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First-principles mode-specific reaction dynamics

Géabor Czako, (2 * Balazs Gruber, Déra Papp, (9 Viktor Tajti, 2
Domonkos A. Tasi 2 and Cangtao Yin

Controlling the outcome of chemical reactions by exciting specific vibrational and/or rotational modes
of the reactants is one of the major goals of modern reaction dynamics studies. In the present
Perspective, we focus on first-principles vibrational and rotational mode-specific dynamics
computations on reactions of neutral and anionic systems beyond six atoms such as X + CyHg [X = F,
Cl, OH]J, HX 4+ CyHs [X = Br, I, OH™ + CHsl, and F~ + CH3CH,CL. The dynamics simulations utilize high-
level ab initio analytical potential energy surfaces and the quasi-classical trajectory method. Besides
initial state specificity and the validity of the Polanyi rules, mode-specific vibrational-state assignment for
polyatomic product species using normal-mode analysis and Gaussian binning is also discussed and

rsc.li/pccp compared with experiment.

|. Introduction

Energy efficiency is a fundamental question at many fields of
basic and applied sciences. Physical chemists aim to under-
stand this question at the deepest atomic and molecular level.
One can invest energy into chemical reactions via translational,

MTA-SZTE Lendiilet Computational Reaction Dynamics Research Group,
Interdisciplinary Excellence Centre and Department of Physical Chemistry and
Materials Science, Institute of Chemistry, University of Szeged, Rerrich Béla tér 1,
Szeged H-6720, Hungary. E-mail: gczako@chem.u-szeged. hu

Gabor Czakd received his PhD
at EGtvds University (2007) and
became a postdoc at Emory
University (2008-2011), then a
research associate at EGtvés Uni-
versity (2011-2015). He is cur-
rently an associate professor and
the head of the MTA-SZTE
Lendiilet Computational Reaction
Dynamics Research Group at the
University of Szeged. His current
research involves PES develop-
ments, reaction dynamics, and ab
initio thermochemistry. He received
the Polanyi Prize (2012), Junior Prima Prize (2012), DSc (2017),
habilitation (2018), Science Prize of the Faculty (2018), and
University Prizes Young Researcher (2020) and Publication of the
Year (2022) and published in Science, PNAS, Nature Chemistry, and
Nature Communications.

Gabor Czako

15818 | Phys. Chem. Chem. Phys., 2024, 26, 15818-15830

vibrational, and rotational excitations of the reactants and the
reactive system can utilize the different forms of energy with
different efficiency. The so-called Polanyi rules' say that trans-
lational energy activates early-barrier, reactant-like transition-
state-controlled reactions more efficiently than vibrational exci-
tation, whereas the reverse is true in the case of late-barrier
processes, which have product-like transition states. However,
Polanyi uncovered these rules for simple reactions of atoms
with diatomic molecules, where the reactants have only one
vibrational degree of freedom.' Polyatomic molecules have
different vibrational modes corresponding to various stretching
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and bending motions, which may have specific effects on the
reactivity. Vibrational mode specificity was first revealed in
1984 by quasi-classical trajectory (QCT) computations for the
H + HOD reaction.? The simulations showed that excitation of
the OH stretching mode of the reactant significantly enhances
the H, + OD channel.” This theoretical finding was later
confirmed by the experiments of the Crim>* and Zare® groups
in the early 1990s, which was a nice demonstration of the
predictive power of theoretical reaction dynamics studies. The
first fully quantum simulation of a polyatomic chemical reac-
tion was performed by Zhang and Light in 1997 underpinning
the mode specificity of the H + HOD reaction.®

