].

Additionally, PES-2000 has been used as a testing bench
for different kinetics and dynamics studies: quantum instan-
ton [3] and ring polymer molecular dynamics [4] calcula-
tions of rate constants; and dynamics reduced-dimensionality
QM calculations of 5D [5], 6D [6], and 7D [7]. Additionally,
PES-2000 has been tested against experimental kinetics and
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dynamics studies. Srinivasan et al. [8] measured the rate
constants of the title reaction using the reflected shock tube
technique with multipass absorption spectrometric detection
of OH radicals and found excellent theory/experiment agree-
ment, within £15 % of one another over the temperature
range 250-2,000 K. That same year, Kopin Liu’s laboratory
[9-11] published a series of three papers which experimen-
tally studied the dynamics of the OH + CD, reaction and its
isotope effects at different collision energies and found that
excitation of vibrational modes agrees with the theoretical
predictions of PES-2000. In addition, they found HOD prod-
uct backward scattering correlated with CD5(v = 0) coprod-
uct, which shifts toward forward with the isotopic variant,
OH + CH,, and the collision energy.

However, despite the good kinetics and dynamics results
obtained with this surface, it has a serious drawback, namely
it is semiempirical, i.e., it was fitted using theoretical and
experimental information, and it did not include informa-
tion on the intermediate complex found on the reaction path.
In the present paper, we construct a new PES for the seven
atoms OH + CH, reaction and its isotopic variants based
exclusively on ab initio calculations, to correct the main
limitations of the previous PES-2000. First, we test the qual-
ity of the new surface, PES-2014, against the ab initio infor-
mation used in the fit, and second, we perform QCT dynam-
ics calculations and compare the results with the available
experimental results from Kopin Liu’s laboratory [9-11].
Finally, we analyze the role of the intermediate complexes
in the entrance and exit channels on the reaction dynamics.

2 Full-dimensional potential energy surface

We constructed the new PES following the methodology
developed by our group, which presents two different steps:
functional form and fitting. The functional form is the sum
of four terms:

V = Vsret + Vyal + Vop + Vo (1)

This functional form was used in the previous PES-2000
surface, and the terms were developed there [2]. In brief,

Ve consists of four London-Eyring—Polanyi (LEP)
stretching terms,

4
Vstretch = Z V3 (Rc;, Rco, Ru0) 2)

i=1

which depend on 12 fitting parameters; V,, represents the
harmonic bending terms,

Vharm = = Z Z Kk (6 09)2 3

i=1 j=i+1
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Table 1 Saddle-point properties and reaction energy for the
OH + CH, reaction

Method R(C-H’) R(O-H') AE= AER References
MP2-SAC 1.183 1.324 7.9 —13.3  [35]
MP2/TZ 1.181 1.330 6.1 —12.1 [36]
CBS/APNO 1.173 1.390 5.1 —13.5 [37]

G2M 1.233 1.286 53 —14.1 [38]
Database 6.7 —13.5 [14]
PES-2000 1.317 1.290 6.6 —-133 [2]
CCSD(T)/TZ  1.184 1.315 5.8 —12.5 [15]
CCSD(T)-SAC - - 6.7 —13.5 [15]
CCSD(T)-EB  1.184 1.335 6.3 —12.4 [12]

W4 - - 6.1-6.5 - [13]
CCSD(T)-F12a 1.206 1.321 6.3% —13.2* [6]

1B 1.206 1.281 5.9 —13.1 This work
PES-2014 1.301 1.365 6.4 —13.3  This work

R(C-H’) and R(O-H’), in angstrom, represent the bond broken and
formed in the reaction. AEg, in kcal mol~!, is the classical reaction
energy. AE=, in kcal mol™!, is the classical barrier height

4 Hua Guo. Private communication

which depend on 16 fitting parameters; V,,, is an a har-
monic out-of-plane potential depending on four fitting
parameters and given by

Vop—ZfA Zl ZhA Z (4)
i=1 J=

JFI j;éz

and finally, Vu,0 is the potential describing the water prod-
uct, which consists of two terms, a Morse potential describ-
ing the O-H bond in the hydroxyl radical and a harmonic
potential describing the H-O-H bending, and depends on
three new parameters. In addition, a series of switching
functions are included to allow relaxing from methane to
methyl radical and from hydroxyl radical to water. The
functional form, Eq. 1, is symmetric with respect to the per-
mutation of the four hydrogens in methane, and in addition
to the energy of the system, it also provides analytical gra-
dients, i.e., first energy derivatives, which is an advantage
for dynamics calculations. Therefore, the new PES depends
on 35 parameters, which give great flexibility to the PES
while keeping the functional form physically intuitive.

