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The Sudden Vector Projection Model for Reactivity: Mode Specificity
and Bond Selectivity Made Simple
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CONSPECTUS: Mode specificity is defined by the differences in reactivity due to
excitations in various reactant modes, while bond selectivity refers to selective bond
breaking in a reaction. These phenomena not only shed light on reaction dynamics
but also open the door for laser control of reactions. The existence of mode
specificity and bond selectivity in a reaction indicates that not all forms of energy
are equivalent in promoting the reactivity, thus defying a statistical treatment. They
also allow the enhancement of reactivity and control product branching ratio. As a
result, they are of central importance in chemistry.

This Account discusses recent advances in our understanding of these nonstatistical
phenomena. In particular, the newly proposed sudden vector projection (SVP)
model and its applications are reviewed. The SVP model is based on the premise
that the collision in many direct reactions is much faster than intramolecular
vibrational energy redistribution in the reactants. In such a sudden limit, the
coupling of a reactant mode with the reaction coordinate at the transition state,

which dictates its ability to promote the reaction, is approximately quantified by the projection of the former onto the latter. The
SVP model can be considered as a generalization of the venerable Polanyi’s rules, which are based on the location of the barrier.
The SVP model is instead based on properties of the saddle point and as a result capable of treating the translational, rotational,
and multiple vibrational modes in reactions involving polyatomic reactants. In case of surface reactions, the involvement of
surface atoms can also be examined. Taking advantage of microscopic reversibility, the SVP model has also been used to predict
product energy disposal in reactions. This simple yet powerful rule of thumb has been successfully demonstrated in many
reactions including uni- and bimolecular reactions in the gas phase and gas—surface reactions. The success of the SVP model
underscores the importance of the transition state in controlling mode-specific and bond-selective chemistry.

It has long been recognized that dynamics of many reactions
are not statistical, because energy in different forms has
different efficacies in promoting the reaction. The manifestation
of the nonstatistical nature is mode specificity and related bond
selectivity."” Mode specificity is defined by the differences in
reactivity due to excitations in various reactant modes, while
bond selectivity refers to selective bond breaking in a reaction.
These phenomena not only shed light on reaction dynamics
but also open the door for laser control of reactions.’

Mode specificity and bond selectivity have been widely
observed, particularly in reactions in the gas phase.4_14 For
instance, the groups of Crim and Zare have demonstrated that
the reactivity and product distribution can vary significantly for
reactions involving H,O or CH, when their normal vibrational
modes are excited.*”® Reactions with deuterated reactants
showed strong selective bond breaking when local mode
vibrations were excited."*™"® Mode specificity and bond
selectivity have also been observed in unimolecular decom-
position.”>*' More recently, similar phenomena have been
reported for dissociative chemisorption of small molecules on
metal surfaces.”>?

Theoretical characterization of mode specific and bond
selective chemistry has been quite successful, using either quasi-
classical trajectories or wave packets on global potential energy
surfaces (PESs).**7>® However, it remains unsatisfactory
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because such calculations are difficult and costly, especially
for polyatomic reactions. It is highly desirable to establish
simple rules of thumb without performing elaborate dynamical
calculations on multidimensional PESs. In turn, such rules offer
insights on fundamental principles governing reaction dynam-
ics.

One such rule of thumb was proposed by John Polanyi
several decades ago. Distilled from extensive experimental and
theoretical studies of atom—diatom reactions, Polanyi pointed
out two limiting scenarios.®® If a reaction has a reactant-like or
“early” barrier, translational energy is more effective in
overcoming the barrier than vibrational energy. On the other
hand, vibrational excitation becomes more effective than
translational excitation if the reaction has a product-like or
“late” barrier. Over the years, Polanyi’s rules have provided
valuable guidance in predicting the relative eflicacy between the
vibrational and translational modes in promoting reactivity.
However, these venerable rules are not quantitative and are
difficult to extend to reactions involving polyatomic reactants,
which have more than one vibrational mode. Neither do they
provide any guidance on the efficacy of rotational modes,
reactions with a “central” barrier, or bond selectivity.
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Furthermore, some recent studies have questioned the general
applicability of these rules in relatively simple reactive
systems, 1012294041

The central questions this Account attempts to address are
(1) whether a more general set of rules can be found for
predicting at a semiquantitative level mode specificity and bond
selectivity in reactions, without doing the costly dynamical
calculations; and (2) if so, what would fundamental principles
these rules reveal?

