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Quasi-classical trajectories for the hydrogen abstraction (HA) reaction C,H," + CH, — C,H;* + CHj,
were analyzed to probe the mechanistic origins of the large, mode-specific reactivity enhancement

observed experimentally following excitation of the C,H, " cis-bending mode. The trajectories

show the correct trend in reactivity vs. CC stretch and bending excitations, and also reproduce
the experimental recoil velocity map. Analysis of the trajectories shows that at collision
energy of 0.5 eV hydrogen abstraction is dominated by a direct mechanism, but ~15% of the
reaction is mediated by a precursor complex. The vibrational enhancement mostly comes from
direct collisions. The bending vibration enhances the reactivity in two ways. Collisions in bent
geometries (of C,H,™) are more reactive; however, the dominant vibrational effect is a
consequence of the momentum associated with the bending vibration. Enhancement by
vibrational momentum is reminiscent of the behavior seen by Polanyi and co-workers for late
barrier A 4+ BC reactions, and indeed, the atom transfer event in the C,H," + CH, system does
occur late in the collision. We, therefore, explore the possibilities for interpreting polyatomic
vibrational dynamics in a “‘Polanyi Rule” context, using trajectories to guide the construction

of a reduced dimensionality surface.

I. Introduction

The reaction of C,H," with methane has been the subject of a
number of experimental and theoretical studies.!'* In
particular, Chiu et al. reported the effects of collision energy
and C,H," vibrational excitation on reactivity and product
recoil dynamics, providing a stringent benchmark for mechan-
ism development.'? Both total reactivity and branching to the
endoergic hydrogen abstraction channel were found to be
strongly and mode-specifically enhanced by excitation of the
C,H," cis-bending vibration. Collision energy and CC stretch
excitation had much smaller, and in some cases, inhibitory
effects. The main goal of this study is to unravel the origin of
the large bending vibrational enhancement.

Klippenstein'® proposed a model to rationalize the vibra-
tional effects within a transition state theory framework. The
model assumes that reaction at low energies is mediated by a
weakly-bound, precursor complex, which is indeed a feature of
the calculated potential energy surface (vide infra). To intro-
duce mode-specificity, it was proposed that some modes do
not couple to the ergodic bath states available to drive
decomposition of the complex. The experimental data of recoil
behavior does provide indirect evidence that such a complex
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might play a role at low energies, but there is no direct
evidence of the importance of this mechanism. Because of
strong ion-induced-dipole forces, many ion—molecule systems
have shallow, reactant-like wells on their potential energy
surfaces, thus precursor complexes almost certainly play a
role in reaction at low collision energies. We have seen
evidence suggesting mediation by precursor complexes
in many reactions, and in some there is also mode-
specific reactivity in the energy range where the precursor
appears to be significant. Indeed, we proposed a variation
on the selective coupling idea to account for mode-specific
reaction of CgHsOH™ with NDs.!> A subsidiary purpose of
the present study is to look for evidence of precursor
complex effects on the scattering mechanism and vibrational
enhancement.

We carried out a detailed quasi-classical trajectory (QCT)
simulation of C,H," + CH, collisions at 0.5 eV collision
energy, focusing on the hydrogen abstraction (HA) reaction
Czl‘lzJr + CH4 d Czl‘l3Jr + CH3, which is both the
major channel at this energy, and the channel with the
largest vibrational mode effects. Before describing
the trajectory methodology and results, we first outline the
key features of the reaction coordinate and previous
experimental results.

II. Summary of the reaction coordinate
and experimental results

The reaction of C,H," with CH, has the following channels
observed at low collision energies. The energetics are derived
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Fig. 1 Schematic reaction coordinate for C,H, " 4+ CH,. Energies are deriv
(298 K) values.

from a combination of experimental,'®!” G3(298 K) and
MP2/6-31+G**(298 K) values:

CH," + CHy
— C,H;" (bridged) + CHj; (hydrogen abstraction = HA)
A.H° = 0.05 eV

C,H,™ + CH, — C,H;" (classical) + CH; (HA) A.H° = 0.23 eV
C2H2+ + CH4 - (:31_14+ + H2 (H2 elimination) ArHO =—-1.32¢V

C,H," + CH,; —» C3Hs™ + H (H elimination) A.H° = —0.93 eV

An ab initio reaction coordinate for this system is shown in
Fig. 1. The structures of stationary points and transition states
were calculated at B3PWO91/6-31+G*, B3LYP/6-31+G*,
MP2/6-31+G** and G3 levels of theory. The results are in
good agreement with previous calculations.'>!* The main
points of the reaction coordinate are as follows: (1) reactant-
like precursor complexes of both classical and bridged
geometries are bound by 0.6-0.8 eV with respect to both
reactants and HA products, but by only 0.2-0.3 eV with
respect to TS2, leading to a covalently bound C;Hg" complex.
Because the precursor complexes have geometries similar
to reactants, it is unlikely that there would be significant
activation barriers to forming them; (2) dissociation of the
precursors to the corresponding HA products is barrierless;
(3) the bridged form of both precursor complex and HA
products is more stable than the corresponding classical
geometry; however, the classical form might be expected to
dominate because it can form in a wider range of geometries.
Interconversion between classical and bridged structures
should be possible; (4) TS2, leading to the covalently bound
C3Het complex, is relatively tight compared to the orbiting
TSs!® leading back to reactants or to HA products, thus

ed from a combination of experimental, G3(298 K) and MP2/6-31+G*

the covalent CsHy" complex, and the C3Hq_,* channels
depending on it, should become unimportant at high collision
energies, as was observed experimentally. Furthermore, while
the covalent C3Hg" complex can contribute to HA by
CHs-loss, H or H, elimination should be more facile, and
the contribution of the covalent complex to the HA channel is
expected to be small, except at very low energies. This
conclusion was verified with isotope labeling in the
experimental study.!?

