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control of product branching in
multi-channel barrierless hydrogen abstraction of
CH3OH by F†

Dandan Lu, a Jun Li *a and Hua Guo *b

Hydrogen abstraction from methanol (CH3OH) by F atoms presents an ideal proving ground to investigate

dynamics of multi-channel reactions, because two types of hydrogen can be abstracted from the methanol

molecule leading to the HF + CH3O and HF + CH2OH products. Using the quasi-classical trajectory

approach on a globally accurate potential energy surface based on high-level ab initio calculations, this

work reports a comprehensive dynamical investigation of this multi-channel reaction, yielding

measurable attributes including integral and differential cross sections, as well as branching ratios. It is

shown that while complex-forming and direct mechanisms coexist at low collision energies, these

barrierless reaction channels are dominated at high energies by the direct mechanism, in which the

reaction is only possible for trajectories entering into the respective dynamical cones of acceptance.

Perhaps more importantly, the non-statistical product branching is found to be dictated by unique

stereodynamics in the entrance channels.
I. Introduction

A main goal of reaction dynamics is to gain a microscopic
understanding of chemical transformation by investigating
quantum state resolved reactivity in the gas phase.1 Over the
past few decades, our knowledge of how chemical reactions take
place has reached an unprecedentedly high level, both theo-
retically and experimentally. Detailed measurements and
sophisticated theoretical investigations have led to a thorough
understanding of the dynamics for many prototypical reactions
involving three or four atoms, such as the H/F/Cl/O/N/C + H2

and H/F/O/Cl + H2O reactions.2–7 Recent focus has been shied
to more complex ones, such as the H/F/Cl/O/OH + CH4 (the
simplest hydrocarbon) reactions.8–11 These studies have played
a pivotal role in advancing our understanding of fundamental
mechanisms and dynamics in chemical reactions, and have
shed valuable light on a wide array of important dynamical
issues such as tunneling, resonance, mode specicity and bond
selectivity, steric effects, and nonadiabatic effects.

However, the aforementioned reactions with only a single
type of reaction channel are not representative of most chemical
reactions of larger molecules. For instance, many reactions
involving organic molecules oen have multiple reaction
ering, Chongqing University, Chongqing
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pathways, and one product may be highly desired. It is thus of
great importance to understand product selectivity among
competing reaction pathways.12–16 Theoretically, it is chal-
lenging to study the reaction dynamics of these systems
because of the increased dimensionality, expensive electronic
structure calculations, considerably more complex potential
energy surfaces (PESs), and costly theoretical treatments of the
nuclear motions, especially when quantum effects are present.
Indeed, detailed dynamical studies of multi-channel reactions
are still lacking except for a few well-known systems.12,15 The
investment of substantial efforts to meet the challenges in
multi-channel reactions is undoubtedly worthwhile because of
the concomitant gains in understanding the rich reaction
dynamics.

In this work, we examine the hydrogen abstraction from
methanol by uorine atoms, which has two competing
hydrogen abstraction pathways, namely from the hydroxyl
group of methanol to form methoxy radicals, CH3O,

F(2P) + CH3OH / HF + CH3O, (R1)

and from the methyl group to form hydroxymethyl radicals,
CH2OH,

F(2P) + CH3OH / HF + CH2OH. (R2)

As shown in Fig. 1, both transition states (TSs) along the two
abstraction pathways are submerged below the reactant
asymptote,17–19 resulting in very fast reaction rates.17–19 Besides,
both reaction channels are highly exothermic, with �28.40 and
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Reaction scheme for the electronic ground state of F + CH3OH
/ HF + CH3O/CH2OH. From top to bottom, the energies (in kcal
mol�1) correspond to PIP-NN PES, CCSD(T)-F12a/AVDZ, CCSD(T)-
F12a/AVTZ, and CCSD(T)/AVQZ as reported by Schaefer and co-
workers,19 respectively.
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�37.74 kcal mol�1 for (R1) and (R2), respectively.18,19 The
measured branching ratios, dened as the ratio of the thermal
rate constants kR1/(kR1 + kR2), vary between 0.4 and 0.6,20–27 and
are all greater than the 0.25 value expected from the statistical
limit (one H out of four possible ones).

