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Theoretical study on the mechanism of CH 41C2H2
1 reaction:

Mode-enhancement effect
Qiang Cui, Zhiwei Liu, and Keiji Morokuma
Cherry L. Emerson Center for Scientific Computation and Department of Chemistry, Emory University,
Atlanta, Georgia 30322

~Received 26 January 1998; accepted 26 March 1998!

High level ab initio calculations have been performed to investigate the mechanism of the ion–
molecule reaction of CH41C2H2

1. Except for some subtle differences, the profile for the
H-abstraction channel obtained here at the G2M//B3PW91/6-311G(d,p) level is very similar to that
found in a previous study at the G2//MP2/6-31G(d) level. For the complex formation channel,
however, a different transition state has been located; the geometry and energetics of which are
more consistent with experimental findings. Calculations of a few direct trajectories have been
carried out to investigate the possible reason for the significant mode enhancement observed
experimentally for the H-abstraction channel. Although none of them is reactive, a trajectory with
an asymmetric C2H bend excitation exhibits a clear signature for being more reactive than those
without vibrational excitation or with a symmetric bend excitation. ©1998 American Institute of
Physics.@S0021-9606~98!30125-7#
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I. INTRODUCTION

Controlling the outcome of a chemical reaction is t
dream of chemists and a fascinating branch of modern ch
istry. There are many approaches that attempt to take ad
tage of the power, frequency resolution, and coherence
lasers to achieve this task. Among them, two schemes
extremely appealing, i.e., ‘‘coherent control’’ and ‘‘mod
selective excitation.’’ The former approach utilizes pha
and intensity properties of laser excitation to alter the ch
acter of the prepared states so that production of the des
outcome is enhanced. This method has proved to be q
promising1 not only in controlling the nuclear motion of th
system, but also in directing electronic motion in chemi
systems.2 The second approach of mode-selective excitat
concentrates on local vibrational modes, and emphasize
lective excitation of the particular motion, which nudges t
reaction toward the desired channel.3 Many beautiful ex-
amples have accumulated over the years in the photod
ciation process of vibrationally or rovibrationally select
small molecules including H2O,3~a!–3~d! HNCO,3~e!–3~f! and
C2H2.

3~g! Despite the clear chemical picture, there are f
bimolecularreactions where the effects of different reacta
vibrational modes have been examined. This is largely du
the difficulty of preparing mode-selective excited reactan
In addition, the vibrational coupling in most molecule
quickly redistributes the applied energy to a selected vib
tional mode. Earlier studies have mostly concentrated
small system including various isotopic forms of water m
ecules. However, recent findings4 provide us with some new
examples in the case of more complex ion–molecular re
tions which are vibrational selective. Zareet al. studied the
reaction of ammonium ion and ND3, and found that the um
brella mode of NH3

1 enhances charge transfer and deuteri
abstraction significantly, while the isoenergetic excitation
the breathing mode does not induce any effect.4~c!
560021-9606/98/109(1)/56/7/$15.00
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In another experiment, Andersonet al.4~a!,4~b! have stud-
ied the effects of collision energy and mode-selective vib
tional excitation on the reaction of C2H2

1 with CH4 and CD4

with a guided-ion beam scattering instrument. Two distin
reaction mechanisms are active in the energy range belo
eV. At low energies, a long-lived C3H6

1 complex forms effi-
ciently and then decomposes primarily to C3H5

11H and
C3H4

11H2 ~R1!, ~R2!

C2H2
11CH4→C3H5

11H ~R1!

→C3H4
11H2 ~R2!

→C2H3
11CH3. ~R3!

Competing with~R1! and ~R2! is a hydrogen transfe
reaction~R3!, producing C2H3

11CH3 with little atom scram-
bling. The ~R3! channel is strongly enhanced by collisio
energy and becomes dominant above 0.4 eV. One interes
feature of this channel is that, while CC stretching provide
weaker enhancement than collision energy, two quanta
C–H bending modes (;155 meV) enhance the reaction
least;10 times! Based on the isotope study with CD4, they
concluded that there exist two possible reaction mechani
for ~R3!: CH3 elimination from a long-lived C3H6

1 complex
and a direct H-atom abstraction through an intermedia
where the latter path is dominant by a factor of 5–10:1. Th
also predicted an early barrier of about 150650 meV. The
enhancement effect of C–H bending excitation on the re
tion rate is explained by the necessity of carbon atom re
bridization from sp to sp2 to reach a bent transition stat
during the process.