Properties such as vibrational state or collision energy
effects on reactivity can only depend on dynamics leading up
to the rate-limiting step on the reaction coordinate,'®* and
because of the strong mode dependence it is clear that the
rate-limiting step occurs early in C,H,* + CHy collisions,
before the initial mode of vibrational excitation has been
randomized. Product recoil behavior, of course, depends on
dynamics throughout the course of the collisions, however, the
gross features of the scattering (stripping vs. rebound
dynamics, energy disposal) may still reflect events that
occur early in the collisions. Such reactions are ideal for
quasi-classical trajectory study because error tends to
accumulate during a trajectory.”

The experimental integral cross-sections relevant to
this study are summarized in Fig. 2 as a function of the
center-of-mass collision energy E.,, for C,H," in its ground
state, and with excitation in the CC stretch (v,"), and
cis-bending overtone (2us*).'"> As indicated in Fig. 1, the
C;Hs* + H and C;H,* + H, channels both result from decay
of the covalent C3He" complex, and have nearly identical
dynamics. Therefore we give only the cross section for the sum
of the two: C3Hg_,." + H,, x = 1 and 2. The HA reaction
shows enhancement by collision energy at low E.,j, as expected
for an endoergic reaction, but by ~0.5 eV, collision energy
begins to inhibit HA, albeit weakly. Both channels,
but especially the HA channel, are enhanced strongly by
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Fig. 2 Reaction cross sections for ground state and vibrational
excited C,H," with methane.

C,H," cis-bending excitation (2us™ 155 meV) at low E.;.
In contrast, excitation of the CC stretch mode (v, 225 meV)
has little effect on either channel.

Note that there are two obvious mechanistic regimes. For
collision energies above 2 eV there is little E., or vibrational
state dependence, and recoil velocity measurements show that
the reaction is dominated by a direct, stripping mechanism. In
this “high energy” regime, the C;Hq_," products, which
require a complex to mediate the needed rearrangements, are
minor channels. At E., below ~1 eV, both vibrational and
E., effects are large and the C3He_." channels become
increasingly important. The recoil velocity measurements are
consistent with, but do not prove mediation of this “low
energy”’ mechanism by a precursor complex, as proposed in
the experimental paper and by Klippenstein. The calculations
described below were carried out at a collision energy of
0.5 eV—just in the middle of the “low energy” mechanistic
range, where vibrationally mode-specific enhancement is at its
maximum.

III. Computational details

Quasi-classical, direct dynamics trajectories were calculated
using the general chemical dynamics program VENUS99 of
Hase ef al.®* to set up the trajectory initial conditions, and the
Hessian-based method of Bakken et al*® implemented in
Gaussian 03(revision C.01),>® to propagate each trajectory,
with Hessians recalculated every five steps. The integrations
were performed with a step size of 0.25 amu'’? ay (~0.7 fs),
which conserved total energy to better than 10~* Hartree. The
SCF = XQC option was used during trajectory integration so
that a quadratically convergent Hartree-Fock (QC-SCF)
method®®?” was used in case the usual, but much faster,
first-order SCF method did not converge within the allotted
number of cycles.

Because millions of gradients and Hessian evaluations were
required, the level of ab initio theory used was necessarily
modest. To select a suitable level of theory, we calculated
several reactive and non-reactive trajectories at the
MP2/6-31+G* and B3LYP/6-31+G* levels of theory, and
for each trajectory we selected seven geometries corresponding

to chemically important steps in the collision: reactants,
products, points where bonds appear to be breaking or
forming in various orientations. The energies for these selected
geometries were then calculated at candidate levels of
theory (including MP2/6-31+G*, MP2/6-3114+4G**,
B3LYP/6-31+G*, B3LYP/6-311++G**, B3PW91/6-31+G*
and B3PW91/6-311++G**), and compared to CCSD/cc-pVTZ
and QCISD(T)/cc-pVTZ energies. On the basis of the
overall level of agreement and computational speed, we
chose the MP2/6-314+G* level of theory for the main set of
trajectories. The MP2/6-31+G* endoergicity of the HA
reaction is slightly greater than the experimental or G3 values
[0.13 eV at MP2 vs. 0.05 eV'® for C,H5 " (bridged) + CH3, and
0.33 eV at MP2 eV vs. 0.23 eV at G3 for C,H5 " (classical) + CHj].
These errors appear to be a problem with both MP2 and
B3LYP methods, and the B3LYP/6-31+G* error is even
worse. As a result, we expect that the absolute value of the
reaction cross section calculated from the trajectory results is
likely to be lower than the experimental value. There is reason
to hope that the calculated vibrational enhancement should be
reasonable, however, because the MP2 energetics for reactant
approach and the various barriers on the early part of the
reaction coordinate are more accurate.

The initial conditions for the trajectories were chosen to
mimic the conditions of the experimental study of Chiu e al.!*
Because in the experiment the C,H," ions were generated by
photoionization of a supersonic molecular beam, a 50 K
Boltzmann distribution was sampled to select the C,H,"
initial rotational state. The CHy in the experiments was at
room temperature, so a rotational temperature of 300 K was
used. The quasi-classical initial vibrational state is simulated
by giving each reactant atom displacement from equilibrium
and momentum appropriate to the desired initial rovibrational
state, with random phases for the different modes. The trajec-
tories were run with both C,H," and CH, having zero-point
energy (ZPE, total 1.86 eV at MP2/6-314+-G*) in all vibrational
modes, and with C,H,™ either in its ground state or having
two additional quanta of excitation in vs* (184 meV for 2vs™
at MP2/6-31+G*). To test the mode dependence of
vibrational effects, we also ran a set of trajectories with
excitation of the v," mode (230 meV at MP2/6-31+G*) of
C,H,™. For this set, intended only as a check that the mode
dependence is correct, we only calculated trajectories for
the range of the impact parameters that make significant
contributions to the reactivity. Trajectories were calculated
for only one collision energy, 0.5 eV; chosen for several
reasons. The vibrational effects are still large at this energy,
and both the experimental cross sections and the recoil angular
data suggest that the mechanism is still in the “low energy”
regime where precursor mediation may play a role in the
vibrational mode specificity. Because precursor lifetime should
increase rapidly with decreasing energy, it was felt that
collisions at lower E., might have collision times too long
for practical trajectory simulations.