The main difference between the new PES-2014 and the
old PES-2000 lies in the fitting procedure of the 35 param-
eters. While the older surface was semiempirical in nature,

e., it was fitted using theoretical and experimental data,
the new PES-2014 is fitted exclusively to ab initio calcula-
tions. One of the most sensitive points in the topology of
the reaction is the saddle-point description, and Table 1 lists
some representative and recent results from the literature.
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Firstly, the barrier height is strongly dependent on the
level (correlation energy + basis set) used, with values in
the range 5.0-7.9 kcal mol ™!, although the more recent
and accurate ab initio results [6, 12, 13] give values in the
narrower range 6.1-6.5 kcal mol~!, in agreement with the
best estimate from Truhlar’s group [14], 6.7 kcal mol~".
Secondly, these results highlight the difficulty in correctly
describing the saddle point for this reaction, and even ab
initio calculations at the CCSD(T)/aug-cc-pVTZ high level
[15] slightly underestimate the barrier. Obviously, this
problem increases when hundreds or thousands of ab initio
calculations are necessary to describe the reactive system.

In the present work, we use a more economic alterna-
tive, dual-level calculations, where the geometry and vibra-
tional frequency are calculated at the PMP2/6-31G(d,p)
level, while the energy, computationally more expensive,
is calculated at a high level using the “infinite basis” (IB)
method [16, 17] for extrapolation to a complete one-elec-
tron basis set for correlated electronic structure calcula-
tions. This method is based on the extrapolation of energies
obtained by using correlation-consistent polarized double-
and triple-zeta basis sets [18], cc-pVDZ and cc-pVTZ. The
extrapolated energies are more accurate and more economi-
cal computationally speaking than even larger basis sets
[13, 16]. Despite its low computational cost, the barrier
height, 5.9 kcal mol~! (Table 1), reproduces more expen-
sive results [15] and is only slightly lower than the more
exact results [12, 13], 6.1-6.5 kcal mol .

On the other hand, the presence of intermediate com-
plexes in the entrance and exit channels may have an influ-
ence on the dynamics description, and they were not con-
sidered in the fitting of the previous PES-2000 surface.
With the IB method, the reactant complex (RC) presents a
stabilization of —0.45 kcal mol™! with respect to the reac-
tants and an H;C-H...OH configuration. Another reactant
complex has been previously reported [15, 19, 20], but
with a different configuration, H,C...HO, which is not
on the minimum energy path for the hydrogen abstrac-
tion reaction. The product complex (PC) is stabilized by
1.8 kcal mol~! with respect to the products and presents
an H;C...HOH configuration. This complex was previ-
ously reported by Masgrau et al. [15] stabilized by around
2 kcal mol ™.

Finally, we analyze classical reaction energy, which
presents a narrower range of values than barrier height,
i.e., it is less dependent on level of calculation. In the
literature, we find values (Table 1) ranging between
—12.1 and —14.1 kcal mol™!, with the IB method giving
—13.1 kcal mol~!, which reproduces recent accurate ab
initio results [6], —13.2 kcal mol~', and the best estimate
from Truhlar’s group [14], —13.5 kcal mol~!. In sum, the
IB method gives an energetic description within the range
of benchmark values in sensible points of the PES, which

gives confidence to its results. However, as these values
will be used in the fitting procedure of the PES, it is neces-
sary to take into account that the usability of this surface
depends not only on the accuracy of the energies, but also
on the capability of the analytical function to reproduce
these values used for the fitting procedure. Because of the
uncertainties introduced by the fitting and the functional
form, other factors, such as the spin contamination, the
basis set superposition error (especially important in the
description of the intermediate complexes), or the multi-
configurational character of the wavefunction, are not taken
into account. Nevertheless, in view of our previous experi-
ence and the results obtained in the present paper, we sup-
pose that their influence is small, and including these fac-
tors is not worth the additional computational cost.

