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an extremely thin (~3 nm) facet. In particular,
the nearly perfect fluorescence quenching of its
NT, block substantiates that electronic effects
of heterojunctions can indeed propagate over a
micrometer-long distance through a great number
of m-stacks in semiconducting organic materials.
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Dynamics of the Reaction of Methane
with Chlorine Atom on an Accurate
Potential Energy Surface

Gabor Czako* and Joel M. Bowman

The reaction of the chlorine atom with methane has been the focus of numerous studies that

aim to test, extend, and/or modify our understanding of mode-selective reactivity in polyatomic systems.
To this point, theory has largely been unable to provide accurate results in comparison with experiments.
Here, we report an accurate global potential energy surface for this reaction. Quasi-classical trajectory
calculations using this surface achieve excellent agreement with experiment on the rotational
distributions of the hydrogen chloride (HCl) product. For the Cl + CHD; — HCl + CDj reaction at low
collision energies, we confirm the unexpected experimental finding that CH-stretch excitation is no more
effective in activating this late-barrier reaction than is the translational energy, which is in contradiction
to expectations based on results for many atom-diatom reactions.

ecades of experimental and theoretical
D studies of atom-diatom reactions led to a

well-validated framework for predicting
the effect of vibrational excitation on the ensuing
dynamics (/, 2). Earlier fundamental research dem-
onstrated the importance of the reaction barrier
location on the efficacy of partitioning the total
energy between internal excitation of the diatomic
molecule and relative translational energy of the
reactants. The careful and correct analysis of these
reactions led to the “Polanyi rules” (3), which
state that vibrational energy is more efficient than
is translational energy in activating a late-barrier
reaction, whereas the reverse is true for an early-
barrier reaction. Recent studies have investigated
the generality and validity of these paradigms for
polyatomic systems. The X + methane (CHy
and deuterated isotopologues) reactions (which
replace the diatomic with a five-atom molecule)
have played a central role in this research, in
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which, for example, the choice of X as H, O, F,
and Cl has permitted the height and location of
the reaction barrier to vary widely. Recent ex-
periments by Liu and co-workers (4-8) on the F
and Cl + methane reactions have uncovered sur-
prising departures from expectations that present a
strong challenge to theory, which ultimately pro-
vides detailed understanding of chemical reaction
dynamics. A rigorous theoretical approach to re-
action analysis consists of two components. The
first is to determine the global potential energy
surface (PES) (9), which govemns the nuclear mo-
tion, and the second is to perform dynamics
calculations with the PES. We succeeded in carry-
ing out this process recently for the early-low-
barrier F + CHD; reaction, for which we were able
to illuminate the surprising experimental result of
the enhancement of the DF + CHD, channel by
exciting the CH-stretch (10, 11). In this Report,
we take the same approach to address and inter-
pret experiments on the late-high-barrier Cl +
CHD; reaction by Liu and co-workers (5), which
also uncovered a surprising result, namely that at
low collision energies (E,.y) vibrational excita-
tion of the CH-stretch was no more effective than
was translational energy in promoting the reaction.

This result, as pointed out by these authors, contra-
dicts the rule of thumb of reaction dynamics
(Polanyi rules). Other interesting experimental re-
sults of this reaction are also successfully addressed.