Because the number of trajectories was necessarily limited,
we adopted a previously successful strategy®>*® to minimize
statistical error in comparing behavior for different CoH,"
states or impact parameters. For each state, batches of
trajectories (typically 100) were calculated for discrete values
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of the reactant impact parameter rather than randomly
sampling the b distribution. For both the ground and 2vs"
states, trajectories were run at ten discrete values of the impact
parameter, ranging from 0.1 to 5.0 A, allowing us to examine
the b dependence of the scattering dynamics in detail. For the
v," state, trajectories were calculated at four different values
of the impact parameter (b = 1.0, 2.0, 3.0 and 4.0 A).
Collisions at impact parameters below 1.0 A were omitted
because their weighting in the integral cross section is small,
and only 50 trajectories were calculated at b = 4.0 A because
no reaction was observed.

The random number generator seed used in setting up initial
conditions for each batch of trajectories was identical. Each
trajectory batch, therefore, used the same pseudo-random
sequence to sample the reactant parameters (orientations,
rotational energies, rotational and vibrational phases, efc.).
As a result, it is easy to compare trajectories for different
C,H,"* vibrational states or impact parameters, because
corresponding trajectories from different batches have
identical initial conditions, apart from the parameter being
varied (i.e., the C,H, " vibrational state or impact parameter).
The main motivation for this pseudo-random sampling
procedure was to avoid a potentially serious problem that
arises when reactivity is sharply dependent on one or more
reactant parameters. By using the same pseudo-random
sequence for each batch, the error from inadequate sampling
of reactant parameter space is the same for all batches, and
tends to cancel when comparing batches for different states or
impact parameters.

All trajectories started with an initial center-of-mass
reactant separation of 6.0 A, and were terminated either when
the distance between the final products exceeded 9.0 A, or after
2000 steps. This relatively short separation was used to insure
that the initial state did not have time to decay by anharmonic
coupling during the reactant approach. The error in the
energy due to the long-range potential at 6 A is negligible
(less than 5 meV). About 2350 trajectories were calculated,
each taking ~24 CPU h on Athlon 64-based cluster. For
trajectory visualization we used the program gOpenMol.”
Detailed analysis of individual trajectories and statistical
analysis of the trajectory ensemble were done with programs
written for this purpose,*®* available from the corresponding
author upon request.

There are two issues with using the QCT method to probe
vibrational dynamics. One obvious point is that vibration
energy is not quantized, leading to several types of
non-physical behavior. At the start of the trajectories, the
vibrational energy is partitioned appropriately to represent the
classical analog of the desired initial quantum state. During
the time required for reactant approach, the initial energy
partitioning can decay via anharmonic coupling of the normal
modes, such that the vibrational motion at the moment of
collision no longer represents the state of interest. We started
the trajectories with reactant center-of-mass separation of only
6.0 A, so that only ~ 100 fs elapses prior to the collision. In
addition, because both reactants are small molecules, the
number of symmetry-allowed mode combinations capable of
coupling to the initial state is limited. We examined the C,H, "
vibrational motion over a time scale much longer than the

reactant approach time and found no significant changes in
the character of the vibrational motion (i.e., maximum bending
angle, and maximum and minimum CH bond Ilengths).
Therefore, at the “moment of collision”, the trajectories still
represent the desired states, at least to the extent possible in the
quasi-classical framework. Lack of quantization presumably
has a significant effect on how energy is distributed between
vibrational modes during and after collisions.**** It is possible
to have trajectories where final E';, is below the zero point
level. Such unphysical collisions were found to be negligible in
our trajectories, presumably because we are looking at
relatively high energy collisions, reducing the error associated
with treating the motion classically. More importantly, the
observables of greatest interest for our purposes are the effects
of the different C,H," vibrational modes on the HA cross
section, which depend only on dynamics up to the rate-limiting
point on the reaction coordinate. The experimental observation
of strong, mode-specific vibrational effects indicates that the
rate-limiting point must be early in the collision, before the
initial excitation is scrambled. Such system is ideal for QCT.

IV. Trajectory results and discussion
A Nature of the trajectories

Roughly 77.8% of all trajectories are characterized as direct,
nonreactive scattering, resulting in conversion of some
collision energy into vibrational and rotational energy
(T - Ejnternal conversion). The remaining trajectories either
formed HA products (C,Hs" + CHs, 17.6%) or C3Hg_ "
products (C3H¢ ", C3Hs' + H, and C3H, ™ + Ho, total 4.6%).
In most HA trajectories, the C,H;™ product ions are produced
initially in the classical structure, sometimes isomerizing to the
bridge structure before trajectory termination. The C;Hg"
“product” simply represents complexes that would dissociate,
almost entirely by H or H, elimination, if the trajectories were
allowed to propagate long enough.

A typical HA trajectory is illustrated in Fig. 3, showing
changes of various distances and the potential energy (PE)
during the trajectory. The CM distance is the distance between
the centers of mass of the collision partners, and the two CH
bond lengths plotted correspond to the H;C-H bond being
broken, and the H-C,H, bond being formed in the reaction. The
oscillations in the bond lengths and PE reflect the vibrations of
the reactants or products, including ZPE. The HA trajectory is
direct, with only one turning point in the relative motion of the
reactant centers of mass, i.e., there is no sign of mediation by a
complex in this collision. The time for reactant approach is
around 100 fs, and the time during which the interaction is
strong is ~50 fs, which is comparable to the periods of the
lower-frequency C,H," vibrations. We note that the actual
hydrogen abstraction event, defined as the time point where
the CH bond of methane first extends by more than 2 times the
amplitude of the ZPE, occurs ~40 fs after the CM turning
point, i.e., reaction occurs late, as the collision partners rebound.