This amazing experimental results certainly attracted
attention of theoreticians. A combined quantum and tran
tion state theory~TST! study has been carried out by Klip
penstein to unravel the detailed reaction mechanism and
observed mode-enhancement effect.5 Based on the structure
© 1998 American Institute of Physics
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and frequencies of several intermediates obtained at the
of MP2/6-31G(d) and Gaussian-2~G2!6 energetics, TST was
found to yield a qualitatively correct cross section for t
direct channel~R3!, but not to be so satisfactory for th
complex channels,~R1! and ~R2!. It was found that if the
energetics of the transition state involved in the comp
channels was lowered by 4.5 kcal/mol, the magnitude of
cross section for the complex channel could be qualitativ
reproduced. Most importantly, no entrance or exit chan
barrier was found for the H-abstraction channel~R3!. How-
ever, it was found that the enhancement of the H-abstrac
cross section by theH–C–Cbending excitation in C2H2

1 was
qualitatively reproduced if the two quanta ofH–C–Cbend-
ing were assumed to be totally randomized.

It might look as if all the issues have been resolved
the work of Klippenstein. However, the necessity of art
cially lowering the energy of the transition state involved
the complex channel looks somewhat questionable. Jud
from the structure of the transition state presented in Re
we suspect that there may be a lower saddle point wit
totally different structure involved in the complex chann
This will be examined in the present work. In addition, th
might be the ideal system to test the capability of the dir
trajectory method,7 which has becomes popular due to t
advantage that no analytical potential energy functions h
to be constructed. In application of the methodology witho
approximations7~e! in the electronic structure part, it is usu
ally too expensive to run a large number of trajectories fo
meaningful statistical average. It is hoped that the interes
features of the reaction dynamics can be captured by
limited trajectories with wisely chosen initial conditions.

In Sec. II, we shall discuss the method of computati
Results of electronic structure calculation and direct traj
tory calculations will be discussed in Sec. III. Finally, w
draw some conclusions in Sec. IV.

II. COMPUTATIONAL METHOD

In order to find the most appropriate method to inves
gate the structure of the important intermediates and tra
tion states involved in the titled reaction, we have carried
a series of test calculations at a variety of levels includ
B3LYP,8 B3PW91,9 and second-order Mo” ller–Plesset per-
turbation theory~MP2!, together with the 6-31G(d,p)10 or
6-311G(d,p)11 basis sets. Preliminary calculations clea
indicated that polarizationp function on the bridged H atom
is rather important even for geometries, and therefore at l
a 6-31G(d,p) basis set should be used. At first, we exam
the relative stability of the two conformations of the H
abstraction reaction product C2H3

1. It is well known from
numerous experimental12 as well as theoretical calculations13

that the nonclassical~nc! structure with a bridging H atom
C2H3

1~nc! in Fig. 1, is more stable than the classic
structure, C2H3

1~c!. The energy difference is as small as se
eral kcal/mol and depends sensitively13~a! on the level
of calculations. In the three methods we have tes
B3LYP/6-311G(d,p), B3PW91/6-311G(d,p) and MP2/6
-311G(d,p), only the B3LYP results gave the wrong tren
namely, it predicted the classical structure to be the glo
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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minima. At the B3PW91/6-311G(d,p) and the
MP2/6-311G(d,p) levels, the nonclassical structure has be
calculated to be more stable by 0.06 eV~1.4 kcal/mol! and
0.33 eV ~7.8 kcal/mol!, respectively. Therefore, we did no
use the B3LYP method to further investigate the poten
energy surface of this particular system of CH41C2H2

1. As
will be discussed further in Sec. III, we found th
B3PW91/6-311G(d,p) seems to produce the most reliab
structures on the sensitive potential energy surface of
CH41C2H2

1 system. Therefore, we shall use th
B3PW91/6-31G(d,p) structures in most of the discussion
As to the energetics, we have carried out G2M14 calculations
based on the B3PW91/6-311G(d,p) optimized geometries
and vibrational frequencies. Note that although t
RCCSD~T!15 theory has been used in the original scheme
G2M,14 we used UCCSD~T! with unrestricted Hartree–Foc