Methanol is widely used as a laboratory/industrial solvent and
a promising alternative fuel.28 It is the simplest oxygenated
polyatomic organic molecule with two functional groups, which
makes it an ideal candidate for studying branching ratios and
stereodynamics in reactions with atomic radicals.12 Its reaction
with F has been used to generate CH3O or CH2OH radicals, which
are important intermediates in combustion of hydrocarbon fuels,
atmospheric chemistry, surface science, and interstellar chem-
istry.29–31 Therefore, a large number of investigations, in partic-
ular experimental ones, have been carried out on the kinetics,
branching ratios of the two channels, and dynamics for reactions
of F atoms with CH3OH and the various deuterated iso-
topologues, CD3OH, CH3OD, and CD3OD.17–27,29,32–42

Considerable attention has also been directed toward
measuring product-state or energy distributions. Internal state
distributions of the nascent HF product have been measured by
infra-red chemiluminescence and laser induced uorescence
and found to be inverted in both product channels.33–35,37–39

Selective deuteration, employed to disentangle these results,
showed that the HF product formed by hydrogen abstraction
from the methyl group (R2) possesses greater internal energy
than that formed by the abstraction from the hydroxyl group
(R1), consistent with the exothermicities of the two channels as
discussed above. On the other hand, only a small amount of
energy is partitioned into the methoxy radical, with ca. 2% of
the available energy in the C–O stretching mode, suggesting the
spectator nature of the CH3O moiety, for the (R1) channel.37,38

The reaction channel (R1) has also been probed by the
photodetachment of the F�(HOCH3) anion, whose geometry
resembles TS1 for this neutral reaction.40,42,43 The photoelectron
spectrum provides a direct probe of the vibrational structure
This journal is © The Royal Society of Chemistry 2019
and metastable resonances that are characteristic of the PES of
the neutral reaction. In particular, the experiment revealed
spectral features associated with manifold vibrational Feshbach
resonances and bound states in the exit channel well.43

In sharp contrast to the numerous experimental investiga-
tions on the title reaction, relevant theoretical research is
scarce, especially on the reaction dynamics. Based on the
information of the stationary points computed with Mfller–
Plesset perturbation theory17,18 and at the G2 level of theory,18

the kinetics of the two reaction channels were investigated in an
attempt to explain the observed anomalously large kR1/(kR1 +
kR2) branching ratio. However, the agreement with experiments
was quite poor. In 2015, Schaefer and co-workers reinvestigated
this reaction at the level of coupled cluster theory with single,
double, and perturbative triple excitations (CCSD(T)) associated
with the augmented double, triple, and quadruple-zeta basis
sets (AVDZ, AVTZ, and AVQZ),19 which revealed that the elec-
tronic structure theories used in the previous calculations were
not sufficiently accurate.

More recently, we reported a global PES of the title reaction
with all 15 internal degrees of freedom (DOFs) by tting 121 000
points calculated at the explicitly correlated (F12a) version of
CCSD(T) with the AVDZ basis set and core electrons frozen.43

This level of electronic structure theory was found to yield
results comparable to the benchmark ab initio results obtained
by Schaefer and co-workers.19 The chemically accurate tting
was performed with the permutation invariant polynomial-
neural network (PIP-NN) method,44,45 which has been success-
fully applied to several reactive systems for high delity tting
of their PESs.46

Using this PES, the kinetics and the associated thermal
branching ratio of the title reaction have been studied with the
quasi-classical trajectory (QCT) method.47 The calculated canon-
ical rate coefficients were in good agreement with experiments,
both showing a slightly negative temperature dependence. In
addition, the calculated thermal branching ratios of 0.40–0.43 at
200–1000 K are in good agreement with measurements.47 These
results further conrmed the accuracy of the PES.

In this work, we report an extensive theoretical investigation
on the reaction dynamics of this multi-channel system,
focusing on the reaction mechanism, as well as stereodynamics
and its impact on the microcanonical branching ratio. These
calculations were carried out on the globally accurate PES,
which has been used successfully to simulate the photoelectron
spectrum43 and photoelectron–photoion coincidence spectrum
of the F�(HOCH3) anion48 and to reproduce the experimental
canonical rate coefficients and branching ratios well.47 Here,
integral and differential cross sections are computed for both
product channels using QCT, which shed light on the mecha-
nism of this multi-channel reaction. It is found that the coex-
istence of capture and direct mechanisms at low collision
energies gives way to an exclusively direct mechanism at high
collision energies. Perhaps most interestingly, detailed analysis
of the stereodynamics of the reaction revealed the origin of the
non-statistical branching to the two product channels. These
results shed valuable light on the dynamics of this multi-
channel barrierless reaction prototype.
Chem. Sci., 2019, 10, 7994–8001 | 7995
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II. Results and discussion