Therefore, with the IB method, we optimize and char-
acterize all stationary points (reactants, reactant complex,
saddle point, product complex, and products) and addi-
tionally we calculate the minimum energy path (MEP). To
describe the reaction valley, we also compute the gradients
and Hessians for 60 points along the MEP. This method
calculates the first and second energy derivatives analyti-
cally, which would be equivalent in a numerical calculation
to 441 calculations of energy per point (441 is 21 squared,
and 21 is 3 coordinates per atom times 7 atoms). As we cal-
culate 60 points, this represents about 25,000 energy cal-
culations, considering also the description of all stationary
points. All the ab initio information previously described
was used in the fitting procedure.

3 Results and discussion
3.1 Accuracy of the fitting

Firstly, we test the quality of the PES-2014 against the ab
initio information used in the fitting, which is a test of con-
sistency. Figure 1 plots a schematic diagram of the reaction
path, from reactant to products, and Fig. 2 shows the struc-
ture of the saddle point and the intermediate complexes.
PES-2014 reproduces reasonably the ab initio structures
of these stationary points, with the largest difference at the
C-H'-0 bending angle of the saddle point. The breaking
C-H’ bond is shorter than the forming O-H’ bond repro-
ducing the ab initio information, and therefore, it improves
the PES-2000 description, which gives the opposite behav-
ior. Energetically, PES-2014 reproduces the IB values
of all stationary points, and the barrier height is closer
to the benchmark values [6, 12-14]. Agreement in reac-
tion energy is very good, —13.3 versus —13.5 kcal mol ™!,
and when we consider reaction enthalpy at 0 K, we obtain
—14.9 kcal mol~!, thus reproducing the experimental evi-
dence [21], —14.7 kcal mol™'. This comparison with ab
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Fig. 1 Schematic profile of the potential energy surface for the
OH + CH, — H,0 + CHj; reaction. Benchmark values from Ref.
[13,14]

initio information indicates that the PES functional form
and fitting procedure describe reasonably well the reactive
system.

Figure 3 plots the energy variation along the MEP for
PES-2014 and the IB method. The MEP obtained with the
PES-2000 surface is also included for comparison. The
topology of the reaction reproduces the ab initio calcula-
tions using the IB method, and the fall in the exit chan-
nel improves with respect to the PES-2000, which is very
repulsive. This behavior has no consequences with regard
to the kinetics results, which depend mainly on the tran-
sition state zone, but it does have consequences on the
dynamics, because this fall permits a larger vibrational
energy to be available to the products. Note that topology in
the entry channel is well described by both analytical PESs.
At present, the new PES-2014 surface can be obtained
upon request to the authors.

3.2 Dynamics calculations
3.2.1 Computational details

Firstly, because more experimental information is
available, we performed QCT calculations, using the
VENUS-96 code [22, 23] and the new PES-2014, for the
OH + CD, — HOD + CDj reaction at collision energies
in the range 4.0-16.0 kcal mol~! (seven energies) for a
direct comparison with Liu’s group experiments [9-11].
At each collision energy, we ran 100,000 trajectories with
an initial separation between the reactants of 10.0 A, the
trajectory finishing when the C-O distance was 12.0 A.
At each collision energy, the maximum impact parameter,
bmax, was obtained systematically by increasing the value
of b until no reactive trajectories were found. The values of
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Fig. 2 Geometries of the saddle point (upper), reactant complex
(middle) and product complex (lower) for the OH + CH, reac-
tion. The first entry, in blue, corresponds to the IB method [MP2/6-
31G(d,p) level], the second entry, in red, corresponds to the PES-
2014 surface, and the third entry, in green, corresponds to the
PES-2000 surface. Distance in angstrom and angles in degrees

bmax vary from 2.2 to 2.5 A. For the CD, reactant, vibra-
tional energy was fixed at its zero-point energy value, i.e.,
20.7 kcal mol~!, while rotational energy was chosen by
thermal sampling at 298 K. For the OH reactant, the rota-
tional and vibrational quantum numbers were fixed at a
value of 0, the ground state. Other scattering parameters,
such as spatial orientation of the initial reactants, vibra-
tional phases, and impact parameter, were selected via a
Monte Carlo approach as implemented in VENUS-96, and
the propagation time step was selected to ensure energy
conservation, 0.2 fs.

Secondly, we completed the dynamics study by analyz-
ing the isotope effects with the OH 4 CH, reaction. The
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Fig. 3 Classical potential energy as a function of the reaction coor-
dinate, s. Blue line ab initio results with the IB method; red line PES-
2014 surface; and green line PES-2000 surface

QCT initial conditions are similar, where CH, zero-point
energy is 28.3 kcal mol~!, and the bmax value is 2.8 A at
collision energy of 10.0 kcal mol~!, the only experimental
data reported [11]. We ran 100,000 new trajectories.