FIG. 1. Geometries~in Å and deg! of reactants, products, intermediates, a
transition states involved in the reaction of CH41C2H2

1. Plain numbers are
obtained at the B3PW91/6-311G(d,p) level. Numbers in parentheses a
from UCCSD/6-31G(d,p) calculations. Numbers in brackets are fro
MP2/6-311G(d,p) calculations. Italic numbers are taken from Ref. 5. T
number of imaginary frequencies~NIMAG ! at the B3PW91/6-311G(d,p)
level, with corresponding imaginary frequencies, are shown for the syst
with NIMAG.0.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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TABLE I. Energetics of intermediates, transition states in the reaction of CH41C2H2
1.a

Structure State B3PW91/I PMP4/I UCCSD~T!/I PMP4/II PMP4/III MP2/IV G2M G2M1ZPE

CH4
1A1 240.517 12 240.405 05 240.405 84 240.405 35 240.424 67 240.405 63 ¯ ¯

C2H2
1 2Pg 276.903 66 276.729 98 276.731 15 276.730 87 276.763 91 276.734 90 0.00 0.00

CH31C2H3
1~nc!b 0.30 0.27 0.32 0.25 0.24 0.14 0.24 0.06

CH31C2H3
1~c!b 0.36 0.47 0.44 0.45 0.45 0.52 0.41 0.23

abs–1 2A8 20.86 20.64 20.58 20.65 20.68 20.45 20.61 20.66
abs–TS1 2A8 20.71 20.46 20.41 20.46 20.52 20.49 20.47 20.55
Com–TS 2A8 20.64 20.40 20.37 20.40 20.43 20.27 20.41 20.38
C3H6

1 2A9 23.41 23.04 23.04 23.04 23.09 22.94 22.89 22.74

aOptimized at the B3PW91/6-311G(d,p) level. Total energies in hartree are shown in italics for the reactants, and relative energetics respective to CH41C2H2
1

in eV are shown for the other structures. Basis notations are I: 6-311G(d,p), II: 6-3111G(d,p), III: 6-311G(2d f,p), IV: 6-3111G(3d f,2p). No ZPE
included in the relative energetics unless specified. ZPEs are calculated at B3PW91/6-311G(d,p) level.

bC2H3
1~nc! denotes the nonclassical H-bridged structure, while C2H3

1~c! denotes the classical structure.
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references in the current G2M calculations because of
small spin contamination even at the UHF level.16 All the
calculations have been carried out using theGAUSSIAN94

package.17

In the direct trajectory calculations, a less computatio
ally demanding method has to be employed. According
our preliminary calculations, the B3PW91/6-31G(d,p)
method can predict the structures and energetics of the in
mediates and transition states rather well. Therefore, we h
carried out trajectory calculations with the energy and gra
ents obtained at the level of B3PW91/6-31G(d,p) on the
fly.

The structures of the intermediates and transition st
involved are shown in Fig. 1. Their energetics calculated
varieties of levels are summarized in Table I. The schem
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reaction profile is shown in Fig. 2. Some results from limit
direct trajectory calculations are presented in Fig. 3.

III. AB INITIO AND DIRECT TRAJECTORY
CALCULATIONS

In this section, we shall discuss our findings concern
the mechanism of the reaction CH41C2H2

1. Two different
channels are distinguished, the H-abstraction channel~R3!
and the complex channel~R1!, ~R2!. The structures involved
in the reaction will be labeled after the channel in bold fa
e.g., abs–1 and com–TS1 in Fig. 1 denotes intermediat
involved in the abstraction channel, and transition state
volved in the complex channel, respectively. We note t
although the reactant is actually doubly degenerate due to
FIG. 2. Schematic profile for the reaction of CH41C2H2
1. Energies~in eV! are obtained from G2M//B3PW91/6-311G(d,p) level including ZPE.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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FIG. 3. Results from three direct trajectory calculations. The figures in the first columns are kinetic and potential energies in kcal/mol. Those in th
column are essential bond distances~in Å! as indicated in the figure. The plots in the third columns are important bond angles~in deg! as indicated in the
figures.
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2P state of C2H2
1, we only need to consider the lowest ele

tronic state during the reaction, which is2A8 if Cs symmetry
is maintained. This is because the interaction between
CH4 and the2A9 component of C2H2

1 is expected to be re
pulsive.