As with the previous accurate PES for F +
CH, (10), the C1 + CH,4 PES is a permutationally
invariant fit (12, 9) to roughly 16,000 high-level
ab initio electronic energies. The selection of con-
figurations for the PES is quite similar to proce-
dures used for the F + CH4 PES (10, 12), and
details are given in (/3). A key part of this ap-
proach is the use of an electronic structure method
that gives accurate energies, especially for the
barrier height, reaction enthalpy, and the entrance
and exit channel van der Waals (vdW) wells. These
wells, which result from long-range attractive
interactions, are ubiquitous in chemistry, and as
we show here, the prereactive one has a substan-
tial effect on the Cl + CHD; reaction dynamics at
low collision energies. The inclusion of the spin-
orbit (SO) correction is also essential in the present
case because it effectively increases the barrier
height and reaction endoergicity by 0.8 kcal/mol
and has a substantial effect on the entrance chan-
nel vdW well. (The SO correction is a relativistic
effect, which lowers the energy of the halogen
atoms and has about twice as large an energy shift
on the heavier ClI than on F. The widely applied
nonrelativistic electronic structure computations
neglect this effect.) There is also a substantial
basis set—superposition error in this region, which
has to be corrected. Thus, the goal for the present
PES is to take all of this into account. In order to
achieve this goal, we used a composite electronic
structure method, which provides accurate en-
ergies with affordable computational time. The
general composite approach (/4), which is wide-
ly used, combines results from several levels of
ab initio method and basis (5, 16). Second, in
order to account for the SO effect differences be-
tween the SO and non-SO ground-state electronic
energies, obtained by means of multireference
configuration interaction (MRCI) with Davidson
correction (MRCI + Q) with basis set aug-cc-
pVTZ (MRCI + Q/aug-cc-pVTZ), were added to
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the composite non-SO energies at 1598 CICH,4
configurations in the entrance channel, where the
SO corrections are substantial and nonconstant.
(2000 Cl + CH4 fragment data were also shifted
by the constant SO correction of the CI atom.)
Third, counterpoise correction for entrance chan-
nel basis set-superposition error at the above-
mentioned 1598 configurations was applied. The
present PES is based on electronic energies with
basis set effects up to aug-cc-pCVTZ (correlation-
consistent polarized core-valence triple-zeta basis
augmented with diffuse functions) (/7); electron
correlation up to the “gold standard” CCSD(T)
(coupled-cluster with single and double and per-
turbative triple excitations) method (/8); correla-
tion effects of the core-core and core-valence
electrons; and SO and counterpoise corrections
for the entrance channel. As a result, this present
PES corresponds to the SO ground state, ac-
curately describes the vdW regions both in the
entrance and exit channels, and describes both
the abstraction (HCl1 + CH3) and substitution
(H + CH;Cl) channels. Thus, it represents a con-
siderable advance over previous PESs for CI +
CH,, including several semiempirical (19, 20)
and ab initio-based surfaces in 2 (21), 3 (22),
and 12(full) (23) dimensions.

A schematic of the PES, given in Fig. 1, shows
the stationary-point structures and energies of
the abstraction and substitution reactions CI(*P,
2p) + CH, — HCl + CH; and H + CH;Cl, where
CI(*P;p) is the SO ground state of the Cl atom
lying below the non-SO energy of CI(*P) by
0.8 kcal/mol. The vdW wells in the entrance chan-
nel for the CH-Cl and HC—CI linear bond ar-
rangements are below CI(%Psp) + CHy(eq) by 0.3
and 0.6 kcal/mol, respectively. (That the most
favorable vdW orientation is the HC—Cl one is both
meaningful and easily understood from a simple
sum-of-pairs interaction because C is more polar-
izable than H.) The abstraction reaction has a late
(product-like) saddle-point of energy 7.6 kcal/mol
relative to CI(*Ps) + CHy(eq) and a vdW well
in the product channel with a dissociation energy
(D) of 2.4 kcal/mol. The PES reaction endoer-
gicity for the HCI + CHj; channel is 5.7 keal/mol.
These values are in excellent agreement with our
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/421 (43.0)~ @
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Fig. 1. Schematic of the global SO and non-SO ground-state PESs of the Cl + CH,4 reaction showing the
accurate benchmark energies and the PES values in parentheses; for example, 7.6 (7.6) shows the
excellent agreement between the benchmark and PES barrier heights. All the energies are relative to
the SO ground state Cl(®P5,) + CHa(eq). The negative energies correspond to the attractive region of
the vdW well in the entrance channel on the SO surface (Fig. 2).
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benchmark energies of 7.6, 2.4, and 6.0 kcal/mol,
respectively, which were obtained by using the
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focal-point analysis (FPA) approach (/4) [see com-
putational details in (24)]. The PES reaction en-
doergicity is also in excellent agreement with the
experimental value, deduced to be 6.0 kcal/mol (13).

None of the previous PESs are as accurate in
all of these key energies. In particular, focusing
on the important entrance and exit channel vdW
wells, the present PES contains an accurate de-
scription of the latter, (CH;—HCI), with a sub-
stantial D, value of 2.4 kcal/mol. This contrasts
with the conclusion based on a semiempirical PES
with a D, of 0.3 kcal/mol that “the existence of
this product complex is questionable” (20). With
respect to the entrance channel vdW well, there
are even greater contrasts with previous PESs.
This vdW region in particular is affected by SO
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Fig. 2. Potential energy curves of CH,—Cl as a function of the C—Cl distance along the C;, axis with
fixed CH4(eq) geometry and (top) CH—Cl or (bottom) HC—Cl linear bond arrangements that were (left)
computed at the MRCI+Q/aug-cc-pVTZ level or (right) obtained from the non-SO— and SO-corrected
ground-state PESs. A; and E denote the ground and excited non-SO electronic states, respectively, and
S04, SO,, SO5 are the three SO states. The energies are relative to Cl(2P3;) + CHa(eq).
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interaction, as shown in Fig. 2, where potential
curves both with and without SO coupling are
shown for the entrance channel. Our multi-
reference configuration interaction results show
that the non-SO electronic ground state potential
has minima with CH-Cl and HC—CI bond ar-
rangements with depths of 0.3 kcal/mol and 0.9

kcal/mol, respectively (25). The SO interaction
has a minor effect on the former, whereas it de-
creases the depth of the latter by 0.3 kcal/mol,
but, the HC—Cl orientation still remains the deeper
minimum. It is critical that the present PES
describes these vdW regions accurately, as shown
in Fig. 2, because they play an important role in