Thirdly, to analyze the effect of the OH reactant rota-
tion on the dynamics, we performed QCT calculations at
OH( = 1,3,5), where 100,000 trajectories were run at each
rotational quantum number.

Experimentally Kopin Liu’s lab analyzed these reactive
trajectories leading to the CD5;/CH; product in its vibra-
tional ground state. For an accurate comparison, in the
case of the CD;(v = 0) product, only reactive trajectories
with vibrational energy below 14.9 kcal mol~! (the energy
needed to excite with one quantum the lowest vibrational
mode of the CD; product is 396 cm~'~1.1 kcal mol™',
which added to its ZPE, 13.8 kcal mol !, gives a total
vibrational energy of 14.9 kcal mol~!) were considered. In
the case of the CH;(v = 0), the limit was 20.3 kcal mol ™!
(CH; umbrella mode 510 cm™'~1.5 kcal mol~' and ZPE
18.8 kcal mol™'). Note that this strategy, which is not
related to the popular histogram or Gaussian binning
techniques, has already been used successfully in other
reactions [24] and represents a good approximation as it
ensures that these trajectories do not have sufficient energy
to achieve even the first excited vibrational state of the
CD;/CH; product.

For both reactions, the reaction cross section is obtained
by Eq. 5:

Ny

2
OR = Thmax
M

®
where N, and N, are, respectively, the number of reac-
tive and total trajectories. For the OH + CH, and
OH + CD, reactions, we obtained values of 1.88 £ 0.02
and 0.91 + 0.01 A% respectively, at collision energy of
10.0 kcal mol™!, and therefore a kinetic isotopic effect

1.0

|
0.8 1
0.6 1

0.4 1

Relative cross section

0.2 1

0.0

6 9 12 15
Ecoll (Kcal/mol)

Fig. 4 Reaction cross section as a function of collision energy
(kcal/mol). Solid and dashed lines represent QCT and experimen-
tal (Ref. 10) values, respectively, while the vertical dashed line at
4.6 kcal mol represents the activation energy at 298 K. For a direct
comparison with the experiment, the QCT values are normalized at
16.0 kcal mol ™!, and the shaded zone represents experimental uncer-
tainties

(KIE) of 2.06 &£ 0.03. There are no experimental dynamics
data for comparison at this energy, but the KIEs at different
temperatures [25] present values higher than one, i.e., CH,/
CD, “normal” KIEs, related to the larger tunneling effect in
the perprotio reaction.

Finally, the differential cross section (DCS) is given by

ckﬂ _ or.P:(0)
d2 = 27 sin(9) ©)

where dQ2 is an infinitesimal solid angle and P.(6) is the
product normalized probability of trajectories with scatter-
ing angle 6. In the present work, the DCS is fitted by the
Legendre moment method [26], which measures the angu-
lar scattering distribution of the HOD/H,O products with
respect to the incident OH reactant.

3.2.2 Excitation function

For the OH + CD, reaction, Fig. 4 plots the QCT excita-
tion function, i.e., reaction cross section versus collision
energy, in the energy range 4.0—16.0 kcal mol ™!, together
with experimental data [10] for comparison. Note that
since the experiment only reports relative cross sections,
the QCT values are rescaled at the highest experimental
value of 16.0 kcal mol™'. First, in general, the QCT results
reproduce the experimental shape, although at low col-
lision energies the theoretical values present a softer fall.
Second, the QCT results present reactivity below the acti-
vation energy, which is 4.6 kcal mol~! at 298 K using the
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Fig. 5 Correlated HOD product energy disposal with collision
energy for the CDs(v = 0) coproduct in the OH + CD, reaction.
Solid and dashed lines represent the QCT and experimental [10] val-
ues, respectively. The dashed-dotted line in R’ represents the aver-
age rotational energy deposited in the CD; coproduct, which was not
reported in the experiment

PES-2014 surface. Given the classical nature of the QCT
calculations, this reactivity is artificial, because tunneling is
not allowed in these calculations. We believe that the reason
for the reactivity below the threshold is due to ZPE leak-
age [27], i.e., part of the vibrational energy is transferred to
promote reactivity, leading to a system with a vibrational
energy below its ZPE, which is not conserved because of
the classical nature of the trajectory propagation methods.
This artificial effect of the QCT calculations could explain
the softer fall at low energies, which therefore seems to be
related to the approximations of the QCT method rather
than to deficiencies of the PES.