A. The H-abstraction channel: MP2 vs DFT, which is
correct?

According to the previous study5 at the level of
UMP2/6-31G(d), the H-abstraction channel proceeds wit
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
he
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out entrance or exit barriers. Two minima with very simil
energetics (;213 kcal/mol) were found on the potential en
ergy surfaces, which resemble the structure ofabs–1, and
abs–TS1 shown in Fig. 1, respectively. A saddle point co
necting the two minima was also found, and the barrier w
calculated to be as small as 0.5 kcal/mol. Therefore, the
called ‘‘direct’’ H-abstraction channel actually can b
viewed as proceeding with a moderately bound intermed
complex.

At the level of B3PW91/6-311G(d,p), the overall pro-
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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file of the reaction remains the same. Namely, no entranc
exit channel barrier was found, and the structure ofabs–1
from the current work and the so-called classic
CH4¯C2H2

1 minimum in Ref. 5 are rather similar as we
However, there are a few subtle differences between the
called bridged CH4¯C2H2

1 geometry found by
Klippenstein,5 and the similar structure we have obtained
abs–TS1 in Fig. 1. According to Ref. 5, this structure is
minimum at the MP2/6-31G(d) level. At the
B3PW91/6-311G(d,p) level, however,abs–TS1 is actually
a second-ordersaddle point, which, according to thea8 nor-
mal mode (213i cm21) shown in Fig. 1, connectsabs–1 and
its pseudomirror imageabs–1’ ~not shown!. In other words,
throughabs–TS1, the CH4 group migrates from one carbo
atom of C2H2

1 in abs–1, to the other carbon atom inabs–1’.
We use the word pseudomirror image becauseabs–1 and
abs–1’ are not exactly a mirror image, since the CH3 group
has different orientations in the two structures. In fa
abs–1’ has to have one lowa9 imaginary frequency corre
sponding to CH3 rotation. Since abs–TS1 connects a
minima~abs–1! and a saddle point~abs–1’!, it can have two
imaginary frequencies, which is exactly what we find. Sin
the CH3 rotation is nearly free, thea9 imaginary frequency is
found to be as low as 14i cm21. Therefore, we did not try to
look for a first-order saddle point inC1 symmetry connecting
abs–1 and its equivalent structure.

Where does the difference betweenabs–TS1 and the
bridged CH4¯C2H2

1 structure in Ref. 5 come from?
Since both the basis set and the method employed
different in the two calculations, we have reoptimized t
structure of bridged CH4¯C2H2

1 as a minimum with
UMP2/6-311G(d,p) to have a fair comparison. The resulta
structure is shown in Fig. 1 asabs–TS1–MP2. It has one
small a9 imaginary frequency of 14i cm21 and all reala8
frequencies. Clearly, the different results obtained here
Ref. 5 mainly originate from the difference in method, not
basis set. The basis set does have some influence on
geometrical parameters involving the bridging-H atom. F
instance, the distance between the bridging-H and car
atom in C2H2

1 is seen to decrease from 1.718 Å at t
UMP2/6-31G(d) level to 1.633 Å at the
UMP2/6-311G(d,p) level.

Although the difference between B3PW91/6-311G(d,p)
and UMP2/6-31(d) results are rather small and may n
have a major effect on the overall dynamics, it is interest
to learn which method gives results that are closer to rea
To investigate this point, we have carried out optimizati
for both the minimum and the transition state starting fro
the structure ofabs–TS1 at the CCSD~T!/6-31G(d,p) level.
The minimum search leads to a structure very similar
abs–1, and the TS search leads to a structure similar
abs–TS1. The optimized parameters are also shown in Fig
in parentheses. Therefore, the CCSD~T!/6-31G(d,p) results
agree with the B3PW91/6-311G(d,p) results, which strongly
suggests that B3PW91/6-311G(d,p) results are closer to re
ality than the MP2 ones.