We start by considering the time scales of two important
events in a bimolecular reaction. The first is for the collision
between two reactants, while the other is concerned with the
rate of energy flow within the reactants. For an activated
reaction with a substantial barrier, the collision time is often
very short because the two collisional partners need significant
kinetic energy to overcome the barrier. On the other hand, the
time needed for intramolecular vibrational energy redistrib-
ution** (IVR) within each reactant is often long, particularly for
molecules with sparse densities of states. (We emphasize that
we are concerned here with IVR within each reactant, rather
than that in the activated collision complex, which is of course
very fast.) The disparity between these two time scales in a
typical bimolecular reaction allows one to consider the reaction
within the sudden limit, in which the internal energy
distributions in both reactants are maintained until they reach
the strongly interacting region of the PES.

Let us now consider the capacity of different reactant modes
in promoting such a reaction. To this end, it is helpful to invoke
the concept of reaction coordinate (RC), which can be
considered as a one-dimensional coordinate connecting
reactants to products through the transition state. At the
transition state, the RC corresponds to the motion surmount-
ing the saddle point, characterized by a normal mode with an
imaginary frequency. In this picture, it becomes apparent that
mode specificity is associated with the ability of a reactant
mode, whether it is vibration, rotation, or translation, to couple
with the RC at the transition state. This of course is not an
entirely new idea. To quote Crim in a 2008 review,” “initial
excitation of a motion that has a large component along the
reaction coordinate should accelerate the reaction”. But how
can such a component be evaluated? Some valuable hints are
given by Polanyi, who attributed the coupling to the location of
the barrier.®

To illustrated this point, the RC vector for a hypothetic
atom—diatom reaction is shown in Figure 1 for an “early”,
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Figure 1. Schematic illustration of the alignment of the reactant and
product vibrational (V/V’) and translational (T/T’) vectors with the
reaction coordinate vector at an “early”, “central”, or “late” transition
state for a hypothetic atom—diatom reaction A + BC — AB + C.

“late”, or “central” barrier, along with the vibrational and
translational vectors of both the reactants and products. Note
that the kinematic factors are not considered in the schematic
depiction of the PES. For an early barrier reaction, for example,
it is not difficult to see that the translational vector is well
aligned with the RC. On the other hand, the reactant
vibrational vector has a large component in the RC of a
“late” barrier reaction. In other words, the alignment of reactant
vectors with the RC at the transition state is correlated to the
location of the barrier!

The sudden vector projection (SVP) model* places a
premium on the alignment of a reactant vector with the RC
vector at the transition state, rather than the location of the
barrier. Within the sudden limit, we argue that the coupling
between a reactant mode and the RC is proportional to the
alignment of the two vectors, which quantifies its ability to
promote the reaction. Indeed, SVP calculations for several
prototypical atom—diatom reactions are consistent with
Polanyi’s rules.*

By means of microscopic reversibility, the SVP model can
also be used to predict energy disposal in the products, which
can be considered as mode specificity for the reverse reaction.*
The alignment of the product vectors with the RC vector as
shown in Figure 1 suggests that the energy is largely disposed
into the translational coordinate in a “late” barrier reaction
while the product vibration is likely excited in an “early” barrier
reaction, again consistent with Polanyi’s predictions.