3.2.3 Correlated product energy partition

Figure 5 plots the QCT collisional energy dependency
of the HOD product energy disposal correlated with the
CD;(v = 0) coproduct in the OH + CD, reaction, together
with the experiment [10] for comparison. While the aver-
age energy disposals in the vibrational (V') and rotational
(R’) HOD product are practically invariant with colli-
sion energy, translational (T’) energy increases with col-
lision energy, showing a practically linear dependency.
This behavior reproduces the experimental evidence [10],
associated with the propensity T(or Ecoll) — T’ of the
heavy-light-heavy systems, which has a kinematic origin.
The larger theory/experiment differences are found in the
rotational energy. However, it is important to note that
while in the experiment V' and 7" are directly measured, R’
is deduced by conservation of energy, assuming that CD;
moiety is a structureless particle [10]. Our QCT results
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Fig. 6 HOD product angular distribution (with respect to incident
OH) for the OH + CD, reaction. Solid lines QCT results from this
work and dashed lines experimental data [9, 10]. Black lines QCT
and experimental results at 10.0 kcal mol~; red lines QCT results at
16.0 kcal mol~! and experimental values at 16.2 kcal mol~!. For a
direct comparison, all results are normalized to the highest value in
each series

permit us to obtain the rotational energies for both the HOD
and CD; products, which present uncertainties of 10 and
+19 %, respectively. On the other hand, Liu et al. [28]
observed that QCT results using VENUS code overestimate
product rotational energy. Thus, taking into account these
uncertainties, when the CDj; rotational energy is added
to R’ in Fig. 5, agreement with the experiment improves.
Therefore, CD;(v = 0) coproduct rotational energy is not
negligible in this reaction, and so the CD; moiety cannot
be considered as a structureless particle, as previously sup-
posed [10].

3.2.4 Product angular distribution

The HOD product scattering angle correlated with
CD;(v = 0) coproduct in the OH 4 CD, reaction at two
collision energies, 10.0 and 16.0 kcal mol™, is plotted in
Fig. 6, together with the experiment reported by Kopin
Liu’s laboratory [9, 10] for comparison. At 10.0 kcal mol ™!,
scattering presents a backward distribution, associated with
low impact parameters and a rebound mechanism. In fact,
the transition state is collinear, CD;...D...OH, with a nar-
row cone of acceptance. When collision energy increases,
the scattering angle shifts to the forward hemisphere,
associated with a wider cone of acceptance, larger impact
parameters and a stripping mechanism. This tendency
reproduces the experimental evidence, although theoreti-
cally at high energy the shift to scattering forward is less
pronounced, and the QCT results present a larger tail at
lower scattering angles. Below (Sect. 3.2.6) we will further
discuss this contribution in the forward region.
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3.2.5 Isotope effects

Another dynamics property experimentally measured by
Kopin Liu’s laboratory [11] is the isotope effects. In this
section, we compare the QCT results with the experiment
for the OH + CH,/CD, isotope effect at collision energy of
10.0 keal mol ™"

The H,O/HOD product scattering angles correlated with
CH,/CD;(v = 0) coproduct are plotted in Fig. 7 at colli-
sion energy of 10.0 kcal mol™! together with the experi-
ment [11] for comparison. As was previously noted, the
OH + CD, reaction presents backward scattering (Fig. 6),
which shifts to the forward hemisphere with the isotope
substitution, OH 4 CH,. This tendency reproduces the
experiment, although the shift is less pronounced than in
the experiment. In the next section, we analyze the cause
of the small contributions in the forward hemisphere in
both reactions, OH + CH,/CD,, obtained with QCT cal-
culations. Experimentally, Liu’s laboratory [9-11] reported
that scattering angles are confined mainly in the backward
region with a small contribution in the forward hemisphere,
due to the small reactive cross section in this region.