The next important step in the mode-specific chemistry was
the investigation of the reactions of H, F, and Cl atoms with
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methane (CH,, CHDj;, etc.).”>° From the theoretical part,
Espinosa-Garcia and co-workers® pioneered with their semi-
empirical potential energy surface (PES)-based QCT simulations
and Bowman and co-workers with their reduced-dimensional
quantum computations,” as well as with QCT studies on fully
ab initio permutationally-invariant PESs.'” From the experimental
side we should mention again Crim'' and Zare” and their co-
workers. Furthermore, in 2003 the Liu group® set a new state-
of-the-art for crossed-beam velocity-map-imaging of chemical reac-
tions by measuring correlated product vibrational distributions for
the F + CD, — DF + CDj; reaction. This experimental technique was
later used for the Cl + CHD; and F + CHD; reactions revealing
departures from the Polanyi rules'* and unexpected CH stretching
effects hindering CH bond cleavage,'® respectively. Following a few
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earlier theoretical studies on atom + methane systems,®"%'>'%1>
the first author of the present article started to investigate the
mode-specific dynamics of the F/CI/O + CHD; reactions as a
postdoc in the Bowman group about 15 years ago.”>° We devel-
oped analytical PESs by fitting high-level ab initio energy points,
allowing efficient QCT simulations.”® Our PESs and simula-
tions'®** provided new insights into the Liu experiments**'® and
led to several collaborative theoretical-experimental studies with
Liu and co-workers®° as well as QCT-quantum studies with the
groups of Zhang,' Guo,”*”” and Yang.>**’

By the 2010s vibrational mode specificity had been thor-
oughly studied, however, much less was known about the effect
of the initial rotation on the reactivity, especially in the case of a
polyatomic reactant. The rotational motion of a polyatomic
molecule can be characterized by the quantum number J
corresponding to the total rotational angular momentum and
its projection(s) to various principal axes resulting in K, and K.
quantum numbers for asymmetric and K for symmetric tops.
Different K values correspond to different types of rotation, for
example, K = 0 and K =] mean tumbling and spinning motion,
respectively. Following our previous collaborative experimental-
theoretical work on Cl + CHDj;(JK), we call these rotational
states as rotational modes.”® Thus, similarly to the above-
discussed vibrational mode-specific studies, we can investigate
the initial rotational mode specificity of polyatomic chemical
reactions. Such studies were performed for H,O" + H,/D,,>*°
H/F/C] + H,0,%°73* H/CI/O + CHDj;,2°**7° and the F~ + CH,F/
CH,;Cl/CH,3I***” considering systems up to six atoms.

Besides the investigation of the initial state dependence of
the reactivity, one is also interested in following the energy
transfer from reactants to products. Most of the theoretical and
experimental studies can only determine the translational and
internal energy, or in some cases the total vibrational and
rotational energy, of the products, however, little is known
about the mode-specific energy distributions in the case of a
polyatomic product. Experimentally, Liu and co-workers could
probe specific vibrational states of the methyl (CHz, CD3, CHD,,
etc.) products of the atom + methane reactions.'*'®>" Theore-
tically, Corchado and Espinosa-Garcia®® as well as Czaké and
Bowman'” developed mode-specific product vibrational analy-
sis methods using a projection of the final coordinates and
velocities of quasi-classical trajectories onto the normal coor-
dinate space. However, classically the molecular vibrations are
not quantized and rounding the classical actions to integer
numbers may result in unphysical vibrational states. Bonnet
and Rayez’>*® proposed the so-called Gaussian binning (GB)
method, which assigns a weight for each reactive trajectory,
thereby incorporating some quantum effect into the QCT product
analysis. The computational cost of GB, however, scales exponen-
tially with the number of the vibrational modes, thus the original
GB algorithm was found impractical for polyatomic products.
To solve this problem, in 2009 Czaké and Bowman'’ proposed
the one-dimensional GB (1GB) method,'”"*! which is efficient even
for large product molecules. 1GB was first employed for the
F + CHD; (v, = 0, 1) — HF/DF + CD3/CHD, reactions'” and later
many applications by different groups showed its usefulness.** >
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The early mode-specific studies focused on neutral systems
and theoretically usually six or less atoms could be treated.
Following some early work of Hennig and Schmatz®’° on the
X~ + CH;Y systems, where X and Y are halogens, our group
started to investigate the mode-specific dynamics of bimolecu-
lar nucleophilic substitution (Sy2) reactions.®® In 2016 Szabd
and Czaké in collaboration with the Guo and Yang groups
reported vibrational mode-specific wave packet dynamics
computations for the F~ + CH;Cl Sy2 reaction using a
6-dimensional model and a high-level ab initio PES.®* In 2018
an experimental-theoretical collaboration between the Wester,
Guo, and Czaké groups found that CH stretching excitation is a
spectator in the F~ + CH3I Sy2 reaction, whereas enhances the
proton-transfer channel.®’ Our analytical PESs were also uti-
lized in mode-specific quantum dynamics computations for
Sx2 reactions by Wang and co-workers.®>®?