The relative energetics ofabs–1 andabs–TS1 does not
depend on the method of calculation very much, as ill
trated in Table I. At the G2M level including the zero-poi
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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energy corrections,abs–1 lies 0.66 eV~15.2 kcal/mol! be-
low the reactants, which is rather close to the G2 result
12.9 kcal/mol from Ref. 5. Theabs–TS1 structure lies 0.55
eV ~12.7 kcal/mol! below the reactants, i.e., the barrier rel
tive to abs–1 is predicted to be 0.11 eV~2.5 kcal/mol!.

As a short summary, the overall mechanism of the
abstraction channel as shown in Fig. 2, remains the sam
predicted by Klippenstein,5 despite some small difference
The so-called ‘‘direct’’ abstraction channel actually procee
through a moderately bound (;15 kcal/mol) complex, and
without entrance or exit barrier.

B. The complex channel: A new transition state at
lower energy

In Ref. 5 the complex channel~R1!, ~R2! leading to
C3H6

1 has been shown to proceed, starting from the so-ca
classical CH4¯C2H2

1 geometry, through a saddle poin
com–TS1–K , which is also included in Fig. 1. However, a
mentioned above, with the energetics for this transition st
one cannot obtain the cross section for this channel e
qualitatively. In Ref. 5, the qualitatively correct cross secti
was obtained by lowering the energy ofcom–TS1–K by 4.5
kcal/mol. However, we suspect that the reason for the
agreement is that another transition state with a differ
structure exists at lower energy. Indeed, the structure
com–TS1–K does not look like a transition state for C–
activation of CH4 by C2H2

1, but more like a C2H3
1 isomer-

ization transition state between its two conformations p
turbed by a CH3 fragment. Since two bonds, C–C and C–
have to be formed starting from theabs–1, the transition
state has to break the symmetry and resemble the trans
state found in the similar reaction of H21C2H2

1.18 Bearing
these in mind, we have successfully located theC1 transition
statecom–TS1 shown in Fig. 1. The length of the formin
C–C and H–C bonds and that of the breaking H–C bond
quite reasonable. The normal mode vector, shown on
structure in Fig. 1, also clearly manifests the character of
transition state. The IRC19 calculations verify that it does
connectabs–1 at one end. Towards the other side of t
barrier, geometry optimization starting from the structure o
tained after 24 steps of IRC leads to C3H6

1, which indicates
that no other significant wells exist on the path. Therefore
the schematic reaction mechanism presented in Fig. 2,
transition statecom–TS1 is directly connected to the fina
product C3H6

1. The situation is rather similar to the case
H21C2H2

1, where the deep C2H4
1 minimum can be reached

nearly directly after overcoming a barrier similar
com–TS1 with only few negligible bumps on the reactio
path.18

At the G2M level, the energy ofcom–TS1 is 0.38 eV
~8.7 kcal/mol! below the reactants, and the barrier heig
measured fromabs–1 is 0.28 eV~6.5 kcal/mol!. In the pre-
vious study of Klippenstein,5 it was found that qualitatively
correct cross sections for the complex channel can be
tained if the barrier height is artificially modified to 7.2 from
11.7 kcal/mol calculated withcom–TS1–K . Therefore, we
are confident that with the present results reasonable c
sections comparable to the experimentally measured v
can be obtained.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



e,
o
n
e
g

it
ag
f t
er

lt

he

th
s

e
wo
ly

m
-
ity
te

e
th
.

al

s

l,
w
h

b

p

iti
s
m

th

i

nd
ntly
be-
that
as in
. In

a-
we
ing
of

ut
of
f

n
No
eds

.
be

x-
de-

e
tive

that
c-
ies
itial

ro-
can
of
ion
tra-
ent
also
nt.

-
ns,
L

ro-
of
ter
nts
Air

61J. Chem. Phys., Vol. 109, No. 1, 1 July 1998 Cui, Liu, and Morokuma
C. Direct trajectory calculations: Any hints on the
mode enhancement?

According to ourab initio calculations presented abov
it is seen thatH–C–Cbending is clearly strongly coupled t
the reaction path. Therefore, one can imagine that additio
energy in this mode may contribute to the reaction rate
fectively unlike the C–C stretch, which is nearly inert durin
the whole reaction.

One wonders if anything additional can be learned w
the direct trajectory calculations. Since no statistical aver
can be made to obtain the cross section as a function o
bending excitation levels, one hopes that some charact
tics of the dynamical process can be captured bywiselyse-
lecting the initial conditions. In Fig. 3, we present the resu
from three trajectory calculations as our first attempt.