B Trajectory validation

Before analyzing what the trajectories tells us about the
dynamics, it is important to verify that the trajectories are in
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Fig. 3 A representative plot of hydrogen abstraction trajectories.
(Top) The variation of various bond lengths and center-of-mass
separation during the trajectory, and (bottom) the variation of
potential energy during the trajectory.

reasonable agreement with experiment. We start by comparing
trajectory HA reaction cross sections with those from the
experiment. Because trajectories were calculated at discrete
b values, the trajectory cross sections were estimated using an
extended closed trapezoidal approximation® to the usual integral
form (eqn (1)), where P(b) is the fraction of reactive trajectories
at each impact parameter, i.e., the opacity function:

bmux
o=2n / P(b)bdb
0

bmax
D [P(bi) x bi+ P(bis1) x bi1] x (b1 = b))
bi=0

The maximum b at which reaction is observed is 3.5 A for all
vibrational states. Table 1 compares the calculated HA cross
sections to those measured in the experiment.'? The error
limits given for the trajectory cross section are statistical,
based on the number of total trajectories and reactive
trajectories for each initial condition, and obviously do not
include any systematic errors. The absolute cross sections from
the trajectory results are systematically smaller than the
experimental cross sections. We attribute the lowered reactivity
mostly to the fact, discussed above, that the endoergicity of the

HA reaction calculated at the MP2/6-314+G* level used in the
trajectories, is ~ 100 meV too high, although other inaccuracies
in the QCT method may also contribute. The more important
results are the relative cross sections, i.e., the effects of v,*
and 2vs' excitation. Experimentally at E., = 0.5 eV, the
enhancement factor (o(v*)/o(gs)) is 1.2 for the v, " state, and
2.6 for 2us". The trajectories show the correct trend for the
two excited states, with strong mode specificity favoring the
bending excitation. The trajectory calculated vibrational
enhancement factors are 1.16 and 1.55 for the v,* and 2vs™
states, respectively. The 2vs* enhancement is a factor of 1.7
higher than that of v," per unit energy. Note that the
trajectory calculated enhancement factors are smaller
compared to the experimental values. This “damping” of the
vibrational effects is typical in our experience with QCT
studies of vibrational effects®?%3°32 and we tentatively
associate it with the failure to quantize vibrational motion.
Nonetheless, the results suggest that the trajectories capture
the physics of the mode-specific vibrational enhancement, at
least qualitatively.

The other experimental observation that the trajectories can
be tested against is the product recoil velocity distributions.
Table 1 presents the experimental and calculated mean recoil
energy (Erecoil), the fraction of E,..; going into recoil
(<Erecoi1>/<Eavail>’ Eavail = Ecol + Evib + Erot - AH) and the
scattering angle (0gq(), for reactions with C,H," in three
different states. Note that the ‘“‘uncertainties” shown for
(Erecoit) and (Os.a) are actually the widths (at half-maximum)
of the recoil energy and scattering angle distributions. The
average and widths of the recoil energy distributions are
in excellent agreement with the values estimated from the
experiments.'” In both experiment and trajectories, excitation
of v, " or 2vs " leads to a decreased fraction of available energy
(Eavail) going into recoil.

Fig. 4 reports the 2-D C,H;" recoil velocity map from the
trajectories for ground state C,H, . The peak contribution for
each trajectory set at different impact parameters is indicated
by the superimposed numbers, and the map is simply the
P(b) x b-weighted sum of the product ion recoil distributions
obtained for each set. There clearly is a strong correlation
between the impact parameter and the scattering angle, with
small b leading to rebounding, and large b leading to stripping,
as expected for a direct collision mechanism.?**! The one-to-one
mapping of b to scattering angle shows that the dominant
mechanism at this energy is direct, however, as shown below,
there is significant fraction of trajectories with collisions times
ranging up to > 1000 fs, i.e., collisions mediated by complexes
with lifetimes comparable to the rotational period. These
complex-mediated collisions give recoil angular distributions

Table 1 Comparison of trajectory and experimental results for the HA reaction at E.,; = 0.5 eV

Experiment Trajectory

O’HA/I&2 <Erecoil>u/ev <Erecoil>/<Eavail>a 4 (V+)/G—/gs (THA/I&2 <Erecoil>/ev <Erecoil>/<Eavail> <05(:all>/o o (U+)/O'/g5
gs 16 0.22 £0.12 0.49 — 81+09 023+0.11 0.55 55+£29 —
vy " 20 0.24 £0.15 0.32 1.2 94+07 027+£0.11 0.42 57 £ 30 1.16
2us™ 42 0.24 £0.14 0.40 2.6 126 £1.1 0.26 £ 0.12 0.43 50 =21 1.55

“ Values are estimated from experimental measurements taken at E. = 0.4 and 0.8 eV.'?
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Fig. 4 (Top) Computed 2-D C,H;" velocity contour map, and
(bottom) comparison of computed C,H;™ axial velocity distribution
at E., of 0.5 eV and experimental measured C,H;" axial velocity
distribution at nominal E., of 0.8 eV. The numbers on the map show
the most probable recoil velocity for each value of reactant b.

that contribute to a broad background that underlies the
b-to-0 mapping from the direct collisions.

In the experimental paper!? only the v,y. distributions
(i.e., projection of the full 2-D recoil velocity distributions
on the axis of the instrument) were reported. In the experi-
mental arrangement the instrument axis is coincident
(on average) with Vigaive, i.€., the relative velocity of the
collisions. To allow comparison, the lower half of the figure
compares an experimental v,;, distribution (unfortunately for
a somewhat higher E..) with the projection of the trajectory
velocity map onto Vieive» Which is essentially what the
experiment measures, albeit with broadening from the ion
beam and neutral velocity distributions. As expected from
the higher available energy in the experiment, the peak and
width of the recoil velocity distribution is larger than in the
trajectories, however the shapes are quite similar. Both
distributions are asymmetric and forward scattered with
respect to the origin of the center-of-mass frame, indicating
that reaction is dominated by a direct mechanism. In
both trajectories and experiments, however, the angular
distributions are broad, and the experimental recoil
distributions were best fit by a combination of direct and
complex-mediated mechanisms, with the direct mechanism
becoming dominant with increasing collision energy. This
combination of direct and complex-mediated mechanisms is
quite consistent with the trajectory results.