Moving beyond six-atom systems applying first-principles
theory is challenging because of the high-dimensionality of the
PES.®* Nevertheless, several post-six-atom reactions were stu-
died recently by analytical PES-based or direct dynamics
approaches, and for some of them even mode-specific compu-
tations were also performed.®*'%* Espinosa-Garcia and co-
workers”””® and/or our group®”®** investigated the mode-
specificity in the reactions of ethane (C,Hg) with H, F, Cl, and
OH, while Lu and Li® studied the F + CH;0H reaction. We also
reported mode-specific computations for HBr/HI + C,Hj,¢ ™%
CH,00 + NH;*° and post-six-atomic ion-molecule reactions,
such as OH™ + CH,I'** and F~ + CH,CH,C1.>*

In the present Perspective article, we focus on our most
recent first-principles mode-specific dynamics studies of the
F/Cl/OH + C,H,,°>°%% HBr/HI + C,Hs,”*°® OH ™ + CH,1,'%% and
F~ + CH;CH,CI’* reactions, covering both neutral and ionic
systems with 7-10 atoms. Our theoretical approach is based on
(1) automated ab initio analytical PES development utilizing our
Robosurfer program system'®® interfaced with the Molpro
electronic structure package'®*'%® and the permutationally-
invariant polynomial fitting codes,'®'?” as well as (2) QCT
simulations using the new PESs. A graphical overview of the
first-principles mode-specific reaction dynamics approach is
presented in Fig. 1. In the next sections we describe how initial
vibrational and rotational excitations affect the reactivity and
the product energy release, while we also show how to perform
mode-specific product analysis and demonstrate the utility of
the 1GB approach. The review of these recent applications may
set new directions for future mode-specific investigations for
complex chemical systems.

Il. Vibrational mode specificity

For 4-6-atomic reactions initial-vibrational-state-specific reactivity can
be studied using full- or reduced-dimensional quantum dynamics
methods (see Fig. 1) as many examples on X + H,0O/NH;/CH,,
[X = H, F, Cl] etc. show in the literature,>*'*'%3319%1% por Jarger
systems the QCT approach provides an efficient tool to study
mode-specific reactivity (see also Fig. 1), where the N-atomic

This journal is © the Owner Societies 2024
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Fig. 1 Graphical representation of the first-principles mode-specific reaction dynamics approach.
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We applied the QCT method for several mode-specific studies on
post-six-atom reactions®**%?193999102 anq below we highlight
our representative results.

Fig. 2 shows the potential energy profiles of the valence-
isoelectronic X + C,Hs — HX + CyHs [X = F, Cl, OH]
reactions.®*®*> In the case of X = F, the reaction is highly
exothermic with a slightly submerged very reactant-like transi-
tion state (TS). For X = OH the exothermicity is about half of
that of the X = F reaction, and a classical (adiabatic) barrier with
4.0 (2.1) kecal mol™" height and a reactant-like TS structure
emerge. The vibrationally-adiabatic reaction pathway of
Cl + C,H, is exothermic (—3.1 keal mol™*) and has a submerged
slightly-late barrier (—2.1 kcal mol '), whereas classically the
reaction becomes slightly endothermic (2.0 kcal mol ') with a
positive barrier height (2.2 kcal mol™"). We investigated the
mode-specific reactivity of these X + C,Hs reactions’*?"%
considering singly-excited initial vibrational modes as indi-
cated in Fig. 2.