Fig. 3. Computed and experimental HCl
rotational distributions for the Cl + CH, re-
action at a collision energy of 3.7 kcal/mol.
Theory uses quasi-classical trajectory calcu-

0.4

Cl + CH,(v=0) —> HCI(v=0, J) + CH, _

—&— Theory
—@— Experiment T

lations on the SO-corrected PES considering 5 o3
trajectories in which CH; has at least zero- &
point vibrational energy. Experimental data Ca,
are taken from (28). On the basis of analysis % 0.2
of two batches of trajectories, the estimated  §
statistical uncertainty of the computed &
results is less than 15%. & 014
0.0

Fig. 4. (A) Computed cross sections for the ground
state (v = 0) and reactant CH-stretch (v; = 1) and
bend (v, = 1) [k = 3, 6, 5] excited Cl + CHD3(v) -
HCl + CD; reactions and (B) their ratios as a func-
tion of Ey. (€) Cross section ratios at equivalent
amount of total energy (Ey = Ecou + E,), Where the
vibrational energies (E,) are 0, 8.6, and 3.0 kcal/mol
(relative to zero-point energy) for the ground state
and stretch- and bend-excited reactions, respec-
tively. (Right) Snapshots of a nonreactive Cl +
CHD3(v, = 1) trajectory illustrating the stereo-
dynamics in the vdW region causing the unexpected
6,/64 < 1 ratio at Ey = 9.6 kcal/mol, as seen in (Q).
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the low Eo; dynamics. [Additional comparisons
between the PES and benchmark properties, in-
cluding data for the substitution channel, are
presented in (/3).]

Having shown the high accuracy of the PES
by comparison with benchmark ab initio data, we
applied it to simulations of the collision dynamics
of the title reaction. We performed more than 2
million quasi-classical trajectories (QCTs) for the
reactions of Cl(*P3,) with CH,(v=0), CHD;(v =
0), and CHD3(v,=1) [k=1, 3, 6, 5], where v=0,
vi =1,and vy =1 [k = 3, 6, 5] denote the vi-
brational ground state, CH-stretch, and three dif-
ferent bend excitations, respectively. Details of
the QCT calculations are given in (/3). Classical
zero-point leak and vibrational energy relaxation
from v, = 1 was investigated thoroughly for CHD;
and found not to be a serious issue, as already
reported in (8, /1) and discussed further in (/3).
All the results presented below correspond to
the SO-corrected PES. Computations on the non-
SO PES show that the inclusion of the SO cor-
rection in the PES decreases the cross sections by

Cl + CHD4(v,=1)
E,., = 1.0 kcal/mol
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a factor of 1.5 to 2.5 at low E,; because of the
increase in the barrier height, but it has no sub-
stantial effect on the final state distributions.

First, consider the HCI(v = 0, J) rotational
distributions for the Cl + CHy4(v = 0) reaction.
These were reported by three experimental groups
showing extremely cold rotational populations
(26-28). Theoretical simulations have been strug-
gling to reproduce this rotational distribution for
many years; the previous work overestimates the
rotational temperature of the HCI product en-
semble (19, 23, 29). In Fig. 3, we present QCT
results obtained by using the present PES and, as
seen, the agreement between theory and experi-
ment (27, 28) is excellent. We also computed the
HCl rotational distributions for C1 + CHD;(v; = 1)
showing cold rotational distribution of the
stretch-excited product HCI(v = 1, J), similar
to HCI(v =0, J) from Cl + CHy4(v = 0), and sub-
stantially hotter rotational temperature of the
vibrationally ground state HCl in qualitative
agreement with an older experiment (which had
large uncertainties) (30).