3.2.6 Role of the intermediate complexes in the dynamics

In Sect. 2 and Fig. 1, we showed the energetic profile of the
hydrogen abstraction reaction, with the presence of inter-
mediate complexes in the entrance and exit channels. What
is the role of these complexes in the dynamics? Analysis of
the individual reactive trajectories showed that two differ-
ent mechanisms are possible in the OH + CH,/CD, reac-
tion: direct, with a brief encounter between the reactants
and fast separation of the products; and indirect, where the
reactive trajectories “visit” the wells. Both isotopes pre-
sent similar behavior and therefore the results are analyzed
together. In the indirect mechanism, we found that the
influence of the reactant complex is negligible and all reac-
tive trajectories “visit” only the product complex. There-
fore, this product complex permits repeated encounters
between the two products and after a certain time (which
depends on the trajectory) the products separate. Figure 8
shows both mechanisms, where the evolution of the C—H’
(broken bond, dashed line) and H'—O (formed bond, solid
line) distances as a function of time is represented. In the
direct or impulse-type mechanism (upper panel), the OH
collides with methane and forms the H,O product which
immediately recoils away. In the indirect mechanism
(lower panel), the H,O and methyl products undergo sev-
eral collisions in the exit channel before leaving the well.
Similar indirect mechanisms of reaction were found in
our previous studies of the CI(*P) + NH; and OH + NH,
reactions [29, 34], which also present wells in the entrance
and exit channels. In these nearly trapped trajectories, the

DCS (au)

0 T T T T T 1
0 30 60 920 120 150 180

Scattering angle (degrees)

Fig. 7 H,O/HOD product angular distribution with respect to inci-
dent OH reactant at collision energy of 10.0 kcal mol~'. Solid lines
QCT results from this work and dashed lines experimental data [11].
Black lines OH + CD, reaction and red lines OH + CH, reaction.
For a direct comparison all results are normalized to the highest value
in each series

104 . .
Direct mechanism
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Fig. 8 Representative plots of direct (upper panel) and indirect
(lower panel) mechanisms, shown as the evolution of the C-H’
(dashed line) and H'-O (solid line) distances as a function of time

(ps)

products approach and move away repeatedly and after a
certain time they separate definitively. These indirect tra-
jectories are classically similar to the spring motion, they
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Fig. 9 HOD product angular distribution with respect to incident
OH reactant at collision energy of 10.0 kcal mol~! for the OH 4 CD,
reaction. Solid, dotted and dashed lines correspond, respectively, to
all trajectories, direct and indirect mechanism

Table 2 Reaction cross section (A?) for the OH + CH, reaction, at
collision energy of 10 kcal mol~!, as a function of the OH rotational
number

OH(j) or

QCT* QMP
0 1.88 £ 0.02 2.2
1 1.66 £ 0.02 1.8
3 1.11 £ 0.03 1.1
5 0.71 £ 0.03 0.7

% CT calculations from this work

® QM calculations from Ref. 6, read directly from Fig. 5a

are a straightforward consequence of the presence of wells,
and we have named them the “yo—yo” mechanism, because
of their resemblance to popular toy.

For visualization of individual trajectories, we quantify
the importance of these mechanisms by using the average
time of flight: <500 fs for direct and >500 fs for indirect.
Obviously, these values are not absolute, but rather they
serve as a simple reference to separate both mechanisms.
Additionally, the indirect mechanism is related to multiple
inner—outer turning points, which are absent in the direct
mechanism. Using the collision energy of 10.0 kcal mol~!
for comparison with the experiments [9], we found that
only about 5-10 % of the reactive trajectories follow the
indirect mechanism, where the CH, reaction presents the
highest percentages.

Product angular distribution is undoubtedly one of the
most sensitive dynamics properties for analyzing the role of
these mechanisms (and therefore the role of the intermedi-
ate complexes) in the reaction. For the OH + CD, reaction,
the scattering distributions for direct (95 %) and indirect

@ Springer

(5 %) mechanisms are plotted in Fig. 9 for the correlated
CD;(v = 0) coproduct, together with the distribution for all
trajectories. While the direct mechanism presents backward
scattering, associated with a typical rebound mechanism,
the indirect one shows a practically isotropic behavior.
The perprotio variant, OH 4+ CH,, presents similar shapes,
although the indirect trajectories have a slightly more for-
ward tendency. This behavior indicates that the product
well permits randomization of scattering angles, producing
quasi-isotropic distributions, where the products “forget”
the initial direction of approach. Considering the weights
of both mechanisms, a backward distribution is mainly
obtained when all reactive trajectories are analyzed.

Thus, the tail at low scattering angles obtained with
QCT calculations (Sect. 3.2.5, Figs. 7, 9) is due to the indi-
rect mechanism. This result confirms the experimental find-
ing [9] in which the scattering distributions are confined
mainly in the backward direction, with a small reactive
cross section in the forward hemisphere.