One of the main concerns in mode-specific reaction
dynamics is the intramolecular vibrational-energy redistribu-
tion (IVR) prior to collision, which may undermine the mode-
specific effects. We examined IVR in ethane by computing the

This journal is © the Owner Societies 2024

Fig. 2 Schematic potential energy surfaces of the X + C,Hg [X = F, Cl, OH]
hydrogen-abstraction reactions showing the stationary-point structures
and their classical (adiabatic) relative energies corresponding to the
analytical PESs,®%8492 a5 well as selected normal modes and singly-
excited vibrational levels of the reactants.?%°+%%

time evolution of its mode-specific energies®® using the normal
mode analysis technique*® developed for product analysis
(see details in Section IV). Fig. 3 shows the mode energies of
the ground-state (v = 0), CH;-deformation-excited (v¢ = 1), and
symmetric-CH-stretching-excited (v; = 1) C,Hs as a function of
time prior to collision. For v = 0 quantum mechanically no IVR
can occur, however, classically the energy may flow from the
high-frequency modes to the low-frequency ones. As Fig. 3
shows this classical “IVR” occurs within a few hundred femto-
seconds, nevertheless, some mode-specific character of the
energy distribution remains until the reactants collide, which
usually happens in the 150-650 fs time range in our simulations.
If the reactant is excited, IVR can occur even quantum mechani-
cally/experimentally. The v, = 1 state is a good example, where IVR
is not significant, whereas the v; = 1 state loses its CH stretching-

Phys. Chem. Chem. Phys., 2024, 26, 15818-15830 | 15821
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Fig. 3 Mode-specific vibrational energies of a non-interacting CyHeg
molecule as a function of time corresponding to the ground (v = 0), CH3z
deformation-excited (vg = 1), and symmetric CH stretching-excited (v, = 1)
states.®° The modes are labeled by their harmonic frequencies (in cm™).

excited character as the reactants approach each other. Here QCT
may overestimate the speed of IVR, because the effect may come
from both the artifacts of classical mechanics and the real IVR,
which is a fundamental process in vibrationally excited molecules.
Nevertheless, the reactant retains some CH stretching-excited
character in the entrance channel, suggesting mode specificity
in the X + C,Hg reactions.

Initial-vibrational-state-specific cross sections of the
X + C,Hg [F, Cl, OH] reactions as a function of collision and
total energy are shown in Fig. 4. The cross sections increase
with collision energy and the shape of the excitation functions
(cross sections vs. collision energy) is similar for X = F and OH.
The higher reactivity of F + C,H, is expected because of its lower
(negative) barrier and higher exothermicty as well as the

15822 | Phys. Chem. Chem. Phys., 2024, 26, 15818-15830
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spherical character of one of the reactants (F), while the
reaction of OH requires a special orientation. For both X = F
and OH the excitations of the CH stretching modes enhance the
reactivity the most efficiently, as expected as a CH bond breaks
during the hydrogen-abstraction processes. The other modes
either do not have significant effect on the reactivity or slightly
inhibit the reaction, like CC stretching (v;). Considering the
total energy (collision energy and vibrational energy) depen-
dence of the reactivity, in the case of the F + C,H, reaction one
can clearly see that at a given total energy the ground-state
reaction has the highest reactivity, which means that it is
advantageous to invest the energy into translational motion,
in accord with the Polanyi rules in the case of an early-barrier
reaction. However, for the also early-barrier OH + C,H, reaction
the picture is less obvious: except v; and voy excitations, many
modes promote the reaction similarly or more efficiently than
translational energy, in contradiction with the Polanyi rules.
This finding is not completely surprising, because, as we
mentioned earlier, the Polanyi rules were formulated for atom +
diatom reactions and there is no guarantee that these rules
always remain valid for polyatomic processes. In fact, violations
of the Polanyi rules have been found for several systems such
as, for example, F + H,0,""" OH + H,S,""* and Cl + CHD;.'*"®
The cross sections of the Cl + C,Hg reaction decrease with
increasing collision energy, because the adiabatic reaction
pathway is clearly submerged. Similarly to the X = F and OH
cases, CH stretching excitations promote the reactivity the most
efficiently, whereas the v mode has only a minor enhancement
and v; excitation has negligible effect or causes a slight inhibi-
tion at the lowest collision energies. Since translational energy
does not activate the reaction, at a given total energy the
vibrationally-excited reactions have higher reactivity, in accord
with the Polanyi rules in the case of a late-barrier reaction.