Next, we considered the effect of vibrational
excitation in CHD3, mentioned already. The Polanyi
rules (3) state that for late-barrier (atom + diatom)
reactions, the reactant vibrational energy is more
efficient than is the translational energy in sur-
mounting the barrier. However, as noted already
a recent crossed molecular beam experiment (5)
found that this picture could not be simply ex-
tended for the C1+ CHDj; reaction. To investigate
this finding, we calculated cross sections for the
reactant ground state and bend and CH-stretch—
excited Cl + CHD3(v;) — HCI + CDj reactions
and show the results in Fig. 4 as a function of
both E ., and total energy (Ey). At the same
value of E..;, we see that all the bending and
especially the CH-stretch excitations enhance the
reaction relative to Cl + CHD;(v = 0) (Fig. 4, A
and B). Thus, in this sense there is enhancement
of the reaction by excitation of these modes.
However, as noted in the experimental study, at
the same E\ translational energy is more effective
than the excitation of the reactive CH-stretch or
bend at low E. As the E increases, the in-
tuitively expected enhancement of reactivity is
seen upon vibrational excitation. This is best seen
by plotting cross section ratios (c,/G,) as a func-
tion of Eyy (Fig. 4C). As seen, 6,/G, is less than
1 if the Eyy is below 11 and (15, 15, 9) kcal/mol
for the CH-stretch and (vs, ve, vs) bending modes,
respectively. Only CD;(v = 0) products were probed
experimentally, whereas theory shows the total re-
activity. Correlating the QCT cross sections to
CD3(v = 0) results in a decrease of the Gcp/Gground
ratio, improving the agreement with the measured
data (fig. S1). Furthermore, the experiment applied
thermal bending excitation; thus, the measured
bending cross sections show the average effect
of'the three bending modes (5). Theory predicts
that the vs(e) (CD; deformation) bending mode
is the most efficient to drive the reaction (Fig.
4B), similar to F + CHDs. Overall, both theory and
experiment show that the same amount of total

21 OCTOBER 2011

energy distributed among different nuclear motions
has different effects on chemical reactivity.

In order to gain insight into these results, we
examined the trajectories for the ground and stretch-
excited CHD; at the same E,; of 9.6 kcal/mol, thus
corresponding to a low Ey; for CHDs(v; = 1). We
determined the distributions of the smallest H-C1
and C-Cl distances for nonreactive trajectories
and, as shown in fig. S2, most of the trajectories
for the CH-stretch—excited reaction do not reach
the transition state. Instead, the Cl atom turns back
at the vdW region in the 7.y = 2.9 to 3.5 A range.
This occurs because at low E;, the CHDj; rotates
to the energetically favorable, but nonreactive,
H-C—Cl orientation (Fig. 4, right). Thus, at low Eq
the entrance channel vdW well orients the reactants
in an unreactive configuration. At higher collision
energies, this effect is diminished, and the expected
enhancement of the reaction for the stretch-excited
CHDs; (over translational energy) is seen.

Next, we considered the experimental results
on the vibrational distribution of HCI (5). As noted
in (5), vibrationally adiabatic theory predicts that
the ground state and CH-stretch—excited CI +
CHD; reactions produce exclusively HCI(v = 0)
and HCI(v = 1) products, respectively. Experi-
ment found the breakdown of this simple theory
for the excited reaction because the measured
fraction of HCI(v = 1), correlated to CD5(v = 0),
was only 45% (5). Our dynamics calculations show
that at higher £, above the energetic threshold for
HCl(v = 1), the ground-state reaction still produces
mainly HCI(v=0), and the fraction of HCl(v=1) is
only 1% with only a slight £ dependence. This
small ratio increases to about 2% if the results are
correlated to CD5(v = 0), which is in quantitative
agreement with experiment (5). The reactant CH-
stretch excitation increases the fraction of HCI(v=1)
to 10% and 30 to 50% for all the CD; states and
CD3(v = 0), respectively, which is again in good
agreement with the above-mentioned correlated
experiment (5). The computations support the
experimental observation: The ground state reaction
is vibrationally adiabatic, whereas the CH-stretch
excited reaction is nonadiabatic.

Last to be considered was the very recent ex-
periment (6) on steric control of C1+ CHD;(v; = 1).
‘We have performed QCT calculations with aligned
CHDjs(v; = 1) in which the CH-stretch is parallel
or perpendicular to the initial relative velocity
vector of the reactants. We found that the total
reactivity of H-abstraction is higher at parallel
alignment relative to that at perpendicular ori-
entations, which is in agreement with experiment
(6). The trajectories show that the initial orien-
tation is maintained while the CI approaches
CHDs(v; = 1), supporting the recent experiment
(6). However, at the turning point the QCTs show
substantial energy transfer causing rotational ex-
citation of CHD3, and the prealignment is not
conserved after the collision (Fig. 4, right).
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