The QCT method used to investigate the dynamics is well
established and the details of the calculations can be found in
the ESI.† Briey, trajectories are calculated at collision energies
of 1.0, 2.0, 3.0, 5.0, 10.0, 15.0, 20.0, 25.0, and 30.0 kcal mol�1 on
the PIP-NN PES43 for the title reaction interfaced to the VENUS
chemical dynamics program.49
II-A. Reaction mechanisms

Excitation functions, namely the dependence of the integral
cross sections (ICSs) on the collision energy (Ec), have been
calculated for the ground ro-vibrational state of methanol and
are shown in Fig. 2(a). It can be seen that the reactivity of both
channels is quite large at low collision energies and all ICSs
show no threshold in energy, consistent with the barrierless
nature and a complex-forming mechanism for the two chan-
nels.5 The ICS of the (R1) (HF + CH3O) channel decreases
monotonically with increasing collision energy. As shown in
Fig. 1, (R1) features a barrierless entrance channel leading to
a potential well (RC1) with a signicant depth. At low collision
energies, this feature of the PES is expected to capture the
collision partners and guide them towards TS1. Indeed, the
unique RC1 complex is similar to the reactant complex between
F and H2O,50,51 and both are stabilized by a two-center-three-
electron covalent bond formed between the unpaired electron
of the F atom and a lone pair of the O atom.52 As the energy
increases, faster collision partners are more difficult to capture
and the reactivity decreases.

For the (R2) (HF + CH2OH) channel, the ICS is much larger
than for (R1), due partly to the availability of three possible H
atoms in the methyl group. It also decreases sharply with the
collision energy and then becomes essentially at at high
collision energies, qualitatively similar to that for the (R1)
reaction discussed above. This can be explained by the
Fig. 2 (a) ICSs of the two reactive channels and (b) the branching ratio
of the HF + CH3O channel as a function of the collision energy.

7996 | Chem. Sci., 2019, 10, 7994–8001
barrierless energetics along the (R2) channel and the weak
complex RC2, which also enables capture at low collision
energies.

Fig. 3 shows opacity functions of the two channels at
different collision energies. At low collision energies, e.g., Ec ¼
1.0 kcal mol�1, both reaction channels are dominated by very
large impact parameters, signifying signicant capture. At
higher collision energies, as discussed above, capture at large
impact parameters becomes ineffective due to faster relative
speed of the collision partners, and reactive trajectories can only
be found at relatively small impact parameters. The dramatic
change of the opacity functions suggests a change of the reac-
tion mechanism from low energies to higher ones.

The attractive PES topography at large reactant separation
(R) underscores the universal capture at low collision energies.
At high energies, however, the PES is dominated by repulsive
walls with narrow cones of acceptance, which can only be
accessed with small impact parameters and correct approach-
ing angles.53 To illustrate this quantitatively, the cones of
acceptance are determined as follows. At the reaction bottle-
neck, which is dened as the point where the forming bond
distance F/H is 1.3 Å, the polar angle :FHO and the dihedral
angle :FHOC (for the (R1) channel) or the polar angle :FHC
and the dihedral angle :FHCO (for the (R2) channel) are
calculated for reactive trajectories at collision energies of 1.0,
15.0, and 30.0 kcal mol�1. As shown in Fig. 4(a) and (b), the
productive trajectories have a relatively narrow distribution in
either :FHO or :FHC, although this distribution broadens
somewhat at higher collision energies. On the other hand, the
distributions of the dihedral angles, displayed in Fig. 4(c) and
(d), show different characteristics for the two channels: for the
(R1) channel, the distributions are quite narrow, peaking at
around �90�, which is quite close to the �82� of TS1, while for
the (R2) channel, they are quite broad. The picture obtained
from this analysis underscores the steric effect in this reaction:
only trajectories that have the correct approach are productive
in the reaction at high collision energies.