In 2013 Jiang and Guo'"® proposed a sudden vector projec-
tion (SVP) method as a generalization of the Polanyi rules. The
SVP approach calculates the overlap between the normal modes
of the reactant with the imaginary mode of the TS. SVP has
been proven useful in many applications,”®'***** though it has
limitations: it (1) works well only for direct processes, (2) cannot
account for IVR, (3) cannot describe inhibition, and (4) does not
consider collision energy dependence. We applied SVP for the
Cl + C,H, reaction and found good overall agreement with the
QCT results, for example, the largest SVP values were obtained
for the CH stretching modes.”®

In Fig. 5 we show initial-state-dependent product internal
and relative translational energy distributions for the X +
C,Hs — HX + C,H; [X = F, Cl, OH] reactions. For all three
reactions the translational energy distributions show virtually
no initial vibrational state dependence, suggesting that the
reactants’ vibrational excitation energy transfers into the inter-
nal degrees of freedom of the products. For X = F and Cl, the
internal energy distributions of the C,Hs products blue-shift
approximately with the amount of the initial vibrational excita-
tion energy, showing that the major part of the excess vibra-
tional energy remains in the polyatomic product. For X = OH
mode-specific effects are also seen in the product internal

This journal is © the Owner Societies 2024
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Fig. 6 Schematic potential energy surfaces of the HX + C,Hs [X = Br, 1]
reactions showing the stationary-point structures and their classical rela-
tive energies corresponding to the analytical PESs, as well as selected
normal modes and singly-excited vibrational levels of the reactants.®

energy distributions. CH stretching excitation energy mainly
remains in the C,Hs product, whereas OH stretching becomes a
spectator mode, exciting the H,O product as the extents of the
blue-shifts show in Fig. 5. It is also evident that the H,O
products are formed vibrationally excitedly, in accord with the
early-barrier nature of the OH + C,Hg reaction.

We also investigated the mode specificity in the HX + C,H;
[X = Br, I] reactions,”®°® whose schematic potentials are shown
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in Fig. 6. In both cases the main reaction pathway is hydrogen
abstraction, which goes through submerged pre-reaction
complexes and TSs leading to the X + C,Hg products. For both
X = Br and I hydrogen abstraction is exothermic, and the
exothermicity is about twice as larger in the case of X = I due
to the lower dissociation energy of HI relative to HBr. Besides
hydrogen abstraction, halogen abstraction can also occur via
endothermic pathways resulting in H + C,H;X products, as also
shown in Fig. 6. Here the energetics for X = Br and I are similar,
because the HBr vs. HI and C-Br vs. C-I bond-energy differences
are close to each other.

The mode-specific cross sections of the HX + C,H; [X = Br, I]
H- and X-abstraction reactions as a function of colli-
sion energy are shown in Fig. 7. At low collision energies
H abstraction dominates, but around 30-40 kcal mol™' the
X-abstraction channel opens, and at higher collision energies
the two channels become competitive. HX vibrational excita-
tion enhances both abstraction channels, but the promotion
effect is much more substantial for X abstraction. As a HX bond
breaks in both abstraction processes, we may not expect
significant impact on reactivity upon C,H; excitations. This is
true for the X-abstraction channel, but for H abstraction clear
inhibition effects are found, especially in the case of the
excitation of the CH, wagging (v9) mode inducing steric
hindrance.