We also compared the experimental and calculated v,q
distributions for reaction of C,H," inits v,* and 2vus™ states.
These are not shown, as they are quite similar to those for the

ground state reactants, except that vibrational excitation
slightly increases { Erecoil)» and excitation of 2us* also increases
the degree of forward peaking as indicated in Table 1. The
weak dependence of recoil velocity on reactant vibrational
state is typical for most ion—molecule reactions,'®”*® reflecting
the fact that recoil is largely controlled by kinematics,
available energy, and exit channel interactions, none of which
is much affected by modest vibrational excitation.

Overall, the trajectory results are in excellent agreement
with experiment, considering the limitations of the QCT
method. Therefore, we feel confident in examining the
trajectories in more detail in order to extract additional
mechanistic insight. Since both experimental and trajectory
results show weak enhancement by the v,©™ CC stretch
excitation, we will mostly focus on the dynamics of 2vs™
bending excitation in the following discussion.

C HA reaction dynamics

1 Dependence on impact parameter. From eqn (1), it can be
seen that the magnitude of HA cross section is determined by
how the opacity function, P(b), varies with b. The increase in
cross section with 2vs" excitation could result from increase in
the magnitude of P(b), or an increase in the range b over which
P(b) is significant, or both. The trajectory opacity functions
are given in Fig. 5. Also shown in Fig. 5 are b-weighted opacity
functions P(b) x b’s (i.e., the contribution of each range of b to
the reaction cross section) and the cross section enhancement
due to the 2vs" excitation (shaded area). Within the
uncertainty, the vibrational enhancement is the result of a
uniform increase in reaction probability across the entire range
of reactive impact parameters, and the range is not extended.
P(b) is nearly constant up to a maximum b, beyond which no
reaction is observed. This b, is identical (3.5 A ) for C,H, ™
in its ground state and two excited states, and is slightly
smaller than the orientation-averaged hard-sphere collision
radius of ~4.0 A. Because the cross section scales like
P(b) x b, the consequence is that the major contribution to

—— 'v2+
0.4 1 —o— 2v;'
=
o
0.2 4
0.0 T T T T T T —0
1.0 4
0
x
)
= 0.5
0.0 o— T T T T T T

0.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0
Impact Parameter b (A)

Fig. 5 HA opacity functions for different vibrational states.
The vibrational enhancement by 2vs™ excitation is indicated by the
shaded area.
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the cross section for all three states comes from collisions
with b between 2.0 and 3.5 A. This behavior is essentially the
opposite of what would be expected in a line-of-centers (LOC)
picture,* where the magnitude of P(b) should be the same for
different vibrational states, but the range of reactive impact
parameters should increase with vibrational excitation because
less T — Einernal cOnversion is required to drive reaction.

We also investigated partitioning of available energy into
the products of the HA reaction. Most of the available energy
E.vail (~50%) is partitioned to product recoil energy, (E ecoir)
(Table 1), with the balance partitioned mostly into the product
rotational energy, (E'.o), with much less to the product
vibrational energy, (E'.i»). We found that the E,vaii = Einternal
(= E'1or + E'yip) conversion is roughly independent of impact
parameter for b up to 1.5 A, then gradually decreases with
increasing b, presumably because at large b collisions there is
more energy tied up in orbital motion, which cannot be
converted to Ejnernar Without violating angular momentum
conservation.

2 Dependence on collision orientation. The fact the opacity
functions are roughly independent of 5 (Fig. 5), but
significantly less than unity, suggests that there exists a
dynamical bottleneck that suppresses reaction, independent
of b. The significant increase in the value of P(b) upon
excitation of the C,H," cis-bend overtone, implies that the
vibrational enhancement might reflect behavior at the
bottleneck. To identify the nature of this bottleneck, we will
examine correlations between reaction probability and various
trajectory geometric parameters at the turning point of the
inter-reactant separation. The turning point occurs about 40 fs
prior to the actual hydrogen atom transfer event (Fig. 3).
Correlations with geometric parameters recorded earlier
during the trajectories are discussed below.

Fig. 6 shows a 2-D correlation map of reaction probability
for ground state C,H," versus two different parameters
characterizing collision orientation. The definitions of the
two parameters are indicated in the schematic of the collision
geometry in Fig. 6. otypproacnh 1 the angle between the acetylene
C-C bond and the methane H atom that makes the closest
approach to either of the acetylene carbon atoms. This
“closest” H atom is the one that is abstracted if the HA
reaction occurs. Because the vibrating C,H,™ has negligible

180 1

150 1

120

+ 101

D106 (degree)
(<=}
o

0 30 60 90 120 150 180

Olypproach (degree)

Fig. 6 Dependence of reaction probability on o,pproach and Ppane.
The contour map is for the ground state only, while the 1-D plots are
for both the ground and 2vs* states. The sketch shows the definition of
various angles.

chance of being linear at any given point in the trajectory, we
define a dihedral angle @y, that the “closest” methane H
atom makes with respect to the acetylene C—C*-H plane,
where C* is the carbon atom being attacked. @y, describes
whether the acetylene is bending toward (@piane < 90°), or
away (Ppiane > 90°) from the “closest” methane H atom.
Reaction probability is calculated as the fraction of trajectories
leading to HA for each range of these two parameters.

The CM turning point is late enough in the trajectory that
there is not enough time for significant orientation steering
before onset of hydrogen abstraction, but early enough that
the collision has not severely perturbed the initial reactant
motion. Note that the reaction probability is dominated by
collisions where the “closest” H atom of CH, approaches
acetylene from the side (dupproach = 90° £ 20°), and
simultaneously the C-C*-H moiety is bent away from the
approaching H atom. The probability of having collisions in
this range of optimal orientations is ~0.66, but because
less than 40% of these collisions actually react, the opacity
function P(b) is only ~0.25.

Fig. 6 also gives the uncorrelated one-dimensional curves
showing reaction probability vs. %approach and @Ppjane, for both
ground state and for 2vs™-excited C,H,". Bending excitation
doesn’t have any dramatic effect on the shape of the reaction
probability curves, i.e., vibrational excitation does not expand
the reactive range of either orientation parameter but instead
increases the reactivity in favorable orientations. Therefore,
we can conclude that while collision orientation controls the
overall reactivity, it is not strongly correlated with the
vibrational enhancement. Vibrational enhancement must
depend on some other aspects of the collisions.