3.2.7 Effect of the reactant rotation on the dynamics

Recently, Song et al. [6] performed reduced-dimensional-
ity time-dependent wave packet calculations based on the
PES-2000 surface [2] to analyze the effects of reactant
rotation on the dynamics of the OH 4 CH, reaction. They
found that while rotational excitation of methane has little
effect, the rotational excitation of the OH inhibits reactiv-
ity. To the best of our knowledge, no experimental data are
available for comparison.

To analyze the role of OH rotational excitation on
reactivity, based on the PES-2014 surface, we performed
QCT calculations at OH(j = 1,3,5) at collision energy of
10.0 kcal mol~!, comparing the results with those previ-
ously obtained for OH(j = 0). The reaction cross sections
for OH(j = 0,1,3,5) appear in Table 2, together with the
QM results for comparison. We observe that reactivity
decreases with the OH rotational excitation, thus reproduc-
ing the QM results reported by Song et al. [6]. The small
differences are due to the approaches used in each case,
QCT/QM and PES-2014/PES-2000.

Nobusada et al. [30], Schatz [31] and Zhang and Lee
[32, 33] analyzed this effect in atom—diatom and diatom—
diatom reactions. They concluded that in some reactions
with linear saddle point, reactant rotational excitation dis-
rupts the preferred linear approach, inhibiting reactivity, an
effect known as “the orientation effect” [30]. In polyatomic
reactions, such as OH 4 CH,, the problem is more com-
plicated due to dimensionality, but in this case the oxygen
atom orientation is close to collinear with the H'-C bond
in methane at the saddle point. Therefore, the decrease in
reactivity with OH rotational excitation can be explained
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by the “orientation effect.” This effect has been confirmed
by visualization of individual trajectories at OH(j = 0) and
OH( = 1,3,5), where the larger rotational excitation in
OH(j = 1,3,5) causes rotation of the OH reactant, and the
multiple rotations disfavor the correct approach of the oxy-
gen atom to the H'-C bond.

4 Conclusions

In this study, we performed ab initio calculations to
describe all the stationary points for the title reaction, with
special attention to description of the reactant and prod-
uct complexes in the entrance and exit channels and of the
saddle point. Additionally, we calculated the topology of
the reaction, and we described the minimum energy path
(energy) and the valley path (gradients and Hessians).

Using this ab initio information as input data, we devel-
oped a new full-dimensional analytical potential energy
surface for the title reaction, PES-2014, which improves
the older PES-2000 surface, which was semiempiri-
cal in nature, i.e., experimental and theoretical informa-
tion was used in the fitting. The new PES-2014 repro-
duces the ab initio information used in the fitting process,
which is merely a test of consistency, with a barrier height
of 6.4 kcal mol™!, in excellent agreement with recent
and accurate estimates and ab initio calculations, 6.1—
6.7 kcal mol™!, with an exothermicity of —13.3 kcal mol ™!,
reproducing accurate ab initio calculations, —13.1-(—13.5)
kcal mol™!, and, more importantly, the topology of the
reaction, which has an influence on the vibrational distri-
bution of the products. The PES-2014 provides energy and
analytical gradients, which is an interesting and useful fea-
ture for speeding up dynamics calculations.

With the PES-2014, we performed a dynamics study
using QCT calculations and compared the results with
the experiment. We analyzed excitation function, prod-
uct energy distribution and differential cross section for
the OH + CD, reaction at different collision energies, and
the isotope effect for the OH + CH, reaction at collision
energy of 10.0 kcal mol™'. In general, theory/experiment
agreement is reasonable. Although this agreement is still
qualitative, where discrepancies can arise from several
sources, PES, QCT and approaches used, we believe that
this potential energy surface represents an important step
toward the understanding of polyatomic systems.

To complete this dynamics study, and as another test of
the quality of PES-2014, a kinetics study is under develop-
ment in our laboratory, in which rate constants and kinetic
isotope effects will be analyzed by the variational transition
state theory with multidimensional tunneling and the ring
polymer molecular dynamics methods.

Finally, for visualization of the individual reactive tra-
jectories, we observed in addition to the direct trajectories
a small percentage (5—-10 %) of indirect trajectories, with a
larger time-of-fly, which “visit” the product well, and are
responsible for the small contribution in the forward region
experimentally observed.
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