Besides the neutral systems, we have also performed mode-
specific investigations for ion-molecule reactions.’*®%¢"12

HBr + Csz — H+ C2H5Br
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o
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Fig. 7 Vibrational mode-specific cross sections as a function of collision energy for the hydrogen- and halogen-abstraction channels of the HX + C,Hs

[X = Br, I] reactions.®
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Fig. 8 Simplified schematic potential energy surface of the OH™ + CHjl
reaction showing the stationary-point structures and their classical relative
energies corresponding to the analytical PES®” along the different reaction
pathways, as well as selected normal modes and singly-excited vibrational
levels of the reactants 12

Here we highlight our most recent results on the OH™ + CH;3I
system.'%” Its main reaction channel is the Sy2, which is highly
exothermic and may proceed via the submerged back-side attack
Walden-inversion, the also slightly submerged double-inversion or
the high-barrier front-side attack pathway, as shown in Fig. 8.
In addition to the Sy2 channel, there is a less exothermic
proton-abstraction channel, which leads to the H,O + CH,I™
products via an also submerged reaction path. It is interesting
to see how the excitation of selected vibrational modes,
CI stretching (v3;), umbrella (v,), symmetric CH stretching
(v1), and OH stretching (see Fig. 8), affects the reactivity of
this barrier-less reaction.

The mode-specific cross sections for the Sy2 and proton-
abstraction channels of the OH™ + CH;I reaction are shown in
Fig. 9. As expected in the case of barrier-less exothermic
reactions, the reactivity decreases with increasing collision
energy for both channels. However, it is somewhat surprising
that the thermodynamically favored Sy2 channel has signifi-
cantly lower reactivity than proton abstraction. This may be
explained by the dominance of H-bonded complex and TS
formation in the entrance channel (see Fig. 8), which favors
proton abstraction over the deep product well of the substitu-
tion pathway. The Sy2 channel is clearly enhanced by the
excitation of the CI stretching and umbrella modes, as
expected, because the CI bond breaks and the CHj; group
inverts via an umbrella motion during Walden inversion, which
is the dominant Sx2 pathway. The CH and OH stretchings have
less effect on the Sy2 reactivity, they mostly behave as specta-
tors in the substitution process. In the case of proton abstrac-
tion, the CH stretching excitation promotes the reaction the
most efficiently, as expected, since a CH bond breaks in the
abstraction process. The umbrella motion also helps the proton
transfer, whereas the CI and OH stretching excitations have
negligible effects on the abstraction reactivity. The total energy
dependence of the mode-specific reactivity is tricky, because
extra collision energy significantly decreases the reactivity,
therefore, at a given total energy it is the most advantageous
if a major part of the energy is in vibration and a minor part is

This journal is © the Owner Societies 2024
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in translation. Thus, the highest-energy vibrational modes (CH
and OH stretchings) show the most substantial enhancement
effects, however, in some cases, due to an indirect reason,
i.e., less energy remains for translation, which results in
higher reactivity. The CH stretching effects were also studied
experimentally by Wester and co-workers"'®'"” for the iso-
electronic F~ + CH;3l reaction, and their main observations
are in agreement with the present theoretical results for the
OH™ + CHj;l system. For the OH™ + CHj;l reaction reduced-
dimensional quantum dynamics computations were also car-
ried out by Rao and Wang®® using our PES.*” The promotion
effect of the CI stretching excitation was found in the quantum
study as well, however, in the reduced-dimensional model the
umbrella excitation unexpectedly hindered the Sy2 reactivity.
This inhibition effect may be an artifact of the model of Rao
and Wang as the Palma-Clary-type 6-dimensional quantum
computations found promotion effects upon umbrella excita-
tion in the case of the F~ + CH;Cl reaction.®® These findings
may motivate future experiments for umbrella-excited Sy2
reactions.

lll. Rotational mode specificity

In QCT simulations one can also prepare the reactants in a
specific rotational state (see Fig. 1). In the case of a symmetric
top molecule the initial rotational angular momentum vector,
J7S = (S, 1S, i), corresponding to quantum numbers J
and K can be obtained via the following expressions in the

principal axis system (PAS):

i=VJIJ+1) (3)

=k @

JoS = (j% — K»)"?sin 2nR (5)

B = — K" cos2nR (6)
where R € [0, 1] is a uniform random real number. Then,
the j*° vector is transformed to the space-fixed Cartesian

space and the obtained angular momentum is set by
standard modification of the velocities."*® Note that eqn (4)-
(6) are given for oblate-type rotors, for prolate symmetric
tops j2*5 = K.