At this point, it is worthwhile to 4prov1de some details on the
implementation of the SVP model.* The RC vector (Qgc) can
be readily determined at the saddle point via a normal-mode
analysis since it corresponds to the mode traversing the barrier
with an imaginary frequency. The determination of reactant
mode vectors is more involved and contains some arbitrariness.
Our recipe calls for separation of the reactants from the saddle
point along the scattering coordinate, with minimal reorienta-
tion. The latter is important because it allows the treatment of
the translational coordinate, which is isotropic, and internal
modes of the reactants, which depend on the orientation, on
equal footing. Once the asymptote is reached, the reactants are
optimized and the corresponding vectors are obtained via a
normal-mode analysis. In addition to the high-frequency
vibrational modes (Q, i = v), there are also low-frequenc
modes for the rotational (Q i = r) and relative translational (Q,

= t) modes. It is important that the Eckart conditions are
imposed to remove the six overall translational and rotational
degrees of freedom of the reactive system.** This procedure can
be readrly realized in existing programs such as Polyrate* and
Gaussian,* although one should pay attention to mass scaling
and normalization in each program. The vector projection is
trivial, yielding the SVP values: 7, = Q-Qgc € [0,1]. The larger
the value, the better alignment with the RC, and thus the larger
efficacy for promoting the reaction. We note in passing that the
SVP model does not offer any guidance on inhibitory effects,
because #; = 0 simply indicates no coupling with the RC.

The most important feature of the SVP model is its
applicability to reactions involving polyatomic molecules.
Unlike atom—diatom reactions where the vector alignment
can be readily illustrated in Figure 1, projections for polyatomic
reactants are often obscured by high dimensionality. Nonethe-
less, it is convenient to plot the alignment of both reactant and
product vectors with the RC Vector, as done in Figure 2 for the
Cl + CH, — CH, + HCl reaction.”’ Here, it is shown that the
two stretching modes of CH, (v; and v5) are best aligned with
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Figure 2. Projections of reactant and product vectors onto the reaction
coordinate vector at the transition state for the Cl + CH, — HCI +
CH, reaction.*” The symmetric and asymmetric stretching, as well as
the reaction coordinate vectors are shown.

Qxrc, while the bending (v, and v,) and translational () modes
are less well aligned. Indeed, it is not difficult to visualize the
large components of the two stretching modes in the RC vector
as shown in Figure 2. It is worth mentioning that the
asymmetric stretching mode (v3) is 3-fold degenerate, and the
SVP value here is averaged over all three vectors. On the
product side, HCI is predicted to be vibrationally excited, as
does the umbrella vibration of CH; (1,). These predictions are
consistent with the available experimental and theoretical
results.*’

In another example, we have recently demonstrated via full-
dimensional quantum dynamical calculations that all vibrational
modes of H,0O promote the F + H,0 — HF + OH reaction
more effectively than translation energy.*' Since this reaction
has a definite “early” barrier, this observation is inconsistent
with the prediction of Polanyi’s rules. However, our SVP
calculations (Figure 3) indicated that the projections of the

reactant vibrational modes are more strongly coupled with Qxc
than translation, thus providing a rationalization of the
surprising results. Also shown in Figure 3 are the SVP values
for several similar reactions, and they are also consistent with
the quantum cross sections shown in the same figure.

In addition to efficacies of the reactant vibrational and
translational modes, the SVP model also offers insights on the
effect of reactant rotational excitations.** For the H + H,
reaction, the SVP projection for the H, rotational mode is zero,
because it is orthogonal to the RC at the collinear transition
state, as shown in Figure 3. This is consistent with the weak
rotational effect in this reaction. However, there are cases where
the reactant rotation strongly enhances reactivity.** One
example is the F + H, reaction where the transition state is
bent and the H, rotation has a large component in the RC, as
shown in Figure 4, which is evidenced by a large SVP value of
0.64.** Tt should be noted that predicting efficacies for
rotational excitations is less reliable because of complications
introduced by angular momentum coupling.