Relative differential cross sections (DCSs) for the two chan-
nels with the methanol in its ground ro-vibrational state are
plotted in Fig. 5. It is clear that at collision energies between 1.0
and 30.0 kcal mol�1, the DCSs in both channels are biased in
the forward direction, although scattering occurs at all angles.
This is quite different from the backward scattering dominated
DCSs in F + H2O,50,54 which has a small barrier of about 2 kcal
mol�1. As shown in Fig. 3, the isotropic capture contribution is
only important at low collision energies. The dominant direct
mechanism contains both backward and forward scattering,
although the latter is favored.

To further understand the details of the DCSs, the correla-
tion between the impact parameter and the scattering angle is
shown in Fig. 6 for both reaction channels at Ec ¼ 1.0, 15.0, and
30.0 kcal mol�1. From the gures, it is clear that there are two
types of scattering, particularly in the (R1) channel. One
features a large impact parameter scattering with near isotropic
scattering angles, which points to a complex-forming mecha-
nism with a lifetime longer than the rotational period.5 The
other shows a strong correlation between the impact parameter
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Opacity functions of both channels for the F + CH3OH reaction at different collision energies.
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and scattering angle. This latter mechanism is a direct one, in
which small impact parameter collisions lead to backward
scattering (rebound) while large impact parameter collisions
result in forward scattering (stripping). It is clear that the
former is signicant at low collision energies but disappears at
high collision energies. These observations are consistent with
the opacity functions in Fig. 3, reinforcing the notion about the
mechanistic transition from low collision energies to higher
ones.
Fig. 4 The distributions of the acceptable angles FHO (a)/FHC (b) and FH
Ec ¼ 1.0, 15.0, and 30.0 kcal mol�1, respectively.

This journal is © The Royal Society of Chemistry 2019
II-B. Branching ratio

In our previous work, the calculated thermal branching ratio of
the HF + CH3O channel (R1) and its temperature dependence
reproduced the experimental values well.47 In this work, the
branching ratio of the HF + CH3O channel, which is dened as
sR1/(sR1 + sR2), is calculated using the QCT method as a func-
tion of collision energy with the reactants in their ro-vibrational
ground states. As shown in Fig. 2(b), the (R1) branching ratio
OC (c)/FHCO (d) for the CH3O/CH2OH channels at the bottleneck for

Chem. Sci., 2019, 10, 7994–8001 | 7997
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Fig. 5 Relative product angular distributions (DCSs) at different colli-
sion energies: (a) for the (R1) (HF + CH3O) channel and (b) for the (R2)
(HF + CH2OH) channel.
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decreases monotonically with increasing collision energy except
for Ec ¼ 1 kcal mol�1. This trend differs from our previous
results for the thermal branching ratio.47,48 As discussed in the
ESI,† this difference is due to the fact that rotational excitation
of methanol signicantly increases the reactivity of the (R1)
reaction. A detailed analysis of mode specicity in this reaction
will be discussed in a future publication.
Fig. 6 Correlation diagrams between the impact parameter and the scat
(R2) channel (HF + CH2OH, right panels, (d–f)) at Ec ¼ 1.0, 15.0, and 30.

7998 | Chem. Sci., 2019, 10, 7994–8001
It is noted from Fig. 2(b) that the (R1) reactivity is larger than
the 0.25 statistical value at low collision energies, but this trend is
reversed for Ec > 5 kcal mol�1. In other words, this channel has
a lower reactivity than the statistical limit at high collision
energies. As discussed above, the reaction is dominated by
capture at low collision energies. Due to the deeper RC1 well, the
(R1) channel has a larger capture radius than the (R2) channel, as
evidenced by the opacity functions shown in Fig. 3. As a result, it
is not surprising that the (R1) channel has a large branching ratio
at low collision energies compared to the statistical value.