We studied the rotational-mode-specific reactivity of several
symmetric top molecules such as CHD;,”** CH3X [X = F,
Cl, 11,°**” and C,Hg.''® Here we focus on our most recent
results on the Cl + C,Hg(v = 0, JK) reaction.'*® In Fig. 10 we show
the JK-specific cross sections as a function of collision energy for
the Cl + C,H, reaction considering two limiting cases, which
correspond to tumbling (K = 0) and spinning (K = J) rotation.
As seen, rotational excitation usually enhances the reactivity and
the effects of the spinning excitations are clearly more significant
than the corresponding tumbling enhancements. This finding can
be explained by the facts that the K = 0 states have much smaller
energies than the corresponding K = J states (see Fig. 10), and the
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Fig. 10 Rotational-state-specific cross sections as a function of collision energy for the Cl + CoHg(v = 0, JK) reaction.*® The rotational energies are
given in parentheses in kcal mol™.

centrifugal force caused by the spinning excitation elongates the spinning rotational effect in the proton-abstraction channel of the
CH bonds thereby promoting their cleavage. We found similar F~ + CH,l reaction.”
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IV. Mode-specific product vibrational
distributions

Following the early work of Corchado and Espinosa-Garcia,*®
we developed a normal mode analysis method to compute
mode-specific product vibrational distributions from QCT
simulations (see Fig. 1)."”*® The key steps of the normal mode
analysis approach are summarized below:

(1) We perform a normal mode analysis at the equilibrium
structure of the product in the center of mass frame.

(2) We find the best overlap between the actual geometry of
the product and its equilibrium structure by an exact Eckart
transformation.*®*"?

(3) We project the Cartesian coordinates and velocities of the
product to the normal mode space.

(4) We compute the energy for each normal mode using the
quadratic harmonic expression for the potential.

(5) The mode-specific non-integer vibrational quantum
numbers are determined from the mode energies using the
quantum mechanical energy formula of a harmonic oscillator.

0.8
I Theory
[ | Experiment
0.6
2
S 04
Ke]
e
a
0.2
0.0-

0 1 2 3 4 5
Vibrational quantum number

Fig. 11 Comparison of the computed®® (collision energy of 10 kcal mol™)
and measured*?® bending mode specific vibrational distributions for the
H,O product of the OH + C,Hg(v = 0) hydrogen-abstraction reaction.
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CF-stretching
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Then the integer quantum numbers are obtained by rounding
the real values to the nearest integer.

The above analysis may provide unphysical vibrational
states due to the rounding issue (rounding up may result in
energetically not available states) and the breakdown of the
normal mode analysis at highly distorted structures. To handle
these issues, we proposed the 1GB method,'”*® which assigns a

weight for each product (p) as

o E(n’,,)fE(n) :
Gy(n) = L e ﬁ< O ) @)

where E(n) is the harmonic vibrational energy corresponding to
the given state (n), E(0) is the harmonic zero-point energy, and
p is a fixed positive real parameter controlling the width of the
Gaussian. E(n',) is the actual vibrational energy of the pth
product, which should be computed using the velocities in the
Cartesian space and the PES used in the QCT simulation. With
these definitions 1GB solves both the rounding and normal
mode analysis breakdown issues mentioned above. 1GB has
been employed by several research groups for various systems
with great success,””® below we highlight our most recent
results.

We computed the mode-specific vibrational distributions for
the H,O product of the OH + C,Hg(v = 0) reaction® and we
show the populations of the bending mode in Fig. 11. The
computed mode-specific distributions allow comparison with
the infrared chemiluminescence data measured by Butkovs-
kaya and Setser.'®° As Fig. 11 shows, the agreement between
theory®® and experiment'° is excellent. Both the computed and
measured data show that H,O is mainly formed in the ground
bending state (~70%), the one-quantum excitation has about
20-25% probability, and the populations of the overtones are
small and decrease with increasing vibrational quanta. Here we
did not use 1GB, because H,O does not have low-frequency
torsional modes, which would compromise the normal mode
analysis, and there are several open vibrational states, which
makes the rounding issue less problematic. Note, that when we
studied the dissociation dynamics of the water dimer, the use
of 1GB was essential, because the H,O fragments could be
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o
o
o
o