Note that the oupproach curves both have a peak at
Olapproach = 75-80° that is a consequence of the fact that both
acetylene C atoms have similar distance to the abstracted H
atom in such geometries, which roughly doubles the
probability that the H will be abstracted. The contribution
each range of angle makes to the HA cross section depends on
the reaction probability vs. angle (Fig. 6), but also on the
probability of having collisions in a particular orientation
(the orientation distribution). The @y, orientation distri-
bution is constant, i.e., there is no weighting effect for the
dihedral angle. The o, pproach Orientation distribution, however,
is proportional to sin(dtapproach), thus the weighted reaction
probability peaks at tupproach = 70-100°.

3 Dependence on C,H," bend angle. One obvious question,
given the strong enhancement from bending excitation, and
the fact that the C—C*—H moiety must bend significantly in
order to form either the classical or bridging forms of CoH3™,
is that reactivity might simply be a function of the bend angle
at some critical point in the collision. Fig. 7 explores this idea.
The angle of interest is the H-C*—C angle (tipeng in Fig. 7),
where C* is the carbon atom which interacts most strongly
with the “closest” methane H atom, i.e., the C atom which
abstracts the H atom in reactive collisions. Data is shown
for three different sampling times: the beginning of the
trajectories, 25 fs before the CM turning point, and right
at the turning point. The left column shows the reaction
probability for the two reactant states (ground state and 2vs ™)
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Fig. 7 (Left column) Reaction probability as a function of the value of apenq; (middle column) probability of C,H," being bent in different ranges
of openq; and (right column) contribution of each oyeng range to the HA cross section. In each column, data is shown for both the ground and 2vs™*

states and for three different sampling times.

as a function of openq. The center column shows the
probability of finding the acetylene with different ranges of
bend angle, and the right column is the product of left and
center columns. This product represents the contribution of
trajectories where acetylene is found in different ranges of
bend angle to the total cross section for each state, at the three
sampling times.

For geometries sampled at the beginning of the trajectories
(top row), several things should be noted. The middle frame
shows the range of bend angles explored by the ground state
(i.e., zero point level), and the 2vs* state. As expected, the
ground state is most likely to be found in near-linear geometry,
whereas the 2us™ state is most likely to be found with a apeng
near the classical turning point, around 150°. The left frame
shows that the 2us™ state is more reactive than the ground
state at all ranges of openg, and that the enhancement factor
is independent of openg, Within the uncertainty of the
calculations. Of course, we do not expect reactivity to be
correlated with the bend angle sampled at the trajectory start,
because the collision really starts ~100 fs (several bending
vibrational periods) later. The initial vibrational phase is

random, therefore, there should be no correlation between
the starting angle and the angle when the collision actually
begins.

The middle row shows the results sampled 25 fs before the
CM turning point, just at the beginning of the strong
collisional interaction. Note that by this point, the distri-
butions of bend angle for the two states have become quite
similar due to distortion of the C,H," by the collisional
interaction. If reactivity were simply a question of the bend
angle at the moment of collision, the similarity of the bend
angle distributions would suggest that there should be no
significant enhancement from the 2vs™ excitation. The left
frame shows, however, that the dependence on bend angle of
the reaction probabilities for the ground and 2vs™ states are, in
fact, quite different. The 2vs™ state is considerably more
reactive than the ground state at bend angles below ~150°,
and slightly more reactive at larger angles as well. Taking the
product of the left and center frames, the right frame shows
that the 2us™ cross section gets larger contributions from all
ranges of apeng (€xcept linear) than does the ground state cross
section. Note that the difference in reaction probability at
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small openg (<120°) has no significant effect on the cross
section, because of the low distribution probability of openg
in this range. Instead, it is the higher reaction probability
between 120 and 180° that causes the dominant vibrational
effect.

The interesting point here is that the reactants still somehow
“remember” the initial state of the C,H,™ at this point in the
trajectories, even though the collisional interaction has
distorted the initial bend angle distributions to be almost
indistinguishable. This point is even more obvious if the bend
angle-reactivity correlation is examined at the CM turning
point (Bottom row). The bend angle distributions (middle
frame) are very similar for the two states, with only a
slight shift to smaller angle for the 2us" state. Nonetheless,
the reaction probability (left frame) is much higher for the
2us " state at all angles, such that the resulting contributions to
the cross section (right frame) are higher for the 2vs" state for
all but the point nearest linear geometry.

We also examined the 2-D correlation between the bending
angle, dpeng, the orientation of the bending plane with respect
to the approaching H atom, @, and the reactivity. In
previous systems, this correlation has been illuminating,?
but here there is no obvious correlation.

4 The precursor complex and its effect on reactivity. As
noted in the Introduction, shallow potential wells that might
support precursor (i.e., reactant-like) complexes are common
in ion—molecule systems, thus the behavior of such complexes
is of some interest. Klippenstein proposed a model to
rationalize the large mode-specific reactivity enhancements
observed for this system, in which it was assumed that the
CC stretch vibration remained uncoupled in the weakly-bound
precursor complex, whereas the bending vibration coupled
to the complex bath modes, and was therefore available to
drive reaction. We have suggested precursor mediation to
rationalize sharp spikes in cross section at low collision
energy,”®* and invoked a mode-specific coupling argument
reminiscent of Klippenstein’s to account for vibrational effects
in PhOH"4+ND;.'> We have also proposed an alternative
scenario whereby precursor-mediated mechanisms might show
mode-specific vibrational effects, based on the notion that the
probability of trapping into precursor complexes might
depend on the reactant vibrational mode.?° If true, this would
rationalize vibrational effects in complex-mediated reaction,
without requiring that some modes remain uncoupled in the
complexes. Unlike our previous trajectory work, the simulated
collision energy in this system is low enough that the
precursor-mediated mechanism should still be significant,
and indeed, significant numbers of trajectories are observed
to form complexes. It should be possible, therefore, to examine
the role of the precursor complex and possible connection to
the enhancement from C,H," bending excitation.