As the collision energy increases, the capture mechanism
gives way to a direct one. As discussed above, only those
trajectories that enter the cones of acceptance are reactive.
However, this is true for both the (R1) and (R2) channels and it
follows that these two channels are thus expected to approach
the statistical limit of a 1 : 3 ratio. This is apparently not the
case from Fig. 2(b)! To understand the lower branching ratio for
the (R1) channel, we examine the stereodynamics associated
with the oppy nature of the OH pseudo-rotation around the C–
O axis of methanol. As shown in Fig. 7(a), the potential along the
:H–O–C–H angle is quite at when F is far away from meth-
anol, due apparently to the near free rotation of the OH moiety.
However, as F approaches methanol, the potential along this
coordinate becomes highly anisotropic, featuring two equiva-
lent entrance channels (:H–O–C–H ¼ 80� and 135�) corre-
sponding to the TS1 geometry. As a result, only those OH
moieties around these regions are likely to be reactive, as shown
clearly in Fig. 8. For those OH congurations that happen to be
away from these angles, the potential is quite repulsive, leading
to non-productive collisions. The situation here is very different
tering angle for the (R1) channel (HF + CH3O, left panels, (a–c)) and the
0 kcal mol�1.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) The potential along one :H–O–C–H angle at different rFO
distances when F approaches the HO moiety of CH3OH. Other
coordinates are fixed at TS1, whose rFO is equal to 2.04 Å. The two
cross symbols indicate the TS1-like configurations. (b) The potential
along one :H–C–O–H angle at different rFC distances when F
approaches the CH3 moiety of CH3OH. Other coordinates are fixed at
TS2, whose rFC is equal to 2.95 Å.
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from the photodetachment of F�(HOCH3), where the OH group
is locked to the F� anion in the precursor, and is thus not free to
rotate.43

It should probably be noted that the stereodynamics
described above is much more pronounced at high collision
energies because of the fast relative collision velocity. At low
collision energies, the slow-moving F allows the OH rotor to
adiabatically adjust to the anisotropic potential. As a result, the
steric effect is relatively minor.

The situation in the (R2) channel is completely different. The
at potential in the :H–C–O–H angle when F is far away
becomes only slightly anisotropic, as shown in Fig. 7(b). This is
Fig. 8 Three-dimensional angular distributions for reactive trajecto-
ries leading to the two reactive channels when the F–H distance is 1.3
Å. The yellow and brown symbols represent the (R1) and (R2) reactions.

This journal is © The Royal Society of Chemistry 2019
because of the relative rigidity of the CH3 moiety, except for
a three-fold internal rotation which is clearly seen in the gure.
As a result, approaches of F in a wide range of the :H–C–O–H
angle are productive, as shown by the distributions of reactive
trajectories in Fig. 8.

The overall result is that the (R1) channel becomes less
reactive at higher collision energies, leading to a branching
ratio that is lower than the statistical limit. This strong stereo-
dynamics in this channel can be considered as an example of
the entropic effect, in which the nearly free OH internal rotation
signicantly reduces the reaction rate by a pre-exponential
steric factor (x < 1).1 In other words, only a fraction of the OH
orientation relative to the approaching F is reactive. This steric
effect is absent in the (R2) channel.

We note in passing that stereodynamical control of product
branching has been observed before.55–58 However, the previous
examples are all restricted to branching between intrinsically
equivalent product channels, made distinguishable by isotopic
substitutions. For example, the branching between the HCl and
DCl channels in the Cl + HD reaction was found to be inu-
enced by a van der Waals well in the reactant channel.55 There,
the two product channels (HCl vs. DCl) are chemically identical.
However, the stereodynamical control in the system discussed
here is for two chemically distinct product channels, which is
much more relevant to real chemistry.
IV. Conclusions

The availability of accurate high-dimensional potential energy
surfaces for complex reactive systems has ushered in an era in
which complex reaction dynamics can be investigated in great
detail. As demonstrated in this work, deep insights have been
gained through theoretical scrutiny of the dynamics of a multi-
channel reaction between F and CH3OH, which leads to two
different product channels. Such a detailed investigation of
reaction dynamics would be very difficult without the global
potential energy surface.

While both product channels are exothermic and barrierless,
it is shown that dynamics play an indispensable role in the
reaction. In particular, a complex-forming mechanism is
favored at low collision energies, while a direct mechanism
becomes increasingly dominant as the collision energy
increases. This change of the reaction mechanism manifests in
measurable attributes such as the differential cross sections. It
is also our hope that the current work will stimulate future
experimental investigations on this reaction.

More importantly, the branching ratio between the two
product channels is energy dependent and non-statistical.
Detailed analysis suggests that the non-statistical branching
ratio at high collision energies can be attributed to stereo-
dynamics, particularly in the (R1) channel. This is due to the
oppy nature of the OH internal rotation, which signicantly
reduces the reactivity in this channel. Such a steric factor is not
as pronounced for the (R2) channel, thanks to the relative
rigidity of the CH3 moiety. Since both OH and CH3 moieties are
quite common in organic molecules, the insights gained from
Chem. Sci., 2019, 10, 7994–8001 | 7999
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this study can have signicant implications concerning the
product selectivity in organic reactions.
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