-GB‘
[ 1HB

o
(o2}
o
(o2}

N
FS

Probability
Probability
o
'S

o
N
o
N

0.0 0.0-

0 3 6 9 12 15 0 1 2
Vibrational quantum number

Vibrational quantum number

Probability
o o o
> 2 o

o
)

0.0-
3 4 5 6 0 1 2 3 4 5 6

Vibrational quantum number

Fig. 12 Symmetric CHs-stretching, CF-stretching, and CH,-wagging mode-specific vibrational distributions for the CH3CH,F product of the
F~ + CHsCH,Clv = 0) SN2 reaction obtained by histogram binning (HB, left panel) and Gaussian binning (GB, all panels) at a collision energy of

26.5 kcal mol™t54
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formed in only two vibrational states.*” In the case of OH +
C,H, Rangel et al.®® also computed the mode-specific distribu-
tions for the H,O product using their PES-2020 and found
similar populations as described above. They applied 1GB as
well, and obtained qualitatively the same results as with
standard binning.

Mode-specific vibrational distributions for selected modes
of the CH3CH,F product of the F~ + CH3CH,CI(v = 0) Sx2
reaction®® are shown in Fig. 12. In the case of symmetric CH;
stretching the standard histogram binning shows the domi-
nance of the ground stretching state as expected, however, gives
small populations up to and beyond 15 quanta, which is clearly
unphysical. The reason behind this issue is the breakdown of
the normal mode analysis due to the large amplitude torsional
motion of the CH; group. The 1GB method solves this problem
and provides non-zero populations for the ground (80%) and
first-excited (20%) stretching states only, ie., the unphysical
small populations completely vanish. In the case of the CF-
stretching and CH,-wagging modes 1GB also shows that the
ground state is the most populated (~60%), but excitations
with one quantum (~20%) and two quanta (~20%) are also
significant and small populations up to 5-6 quanta are found
as well. This finding is in agreement with our chemical intui-
tion as these two modes play an active role in the Walden
inversion process.

V. Summary and conclusions

We have reviewed the field of mode-specific reaction dynamics
from our perspective, focusing on recent results for several
neutral and ionic reactive systems beyond six atoms. The main
general conclusions can be summarized as follows:

(1) IVR prior to collision can be monitored using the
mode-specific product analysis method. Even if some IVR
occurs, mode-specific dynamics can be obtained. Here we
should mention that the timescale of an experiment may
be longer than that of a QCT simulation. Furthermore, it is
unclear which portion of IVR found in QCT simulations comes
from a real effect and from the classical nature of the
trajectories.

(2) Mode-specific effects can be obtained for barrier-less
reactions, where the submerged TS can serve as a bottleneck
for reactivity.

(3) The violation of the Polanyi rules is not unexpected in
polyatomic processes.

(4) Rotational mode-specificity is a highly unexplored area of
this field. Our computations show that specific types of rota-
tions have different effects on the reactivity.

(5) In the case of multi-channel reactions different initial
vibrational excitations may promote different channels, allow-
ing the control of chemical processes.

(6) Excess vibrational energy usually shows up in product
vibration, whereas the product translational energy is not affected.

(7) QCT simulations allow to compute mode-specific pro-
duct vibrational distributions. To include some quantum spirit,
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the 1GB method was proposed, which is essential if only few
quantum states are available and/or the normal mode analysis
fails due to high distortions of the product.

On one hand, the present perspective article shows that a lot
of valuable knowledge accumulated in the field of mode-
specific reaction dynamics thanks to the interplay of theory
and experiment. On the other hand, there is a lot more to do,
for example, it would be beneficial to have more experimental
and/or quantum dynamics results for mode-specific product
distributions, which could be compared with the QCT results.
Hopefully the present subjective review will motivate us to
move this field forward.
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