Thus far, the SVP model has been applied to atom—
diatom,**** atom—triatom,*”***° diatom—diatom,>’ atom—
tetraatom,>* diatom—triatom>*°® diatom—tetraatom®* atom—
pentaatom, > and diatom—pentaatom reactions,”® as well as
some unimolecular processes.””*® The predictions are in
general accord with experimental and theoretical results. In
addition, Bowman and co-workers have proposed a similar
model for predicting tunneling rates based on projecting
various normal mode vectors onto the RC,*>~! which has also
shown much promise.

While molecules in these gas phase reactions have relatively
sparse densities of state, slow IVR cannot be automatically
assumed if a metal surface is involved, because surface phonons
and electron—hole pairs allow fast energy dissipation.”” Yet, the
SVP model has been found to be applicable for the dissociative
chemisorption of H,, CH,, and H,0.™% For CH,, the SVP
model correctly predicted that the methane symmetric and
asymmetric stretching modes are strong promoting modes with
roughly equal efficacies, while the bending modes are less
effective. The SVP predicted mode specificity is consistent with
both experimental observations and reduced-dimensional
quantum results.** % The mode specificity of D,0 has also
been confirmed experimentally.®” Furthermore, it was shown
recently that the normal scaling behavior®*® and surface lattice
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Figure 3. Calculated mode-specific total reaction integral cross sections for the X + H,0 — HX + OH (X = H, F, O(°P)) reactions and the SVP

values for both reactant and product modes.>”

3681

dx.doi.org/10.1021/ar500350f | Acc. Chem. Res. 2014, 47, 3679—-3685



Accounts of Chemical Research

5.0

0 60 120 180 240 300 360
7 (degree)
5.5
F + H,—HF + H
5.0

180
y(degree)

240

Figure 4. Contour plots of the PESs and alignment of the reactant
rotational (R) and translational (T) vectors with the reaction
coordinate at the transition state for the X + H, > HX + H (X =
H, F) reactions.”® The red dots denote the transition state.

effects® can also been examined with the SVP model.
Apparently, the success of the SVP model can again be
attributed to the time scale disparity. Although fast energy
transfer and IVR are expected once the reactant reaches the
surface, the internal energy deposited in a particular mode of
the incident molecule does not flow to other modes sufliciently
quickly before hitting the surface.”

While Polanyi’s rules do not explicitly apply to bond
selectivity, the SVP model has been shown to predict bond
selectivity in both gas phase®”*” and surface reactions.*”%® The
excitation of a local mode vibration associated with the breaking
bond strongly promotes the corresponding reaction channel,
thanks to the strong coupling with the RC at the related
transition state.

It is interesting to compare the SVP model with the
vibrationally adiabatic model based on the reaction path
Hamiltonian (RPH),”" which expresses the reaction system
with N atoms in terms of the RC (s) and 3N — 7 generalized
normal modes along s. Within the adiabatic limit, potential
energy curves can be constructed to connect reactant internal
levels with product internal levels. It has been shown that when
one reactant approaches the other, some vibrational modes
soften in response to chemical forces near the transition state.
As a result, adiabatic barriers for the excited vibrational states
might be lowered relative to that of the ground vibrational state
for the reactant."®””7* Taking the example of the Cl + CH,
reaction again, the initial symmetric stretching mode of CH,
softens near the transition state as it morphs into the proximal
C—H vibration, eventually leading to the H transfer to Cl. The

3682

lower frequency for this mode near the saddle point leads to a
lowered adiabatic barrier, which explains its promotional effect.
Similar mode softening is also found for the umbrella mode,
also leading to some reactivity enhancement. On the other
hand, the three degenerate asymmetric stretching modes of
CH, change into three distal C—H vibrations, which are
essentially spectators of the reaction in this adiabatic picture.
Their frequencies stay roughly the same, resulting in essentially
the same barriers as that of the ground vibrational state. The
substantial enhancement of the asymmetric stretching
excitation can only be explained by vibrational nonadiabaticity,
which allows the system to hop onto other vibrational states
with lower barriers.