Before discussing the trajectory results, we first note that the
well depths for the reactant-like complexes (both classical
and bridged) calculated at the level of theory used in the
trajectories (MP2/6-31+G*) is only ~50% of the well
depth calculated at the G3 level, as shown in Fig. 1. As a
consequence, we expect that the importance of precursor
mechanism will be diminished in the trajectories. The effect

should be much as if the trajectories were run at somewhat
higher collision energy—a smaller fraction of trajectories will
form complexes, and the lifetimes will be reduced. On the
other hand, because the interaction between C,H," and CH,4
in the complexes is weaker than in reality, the coupling of
C,H," vibrational modes to the bath modes should be weaker,
making it more likely that they might persist in the
complex—a key underpinning of the mode-selective coupling
argument.

To identify trajectories that formed complexes, we defined
the collision “lifetime” as the time between the first point
where the reactant CM separation of the collision partners
drops below 3.0 A, and the point where the separation finally
goes above 3.0 A for the last time (i.e., including any time
spent oscillating in and out of 3 A range). The 3.0 A trigger
distance was chosen as a reasonable estimate of the distance
below which there is significant interaction between the
partners (Fig. 3). With this definition, direct collisions have
lifetimes less than 200 fs, and these account for ~84% of all
collisions with b < 3.5 A. The rest have a distribution of
lifetimes running out to 1400 fs, which is the point where
trajectories were terminated. Trajectories with lifetimes
greater than 1000 fs all were found to have trapped into the
covalently bound C3Hg" complex. Some of these dissociate to
C;Hs" + H, but many remain as C;Hg" until terminated,
consistent with the large binding energy of this complex,
relative to the available energy. The trajectories of interest
for probing the mode-selective coupling mechanism are those
that form the more weakly bound, short-lived precursor
complexes, and these all have collision times between
200 and 1000 fs.

Fig. 8 summarizes the results for all trajectories that formed
complexes, including both precursor (11%) and covalent (5%)
complexes. The top frame compares the probability of forming
complexes for the ground and 2vs™ states, as a function of the
impact parameter. Probabilities are shown for all complex-
forming trajectories, and also for the precursor-only subset.
The probability is quite high for collisions at small impact
parameters, reflecting the fact that such intimate collisions
are likely to be quite inelastic, with enough translational-to-
internal (7" — V, R) energy transfer to trap the partners in the
weak precursor wells. Above ~2 A impact parameter, the
probability of trapping into a complex diminishes rapidly,
because the strong interactions needed to drive T — V, R
transfer become increasingly unlikely in less central
collisions. Note that there is a slightly higher probability of
trapping into a complex if the C,H," has bending excitation.
On the other hand, there is no obvious effect from the CC
stretch excitation (not shown in the figure).

The middle frame shows the probability that the complexes
decay to HA products. Again, probabilities are shown for all
complex-forming trajectories, and also for the precursor-only
subset of the trajectories. The b-weighted branching of
“all complexes” to HA products is 20-25%, with a slightly
higher HA branching for complexes formed by bending-
excited C,H,". If only the precursor complexes are examined,
the branching to HA products increases to 30-40%, again
with the probability enhanced by the bending excitation, but
not by the CC stretch (not shown). The other main channel in
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Fig. 8 (Top) Probability for all complex-forming trajectories, and
for the precursor-only subset vs. impact parameter, for different
vibrational states; (middle) probability for decay of all complexes
and precursor complex to HA products vs. impact parameter, for the
ground and 2vs* states; and (bottom) precursor-mediated HA opacity
functions (b-weighted) for different vibrational states.

decay of the complex is dissociation back to reactants.
Decay via TS2 (Fig. 1) to form C3He_," is also observed
(5% branching), however, in that case the collision time is
> 1000 fs, and these trajectories are counted with those that
form C3He". Note also that the reason that the HA branching
probability for “all complexes™ is lower than for precursor
complexes is that the C;H¢' complexes decay almost
exclusively to C3H¢_, " products.

The bottom frame shows the b-weighed product of the top
and middle frames, corresponding to the contributions of
precursor-mediated trajectories to the HA cross section, as a
function of impact parameters. Because of the b-weighing, the
largest contribution is from trajectories in the range around
1.5-2 A, and bend excitation of the C,H," reactant increases
the contribution over most of the range of 5. The total
contribution of the precursor mechanism to the total HA
cross section is gotten by summing over b (eqn (1)), with the
result that the precursor mechanism is, indeed, enhanced
by bending excitation (partial HA cross section = 1.28 A2,
1.22 A and 1.45 A2 for the ground, v,", and 2us" states,
respectively). Most of the enhancement by 2vs* comes
from the higher branching to HA, of complexes formed from

bend-excited C,H, ™", suggesting that there is some validity to
the scenario previously proposed to rationalize mode effects in
a precursor mechanism. Note, however, that this enhancement
(~13%) is actually smaller than the ~55% enhancement
(Table 1) of the total HA cross section. The dominant
enhancement by the bending excitation, therefore, comes from
direct collisions, and if we subtract the precursor-mediated
contribution, we find that the direct mechanism is enhanced by
~63%. It is interesting to note that the enhancement by the
CC stretch, while small, completely comes from the direct
collisions.

We also looked for evidence of mode-selective or weak
coupling of the C,H," vibrations with the bath modes of
the complex. It turns out that in most precursor-mediated
trajectories, there is repeated H-transfer back and forth
between the collision partners, and of course this repeated
bond breaking/formation is accompanied by large changes
in the nature of the vibrations, such that all reactant modes
are strongly coupled. In fact, the dominant route for trapping
into the precursor seems to a frustrated direct HA reaction,
i.e., the collision starts with direct H atom transfer,
but in some collisions there is so much accompanying
T — V transfer that the products cannot separate, and trap
into a complex.