In all three trajectories, the impact parameterb is taken
to be zero, the initial velocity is along the line that joins t
centers of mass of CH4 and C2H2

1, and is perpendicular to
the CC triple bond in C2H2

1. All the trajectories start with the
center of mass separation of 4.0 Å. In the first trajectory,
initial velocity in the center of mass frame has been scaled
that the total initial kinetic energy is 5.0 kcal/mol. In th
second and third trajectories, the initial velocities of the t
H atoms in C2H2

1 have been modified so that approximate
two modes of asymmetric and symmetricH–C–C bending,
respectively, are excited. To be more specific, we assu
that all the vibrational energy~excluding the zero-point en
ergy! went into kinetic energy, and we project the veloc
~momentum! in normal mode coordinate back to the Car
sian space according to the well-known relationship

AmkẊk~0!5 (
i 51

3N26

Pi~0!•Lik5 (
i 51

3N26

AEi~0!•Lik , ~1!

where the summation over the normal modes in Eq.~1! be-
comes a single term in such cases where only one mod
excited and no zero-point energy is considered. In all
trajectory calculations, a step size of 0.2 fs has been used
save CPU time, we have run all the trajectories with theCs

symmetry constraint.
Unfortunately, all the three trajectories with the initi

conditions selected here arenonreactive! The CH4 molecule
comes close to C2H2

1, dances for a while, and then flie
away. Nevertheless, we may make some observations on
dynamical processes based on these results. First of al
comparing the results of the third and the first trajectory,
see that the symmetricH–C–Cbending does not have muc
of an effect on the ‘‘reaction’’ process. TheH–C–Cbending
is nearly adiabatic in the whole process. This may not
very surprising considering thesymmetryof this trajectory.
We expect a larger effect for cases with nonzero impact
rameters.

Second, we see that the second trajectory with the in
asymmetric bending excitation reveals interesting feature
the process. Although the trajectory starts with a nearly sy
metric configuration, CH4 favors one carbon atom in C2H2

1

as the trajectory propagates, and forms the configuration
resemblesabs–1. Clearly theH–C–C asymmetric bending
mode is far from being adiabatic and actively participates
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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the ‘‘reaction’’ process. It is also noted that the C–H bo
that needs to be broken for the reaction has been significa
stretched compared to the other two trajectories, and
comes as long as 1.3 Å. At the same time, the C–H bond
needs to be formed becomes as short as 1.15 Å, where
the other trajectories the closest contact was only 1.45 Å
other words, the second trajectory is nearly reactive.

In conclusion, although our initial attempt at direct tr
jectory calculations fails to produce any reactive event,
do observe the significant effect of the asymmetric bend
during the collision process. Clearly, the initial excitation
the asymmetric bending in C2H2

1 makes it easier to form the
highly asymmetric classical complexabs–1 which is a criti-
cal step in the H-abstraction channel.

IV. CONCLUSIONS

High qualityab initio calculations have been carried o
to study the mechanism of the ion–molecule reaction
CH41C2H2

1. Compared to the previous work o
Klippenstein,5 a very similar profile of the H-abstractio
channel~R3! is obtained despite some subtle differences.
entrance or exit barrier was found, and the reaction proce
through a moderately bound (;15 kcal/mol) intermediate
complex. For the complex channel~R1!, ~R2!, a new transi-
tion state,com–TS1, with a C1 structure has been located
The geometry and energetics of this structure seem to
more consistent with experimental findings, and it is e
pected that a qualitatively correct cross section can be
rived using the results in the current work.

Our initial attempt at direct trajectory calculation in th
current system is not very satisfactory, since no reac
events have been observed. Nevertheless, we do notice
asymmetricH–C–Cbending participates in the reaction a
tively, and nearly induced reaction in one of the trajector
we have propagated. Clearly, one has to choose the in
conditions wisely to gain any insights into the reaction p
cess due to the limited number of calculations that one
afford in direct trajectory study. In the future, it would be
great interest if one can combine surface interpolat
schemes and direct dynamics, so that larger number of
jectories can be carried out. Furthermore, more effici
propagation methods such as adaptive integrator should
be considered to achieve savings in CPU time requireme
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