It is apparent that the adiabatic picture described above
represents the complementary case of the sudden limit.
However, the fact that nonadiabatic transitions have to be
invoked to explain the promotional effect of the CH,
asymmetric stretching mode suggests that the adiabatic picture
is less appropriate for mode specific processes. On the contrary,
the SVP model predicts that both stretching modes of methane
are of almost equal efficacy in promoting the reaction,"’
consistent with both theoretical and experimental evidence.
The sudden and adiabatic models provide two limiting cases for
all reactions, although mode specific reactions are most likely
near the sudden limit because of the slow IVR rates in their
reactants. Equivalently, there are reactions that follow more
closely to the adiabatic picture.

By now, it is clear that the answer to the first question raised
above is positive. In other words, a simple set of rules can
indeed be found to predict mode specificity and bond
selectivity in both gas phase and gas—surface reactions.
However, what do these rules reveal in terms of fundamental
principles governing these dynamical phenomena? To answer
this question, it is helpful to point out that the SVP model is
based on a transition-state property, namely, the RC vector at
the saddle point. Hence, its success suggests that mode
specificity and bond selectivity are essentially controlled by the
transition state.®” This is not an entirely surprising conclusion,
since there has been ample supporting evidence. For example,
Schatz and Ross showed some time ago that state-to-state
reaction probabilities can be approximately recovered by
Franck—Condon overlaps of the reactant and product inelastic
scattering wave functions in the transition state region.75
Similarly, Wang and Bowman used a Franck—Condon model to
predict successfully the product state distribution of a
bimolecular reaction from a transition-state wave function.”®
More recently, Gustafsson and Skodje demonstrated that
reactive S-matrix elements can be approximately obtained by
assembling the Franck—Condon overlaps between reactant or
product and transition-state wave functions.”” In addition, exact
schemes have recently been proposed for the calculation of the
S-matrix elements by propagating transition-state wave packets
separately to both the reactant and product channels.”®™®!
Interestingly, this transition-state wave packet approach showed
little energy flow in the decomposition of the activated
complex, validating the sudden approximation.*” It is thus
clear that the SVP model is deeply rooted in the transition-state
concept, which accentuates the point that mode specificity is
largely controlled by the saddle point of the reaction path.
Practically, this realization is an important one, because the SVP
values can be obtained directly from the ab initio determination
of saddle point properties. Such capacity is of great value for
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researchers who would like to study mode specificity in
reactions that have no PESs available.

Finally, we would like to point out that as any simple
empirical rules, the SVP model is no panacea. It is expected to
fail when its underlying assumptions are violated. For example,
if the IVR rate in the reactant is sufficiently fast, which is typical
for large molecules with heavy atoms, the sudden approx-
imation is not expected to hold. The model is also expected to
falter if there is a deep prereaction complex that exerts strong
stereodynamical forces on the reactants, particularly at low
collision energies. Neither will the SVP model be applicable if
the reaction is dominated by one or more stable reaction
intermediates where IVR is strong, nor if the energy is
significantly higher than the barrier since the transition state no
longer controls the reaction. Since it is based on the normal
mode picture, it can predict neither the energy dependence of
mode specificity nor the efficacies of overtone and combination
excitations. Finally, it is noted that predictions involving
bending and rotational modes are not as reliable because of
the much lower frequencies in the angular modes at the
transition state.

To summarize, we have proposed a simple yet powerful
model for predicting mode specificity and bond selectivity in
gas phase and gas—surface reactions. This SVP model is based
on the premise that the collision time is so fast that the reaction
can be considered in the sudden limit. More importantly, it
attributes the coupling of a reactant mode with the RC at the
transition state to the alignment of the corresponding normal
mode vectors. As a result, it is applicable to reactions involving
polyatomic molecules. Despite its many limitations, the SVP
model has been successfully applied to several reactions and is
expected to shed further light on many others. A Fortran code
of the SVP model based on frequency calculations in multiple
quantum chemistry software packages, including Polyrate,
Gaussian, Molpro, and VASP, is available at http://www.unm.
edu/~hguo/Research.html.
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