The equilibrium structure of both classical and bridged
precursor complexes is reactant-like (ie., C,H,"—CH,).
Attempts to optimize structures for product-like complexes
(i.e., C,H3;"—CHj3) converged to C,H,"~CH,. Nonetheless,
in the complexes explored by the trajectories, the H atom
transferred repeatedly and the system was observed to spend
roughly equal time in C,H,"~CH, and C,H3"—CHj; geometries.
This propensity for the higher energy C,H;*—CHj structure is
a density-of-states effect, driven by the larger number of low
frequency vibrations for the less symmetric C,H;*—CHj;
species. The same effect is seen in the dissociation from the
precursor complex, where both RRKM and trajectories see
60% branching to HA products, despite the energy for decay
back to reactants being significantly lower.

5 The feasibility of devising Polanyi-type rules for polyatomic
reactions. Polanyi and co-workers* carried out a series of
model studies comparing the relative effectiveness of
vibrational and collision energy in driving reaction over a
barrier for a triatomic A + BC system. It was shown that for
early barrier reactions, i.e., potential energy surfaces (PES)
with a barrier in the entrance channel, collision energy is most
effective in driving reaction, because this adds momentum
to the coordinate that is perpendicular to the barrier. For
late barrier reactions, conversely, vibrational excitation is
more effective, because this adds momentum that helps
carry the system “‘around the bend” in the PES, and over
the barrier. In the discussion above, we argue that it is
primarily the momentum associated with the bending
vibration, rather than the geometrical distortion, that is
responsible for the observed vibrational effects. Further-
more, it was shown that the collisions responsible for the
enhancement are direct, with only a single turning point in
the motion of the centers of mass of the collision partners.
These observations raise the question of whether such
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reactions can be simplified somehow to resemble the simpler
A + BC systems Polanyi described, and whether such
simplication could be made predictive.

In a previous study of the HA reaction of H,CO™ with
methane,' we were able to devise a reduced PES, and when
reactive and non-reactive trajectories were projected on
this PES, they closely resembled the sort of vibrational
momentum-driven barrier crossing behind the Polanyi rules.
In particular, momentum in the CH, umbrella distortion
coordinate, with the proper phase, would push the system
through a bottleneck, into the product well, while collision
energy largely resulted in reflection from the repulsive
wall, with no reaction. The PES simplification process
was guided by the trajectory results, which showed reaction
only for approach in narrow ranges of several reactant
orientation parameters (analogous to otypproach and Ppjane in
this system), which could, therefore, be frozen in the PES
reduction process. Furthermore, coordinates such as rotation
of methane about the H*-CHj; axis, where H* is the atom
being abstracted, and distortion of the methyl group from Cs,
symmetry, have little effect on the bottleneck and therefore
could also be frozen.

The C,H," 4+ CH, system is somewhat less constrained,
however, as shown in Fig. 6 reaction also only occurs for
certain ranges of opproach and Ppane, and there is no reason to
expect that HA would be particularly sensitive to rotation or
distortion of the methyl group. Therefore, we followed a
similar procedure to reduce the 21-dimensional PES to a
2-D PES, shown in Fig. 9. In Fig. 9, rcy is the distance
between the acetylene C atom being attacked and the “‘closest”

Openq (degree)

Opnq (degree)

rop (A)

Fig. 9 Reduced potential energy surface for C.H," + CH; —
C,H;" + CHj; calculated at the MP2/6-31+G* level. The contour
labels are the potential energy relative to the reactants. The dotted
lines in the top and bottom frames, respectively, show a non-reactive
trajectory with ground state C,H,™, and a reactive trajectories with
2vst-excited CoH, ™.

methane H atom. For the HA reaction, rcy correspond to the
reactant approach coordinate. openg directly correlates with
the 2us* excitation, and for a reactive trajectory, opend
describes the transition from reactants to products, because
the C-C*-H angle bends going from C,H," to C,H;".
This reduced surface was fit to 1100 points calculated at the
MP2/6-31+G* level of theory. As in the previous study, we
froze the CH3 moiety in C3, symmetry and oapproach at 100°,
and optimized all other coordinates at each point on the
surface. On this reduced surface, there are two wells corres-
ponding to products. One, with rcy ~ 1.4 A and Opend ~ 135°,
corresponds to the classical form of C,H; ", and the second, at
rcu ~ 1.6 A and Opend ~ 165°, corresponds to the bridged
form. On the full PES, there is no barrier in excess of the
reactant energy for the HA reaction, however, on this reduced
surface, which is constrained in the orientation found to be
most reactive at 0.5 eV, there is a saddle point about 0.25 eV
above the entrance well. This barrier corresponds to the energy
required to distort and rehybridize the C,H," reactant, to
allow formation of the classical structure of the C,H;"
product. Note that there is no barrier, even on the reduced
surface, to formation of the bridged structure, however,
almost no trajectories were observed to directly form the
bridged structure, because this process requires very
symmetric collision geometries.

The reduced surface shown in Fig. 9 resembles a late-
barrier surface of the type that, as Polanyi rules suggest,
should be enhanced by excitation of the vibration that corres-
ponds to the transverse motion in the entrance channel.
This motion corresponds to C,H," bending, which is found
to strongly enhance reaction. The top frame of the figure
projects a typical non-reactive trajectory with collision
energy of 0.5 eV and reactant ZPE. The system has sufficient
translational energy to overcome the barrier on the reduced
surface, however, no reaction is observed. The lower frame
shows the projection of a typical reactive trajectory with 2us"
excitation. The momentum in the bending motion carries the
system over the barrier to form the classical structure of
the C;H;™ + CHj; products, which immediately isomerize to
the more stable bridged form, where the trajectory remains
until terminated.

We conclude that for systems where the range of reactive
orientations is sufficiently constrained, it is possible to construct
a reduced PES (or perhaps a family of reduced PESs) that
provide a natural way to rationalize the effects of different
types of reactant motion on scattering/reactivity.

V. Conclusions

Quasi-classical trajectories calculated at the MP2/6-314+G*
level of theory are able to reproduce the large vibrational
effects of C,H," cis-bending for hydrogen abstraction in
C,H,* + CH,. Analysis of the trajectories shows that the
bending effect is not simply a consequence of enhanced
reactivity in bent geometries, but rather, the excitation of
the bending motion adds momentum along the reaction
coordinate. Similar effects might be expected in other poly-
atomic systems, particularly at collision energies where the
collision interaction and vibration have similar time scales.
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